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Disclaimer 

 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government not any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
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Abstract 
 
Coal will likely continue to be a dominant component of power generation in the foreseeable 
future. This project addresses the issue of environmental compliance for two important 
pollutants: NOx and mercury. Integration of emission control units is in principle possible 
through a Low Temperature Selective Catalytic and Adsorptive Reactor (LTSCAR) in which 
NOx removal is achieved in a traditional SCR mode but at low temperature, and, uniquely, using 
carbon monoxide as a reductant. The capture of mercury is integrated into the same process unit. 
Such an arrangement would reduce mercury removal costs significantly, and provide improved 
control for the ultimate disposal of mercury. The work completed in this project demonstrates 
that the use of CO as a reductant in LTSCR is technically feasible using supported manganese 
oxide catalysts, that the simultaneous warm-gas capture of elemental and oxidized mercury is 
technically feasible using both nanostructured chelating adsorbents and ceria-titania-based 
materials, and that integrated removal of mercury and NOx is technically feasible using ceria-
titania-based materials.  
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Executive Summary 
 
1.  Overview and Key Accomplishments 

 
Coal will likely continue to be a dominant component of power generation in the foreseeable 
future, both in the US and globally. This project addresses the issue of environmental compliance 
for two important pollutants: NOx and mercury. Integration of emission control units for these 
pollutants is enormously attractive, since compliance with new regulations can be achieved with 
a minimal retrofit footprint and at a reduced cost. The overall goal of this project was to advance 
the development of a novel, integrated system for the simultaneous removal of NOx and mercury. 
The system envisioned is a Low Temperature Selective Catalytic and Adsorptive Reactor 
(LTSCAR) in which NOx removal is achieved in a traditional SCR mode but at low temperature, 
and, uniquely, using carbon monoxide as a reductant. The capture of mercury is integrated into 
the same process unit. This arrangement would reduce mercury removal costs significantly and 
provide improved control for the ultimate disposal of mercury. Several of the key 
accomplishments of this project are summarized immediately below. Specific project objectives 
are outlined in Section 2 of this summary, followed by more detailed descriptions of the methods 
and outcomes of each project task. 
 
Simultaneous Capture of Elemental and Oxidized Mercury. One approach to implementing a 
LTSCAR is to integrate separate catalyst and adsorbent materials in the same unit, either in 
mixed or sequential beds. Following this approach, a key problem is simultaneous capture of 
elemental and oxidized mercury. Since capture of elemental mercury is more challenging that 
capture of oxidized mercury, work in this project was focused on finding adsorbents with high 
elemental mercury capacities. Nanostructured chelating adsorbents were the core technology 
used in this approach; in these adsorbents, chelating groups are grafted on to the adsorbent 
surface. The chelating groups tightly bind adsorbed mercury. To provide an appropriate chemical 
environment for the chelation reaction, the adsorbent is coated with a room temperature ionic 
liquid (RTIL). 1-butyl-3-methyl-imidazolium chloride ([bmim]Cl) was found to be a 

promising candidate RTIL for the simultaneous removal of oxidized and elemental 

mercury. 25 wt% [bmim]Cl coated MPTS-silica has a mercury capacities of at least 38 mg 
Hg2+/g adsorbent and a 10 mg Hg0/g elemental mercury saturation capacity in separate fixed-bed 
adsorption experiments at 160°C. 
 
LTSCR using CO as Reductant. Comparison of activities of selected promoted transition metal 
oxides (Cu, Ni, Fe, Mn, Cr) indicates that titania-supported manganese oxide show promising 
NO reduction activity in the presence of oxygen at 200°C; the SCR activity of 10 wt% 
MnOx/TiO2 is improved by and stable in the presence of oxygen. The NO+CO reaction leading 
to the formation of N2 and CO2 is highly selective over MnOx/TiO2. Characterization results 
revealed that the high surface area, the redox nature of the catalyst and manganese oxide phase 
play an important role in achieving high activity for CO+NO reaction. A reaction mechanism is 
proposed based on in situ FTIR studies of this catalytic system. LTSCR using CO as a 

reductant has been demonstrated for MnOx/TiO2 catalysts. 

 
Mercury Capture Using LTSCR Catalyst. The effectiveness of MnOx/TiO2 catalysts for LTSCR, 
in combination with the reported elemental mercury adsorption capacity of some metal oxides, 
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suggested that the MnOx/TiO2 catalysts may be effective adsorbents for vapor phase mercury.  A 
preliminary test of this hypothesis was completed by measuring, in fixed-bed adsorption trials, 
the elemental mercury capacity of both fresh catalyst and catalyst that had been previously used 
for LTSCR using CO as the reductant. Using gas phases consisting of nitrogen and, optionally, 
water vapor, the 10 wt% MnOx/TiO2 catalyst had an elemental mercury capacity up to 17 mg 
Hg0/g adsorbent at temperatures of 175 - 200°C. However, the presence of 100 ppm SO2 
dramatically reduced the elemental mercury capacity of the catalyst. XPS investigations of fresh 
and mercury-loaded catalyst suggest that elemental mercury capture occur through oxidation of 
mercury by Mn(IV) and incorporation of mercury into a mixed metal oxide. The influence of 
sulfur dioxide is attributed to the formation of surface manganese sulfate species. 
 
To address the problem of sulfur dioxide tolerance, ceria was incorporated into the support. In 
initial fixed-bed elemental mercury capture tests completed at 175°C using a gas phase that 
included only nitrogen and elemental mercury, measured mercury capacities followed the trend 
20 wt% MnOx/CeO2-TiO2 (37 mg Hg0/g) > 20 wt% MnOx/TiO2 (> 17 mg Hg0/g) > CeO2-TiO2, 
(8.5 mg Hg0/g) > CeO2, (3.0 mg Hg0/g). The ceria-titania support and the manganese oxide layer 
both appear to have significant elemental mercury capacity. Incorporation of titania into the ceria 
lattice structure increases elemental mercury capacity. When 100 pppm SO2 was added to the gas 
phase, the elemental mercury capacity of all the ceria-titania materials dropped to 5.6-6.5 mg 
Hg0/g, suggesting that the influence of sulfur dioxide is due principally to interactions with the 
manganese oxide surface layer. The ceria-titania support was relatively insensitive to the 
presence of sulfur dioxide in the gas phase. The addition of of 400 ppm NO and 400 ppm CO 
had an effect similar to that observed for 100 ppm SO2; the observed mercury capacity were still 
in the range of 4.2-5.4 mg Hg0/g. Since the elemental mercury capture behavior of ceria-titania is 
insensitive to the presence of key pollutants, the use of this material for the simultaneous capture 
of elemental and oxidized mercury was tested. In fixed-bed tests at 175°C using pure nitrogen as 
a carrier gas, ceria-titania captured 8.0 mg Hg0/g and 9.1 mg Hg2+/g.  Simultaneous capture of 

elemental and oxidized mercury under warm-gas conditions has been demonstrated using 

CeO2-TiO2.  XPS studies of all four materials before and after exposure to elemental mercury 
suggest that the primary mechanism for mercury capture by the support material is oxidation of 
the mercury by Ce(IV), accompanied by reduction of cerium to Ce(III). The oxidized mercury is 
incorporated into the ceria-titania lattice. 
 
Simultaneous Removal of Mercury and NOx. The ceria-titania-based materials were tested for the 
simultaneous removal of gas-phase Hg0 and NO. In tests for the simultaneous removal of 
mercury and NO, the CeO2-TiO2, support removed 670 mg NO/g, the 20 wt% MnOx/TiO2 
material removed 660 mg NO/g, and 20 wt% MnOx/CeO2-TiO2 removed 1000 mg NO/g. 
Simultaneous removal of elemental mercury and NO using a single, uniform bed has been 

demonstrated. The observed NO removals are too large to be the result of either adsorption or 
chemical incorporation into the solid phase, and so are attributed to catalytic reduction of NO. 
 
Process Economics. The materials developed and characterized in this project can be used to 
capture mercury at annualized costs competitive with activated carbon injection and oxidation 
technologies. Deployment of the CeO2-TiO2 support material strictly as a mercury adsorbent 
involves much larger capital investment than competing technologies; the use of a 
nanostructured chelating adsorbent in a traditional fixed bed arrangement has significantly lower 
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capital requirements. If the mercury capacity of the CeO2-TiO2 support can be retained at 
traditional SCR conditions, the most economically attractive option is modification of the SCR 
catalyst support to integrate the mercury capture and SCR operations. 
 
2.  Project Goals 

 
Based on the advances made in the exploratory (DOE UCR Phase I Grant) and earlier work on a 
low temperature catalyst for NOx and a selective, high-capacity adsorbent for Hg operating in 
the same temperature range, the integration of these pollutant removal technologies in a 
LTSCAR was pursued. The unit is conceptualized to be located downstream of the particulate 
collectors and will be similar to a conventional SCR, with multiple beds loaded with catalyst and 
adsorbent allowing staged replacement of catalyst and adsorbent as required.  The project 
focused on fundamental and applied research to develop and test catalysts and adsorbents 
suitable for use in the LTSCAR. Catalysts were synthesized for low temperature NOx removal 
using CO as the reductant; targeted characteristics were operation in the 140-160°C range with 
complete transformation of NOx to N2, time stability, durability and low cost.  Emphasis was 
placed on achieving extended tolerance to SO2 and H2O at expected flue gas concentrations.  In 
parallel, high-capacity adsorbents for mercury capture were developed for use in the LTSCAR.  
The adsorbents were to achieve the removal of both elemental and oxidized mercury. The 
influence of the adsorbent, catalyst, and reductant on mercury speciation were also be evaluated.  
The effectiveness of the catalyst and the adsorbent were determined separately and in 
combination in a simulated flue-gas flow system. 
 
Based on these goals, the project was organized around six principal tasks: 

• Task 1: Synthesis of NOx Reducing Catalyst for CO Reductant 
• Task 2: Incorporation of SO2 and H2O Tolerance in Catalyst 
• Task 3: Development of Adsorbent for Removal of Oxidized and Elemental Mercury in 

LTSCAR 
• Task 4: Speciation Studies in LTSCAR  
• Task 5: Performance Evaluations for Integrated Removal  
• Task 6: Economic Analysis 

 Goals and outcomes from each of these tasks are summarized the sections below. 
 
3.  Task 1: Synthesis of NOx Reducing Catalyst for CO Reductant 

 
3.1 Task Goals and Objectives 

 
The goal of this task was to synthesize catalysts with high activity for the SCR of NO at 
temperatures in the vicinity of 140-160°C, achieving complete transformation to N2 with CO as 
reductant. Specific objectives included  

• Synthesis of these materials by incorporating carefully selected combinations of 
transition metals on TiO2 (Hombikat) using well-established sol-gel and precipitation 
methods, and to a less extent aerosol processes (flame hydrolysis). 

• Searching for candidate materials using a systematic approach to synthesizing and testing 
selected bi-metallic and tri-metallic combinations of transition metals, of which the main 
metal is Mn. 
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• Studying the parameter space for this reaction to derive fundamental insights and useful 
conclusions for the mechanistic steps involved. This effort will be assisted by state-of-
the-art surface techniques including in-situ spectroscopic experiments.   

• Develop a deeper understanding of the surface properties of the catalysts to support 
development of property-performance relations. 

  
3.2 Apparatus and Methods 
 
A series of anatase titania supported transition metal oxide (M = Cr, Mn, Fe, Ni, Cu) catalysts 
were prepared by wet impregnation. The transition metal oxides were deposited on titania using 
highly dilute solutions of their nitrate precursors. In a typical synthesis deionized water was 
added to a beaker containing a measured quantity of support. The mixture was heated to 70 ºC 
under constant stirring. Then, a predetermined quantity of nitrate precursor was added to the 
solution and mixture was evaporated to dryness. The paste obtained was further dried overnight 
at 110 ºC, ground and calcined at 500 ºC for 4 hours in a flow of air. 
 
Catalyst samples were characterized using several methods. X-ray diffraction (XRD) analysis 
was completed using a Siemens D500 diffractometer; the XRD phases present in the samples 
were identified with the help of JCPDS data files. The specific surface areas of the samples were 
determined from BET analysis of nitrogen adsorption-desorption data obtained using a 
Micromeritics 2360 instrument. Temperature-programmed reduction (H2-TPR) experiments were 
carried out from 70-900 ºC on a Micromeritics AutoChem 2910 instrument. Ammonia 
temperature programmed desorption (TPD) experiments were performed using a Micromeritics 
AutoChem 2910 instrument. 
 
The SCR of NO with CO was carried out at atmospheric pressure in a fixed bed quartz reactor. A 
measured amount of catalyst was placed in the reactor in between two glass wool plugs. Oxygen, 
carbon monoxide and nitric oxide were used as received. The inlet concentrations of NO and CO 
were 400 ppm. 2 vol.% of oxygen was fed into the reaction stream. All the experiments were 
conducted at a gas hourly space velocity of 50,000 h-1. The reactants and products were analyzed 
on-line using a Quadrapole mass spectrometer (MKS PPT-RGA), chemiluminescence detector 
(Eco Physics CLD 70S) and a gas chromatograph equipped with TCD and Porapack Q and 
Carboxen columns. 
 
The reaction mechanism was probed using in situ FT-IR investigations of the adsorption and co-
adsorption of CO, NO, and O2 over 10 wt% MnO2/TiO2 catalyst to identify reaction 
intermediates. FT-IR spectra were recorded using a Bio-Rad (FTS-40) spectrometer. To test the 
applicability and generality of the proposed reaction mechanism, NO, CO, and N2O were 
adsorbed on samples of MnOx/TiO2 and CuO/TiO2 to examine the interaction of these reactants 
with the catalyst. Transient analysis of the products was carried out using a residual gas analyzer 
(RGA). 
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3.3 Results and Conclusions 

 
3.3.1 Catalyst Synthesis and Characterization 

 
The powder XRD patterns all showed broad diffraction lines for all samples due to the anatase 
phase of titania. No independent lines from crystalline promoters are observed in the XRD 
patterns, except for Cu/TiO2. This indicates that the promoted oxides are well dispersed on the 
titania support, and they are in an amorphous or poorly crystalline state. Low intensity copper 
oxide lines are observed in the XRD pattern of Cu/TiO2, indicating the presence of crystalline 
copper oxide in the sample. XRD studies revealed that the promoter oxide does not promote any 
titania phase transformation (anatase to rutile). The pure titania support had a high specific 
surface area, 309 m2/g; the specific surface areas of the transition metal oxide promoted samples 
showed much lower BET surface areas than the pure TiO2 support. This loss of surface area 
could be attributed to the blocking of micropores of titania support by deposited metal oxides. 
 
The redox behavior of prepared catalysts was studied by H2-TPR. The reduction temperatures of 
all titania supported oxides decreased relative to the pure individual promoter oxides. The 
Cu/TiO2 system showed two reduction peaks and the reduction maximum shifted to low 
temperatures, indicating a strong interaction between the titania support and the promoted copper 
oxide. The low temperature peak is due to well dispersed CuO on TiO2 support and high 
temperature peak is due to the reduction of bulk crystalline CuO. Ni/TiO2 showed two reduction 
peaks. The low temperature peak is attributed to the reduction of NiO to Ni; the high temperature 
peak is due to the partial reduction of the titania support, which is an interaction with promoted 
NiO species. The Fe/TiO2 sample showed three reduction peaks due to the consecutive reduction 
of Fe2O3→Fe3O4→FeO→Fe.  Three distinct reduction peaks were also observed for Mn/TiO2, 
indicating that Mn/TiO2 manganese oxide undergoes the consecutive reduction of 
MnO2→Mn2O3→Mn3O4→MnO.  The Cr/TiO2 catalyst showed two reduction peaks. The low 
temperature peak is attributed to the reduction of Cr6+ to Cr3+, while the high temperature peak is 
due to the reduction of Ti4+ to Ti3+ through interaction of chromia with titania support. In the 
present study reduction of titania support was observed for Cr/TiO2, Mn/TiO2 and Ni/TiO2 
samples, due to interaction between support and dispersed promoter oxide by the formation of 
M-O-support functionalities. 
 
The acid strength distribution of the prepared catalysts was determined using ammonia TPD 
technique. Broad acid site distribution is observed for Cr/TiO2, Fe/TiO2 and Ni/TiO2 samples. 
Results for the Cu/TiO2 sample indicate the presence of strong acid sites. All other samples 
cxcept Mn/TiO2 showed two temperature maxima, indicating the presence of two types of acid 
sites with different acid strengths.  
 
3.3.2 SCR Performance 

 
SCR results for are summarized Figure II.4, reproduced here for convenience. In SCR tests, 10 
wt% MnOx/TiO2 showed excellent performance, giving more than 90% NO conversion even in 
the presence of oxygen and at very high space velocity (GHSV = 50,000 h-1). Previous studies by 
the investigators reported 100% NO conversion and complete N2 selectivity at low temperature 
(175ºC) over MnO2/TiO2 catalyst using ammonia as reductant [Peña et al., 2004a; Reddy et al., 
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2007]. Moreover, the activity of this catalyst remains stable even in the presence of 2 vol.% 
oxygen and 11 vol.% water vapor in the feed [Reddy et al., 2007]. These results are consistent 
with the investigators’ previous studies, which reported the formation of crystalline manganese 
oxide only for loadings above 11.5 wt% [Reddy et al., 2007]. In the present study, the CO+NO 
reaction was carried out with 10 wt% CeO2 promoted MOx/TiO2 catalysts. In contrast to 
literature reports, the activity decreased for ceria promoted samples. The decrease in the activity 
could be attributed to the oxidation of CO, since CeO2-TiO2 based materials are well known CO-
oxidation catalysts [Zhu et al., 2007]. 

The SCR activity of 10 wt% MnOx/TiO2 catalyst is increased and quite stable in the presence of 
oxygen, a major component in real flue gas. Oxygen often shows strong inhibitory effect on NO 
reduction activity and the NO+CO reaction is non-selective in the presence of oxygen due to the 
competition between NO and oxygen for CO. In the present study, the NO+CO reaction is highly 
selective over MnOx/TiO2 catalyst even in the presence of excess oxygen. Titania-supported 
manganese oxide shows highly promising NO reduction activity in the presence of oxygen at 
200°C.  
 
 
 
 

Figure II.4: Catalytic activity of various titania supported catalysts at 200 ºC. NO = CO = 
400 ppm, 2 vol.% oxygen in feed, GHSV = 50,000 h-1. 
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3.3.3 LTSCR Mechanism 

 
The reaction mechanism was probed using FT-IR. Monodentate and bidentate nitrates were 
observed after the adsorption of NO, suggesting that mobile lattice oxygen on the surface of the 
mixed oxides plays an important role in the formation of nitrates. Since the catalytic performance 
of these materials was determined in excess oxygen, the effect of oxygen on nitric oxide 
adsorption was investigated. Neither the FT-IR peak positions nor the peak intensities changed 
significantly in the presence of oxygen, and the intensities of the peaks formed were not affected 
by the time the materials were exposed to NO. 
 
A number of IR bands formed when the MnO2/TiO2 sample was exposed to CO. No absorption 
due to physically adsorbed CO was observed. FT-IR spectra indicate that CO adsorption leads 
exclusively to the formation of carbonate species on MnO2/TiO2 by the reaction of adsorbed CO 
with the lattice oxygen of MnO2/TiO2 catalyst.   
 
NO and CO co-adsorbed in-situ FT-IR experiments were completed to identify reaction 
intermediates in SCR of NO with CO as the reductant. Carbonates, nitrates, adsorbed NO and 
other intermediates can be observed in the FT-IR spectra, due to bidentate carbonates and 
adsorbed nitrates. Surprisingly, no CO2 is observed on the catalyst surface in the present study, 
suggesting that the CO oxidation reaction is not taking place in the presence of NO.  
 
Based these observations, the investigators propose the following elementary reactions for the 
CO+NO reaction over MnOx/TiO2 materials. 

 
CO + S → CO*        (1) 
NO + S → NO*        (2) 
NO* + S → N* + O*        (3) 
N* + N* → N2 + 2S        (4) 
NO* + N* → N2O* + S       (5) 
N2O* + CO → N2+ CO2       (6) 
CO* + O* → CO2 + 2S       (7) 
 

Since the presence of gas phase oxygen increases the activity of the MnOx/TiO2 catalyst for 
NO+CO reaction, the effect of oxygen on catalytic activity was investigated using in-situ FT-IR 
studies and transient techniques. The in-situ FT-IR spectra of NO+O2 and CO+O2 co-adsorbed 
on MnOx/TiO2 show that the presence of oxygen decreases the number of bidentate nitrate 
species relative to the number of these species observed for NO adsorbed on MnOx/TiO2 in the 
absence of oxygen, while the amount of monodentate species is increased by the presence of 
oxygen. Surprisingly, the presence of oxygen decreases the formation of carbonates, so that 
predominantly carboxylate species were observed. This could be one of the reasons for the 
observed increase in activity. In both cases, formation of CO2 is observed. NO interacts very 
weakly on the surface of manganese oxide, but in the presence of oxygen, NO forms species like 
nitrite and nitrate groups; these species adsorb strongly on catalyst surface. At reaction 
temperature these species will decompose to give adsorbed NO. Overall, the presence of gas 
phase oxygen favors the adsorption of NO on the catalyst surface and contributes to the 
increased activity. 
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To test the applicability and generality of this reaction mechanism, NO, CO, and N2O were 
adsorbed on samples of MnOx/TiO2 and CuO/TiO2 to examine the interaction of these reactants 
with the catalyst. Transient analysis of N2 and O2 in NO and NO+O2 reactions over MnOx/TiO2 

show that large amounts of nitrogen and oxygen form in the first hour after NO addition began, 
after which the concentration of these gases decreases. This result demonstrates that NO adsorbs 
to the catalyst surface and dissociates. Once the nitrogen and oxygen concentrations decayed 
back to baseline, oxygen was introduced to the reaction.  The introduction of oxygen resulted in 
a small increase in the amount of nitrogen that was produced. This nitrogen production is likely 
due to the surface re-oxidation by the gas phase oxygen.  
 
Consistent with previous FT-IR results, formation of N2O and NO2 was not observed in 
experiments using only NO and NO+O2.  This result indicates that reaction (5) above is not 
significant for the systems reported here; rather, NO dissociation via reaction (3) is a crucial step 
in the NO+CO reaction mechanism. While formation of N2O through reaction (5) is not 
significant, N2O is observed in the reaction of NO with CO over MnOx/TiO2 materials. 
Consequently, the interaction of N2O and N2O + O2 with MnOx/TiO2 catalyst surface was 
studied. N2O and N2O + O2 were adsorbed on MnOx/TiO2 and the products were analyzed using 
a residual gas analyzer. A large amount of nitrogen was produced during the first 40 minutes 
after adsorption of N2O, and nitrogen production continued after 40 minutes. Production of large 
amounts of nitrogen could be attributed to the following reactions: 

 
N2O → N2+O         (8) 
N2O + O → N2+O2        (9) 
N2O + O → NO+NO         (10) 
NO* → N* + O*        (3) 
N* + N* → N2        (4) 
O* + O* → O2         (11) 

 
Oxygen was introduced into stream after 90 minutes; a small increase in nitrogen was observed 
after introduction of oxygen. This could be due to the re-oxidation of catalyst surface by gas 
phase oxygen. 
 
The transient response of CO2 in CO and CO+O2 reaction over MnOx/TiO2 catalyst was also 
studied. After introduction of CO to the catalyst, a drastic increase in the concentration of CO2 is 
observed. CO2 formation is high for the first 30 minutes and subsequently decreases gradually. 
Since the gas phase at this point contains no O2, it is likely that CO2 was formed by the reaction 
of adsorbed CO with the labile lattice oxygen via reaction (7) of the proposed reaction 
mechanism. 
 
These results highlight the importance of reaction (7) in the CO+NO reaction mechanism. CO 
reacts with the oxidized surface to form CO2 by creating a reduced manganese site. This reduced 
manganese site acts as an active site for NO dissociation. After introduction of oxygen to stream, 
a small increase in the CO2 concentration is observed. This is due to the re-oxidation of catalyst 
surface by gas phase oxygen. However, the CO2 concentration does not increase exponentially 
after introduction of oxygen; this result indicates that the CO is not reacting with the gas phase 
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oxygen to form CO2; reaction with the lattice oxygen of the catalyst is critical to the function of 
the catalyst. This is a critical point: the MnOx/TiO2 catalyst does not promote the direct 
oxidation of CO with gas-phase oxygen. This is the one of the reasons for the observed high 
selectivity of NO+CO reaction in the presence of the oxygen over MnOx/TiO2 catalyst. 
 
4.  Task 2: Incorporation of SO2 and H2O Tolerance in Catalyst 

 
4.1 Goals and Objectives 

 
The goal of this task was to develop materials that possess extremely low affinity for SO2 and 
high tolerance for H2O. Specific objectives included 

• Identifying metal combinations which repel SO2 and H2O.  
• Developing model catalytic surfaces which hinder the agglomeration of metals and thus 

preserve catalytic activity. 

 
4.2 Approach, Apparatus and Methods 
 
Chapter V of this report describes the LTSCR and mercury capture performance for manganese 
oxide/titania. In ideal situations, excellent mercury capture and LTSCR performance were 
observed; however, the presence of sulfur dioxide, a common component of flue gas, resulted in 
significant loss of both catalytic activity and elemental mercury capacity. It has been reported 
that while SO2 adsorbs onto CeO2, the CeO2 is unaffected by SO2 in the presence of oxygen at 
350 and 800°C. Thus, the investigators explored the use of ceria and ceria-modified titania as a 
support for MnOx-based LTSCAR.  
 

The ceria and ceria-titania supports were prepared from ammonium cerium (IV) nitrate and 
titanium (IV) chloride precursors by hydrolysis with aqueous ammonia. The ammonium cerium 
(IV) nitrate was dissolved in distilled water to the desired concentration; the titanium (IV) 
chloride solution was prepared by digesting TiCl4 in cold concentrated HCl and then diluting the 
concentrated solution with distilled water to the desired concentration. The precursor solutions 
were mixed.  Dilute liquid ammonia was added dropwise with vigorous stirring until 
precipitation was complete. The solid product was filtered and washed several times with 
distilled water until no chlorides could be detected in the filtrate; this test was performed by 
adding with Ag+ to the filtrate. The washed filter cake was dried at atmospheric pressure and 
then calcined at 500°C for 5 h in flowing air. The ceria support was prepared using a similar 
procedure. The ceria-titania supported manganese oxide catalyst was prepared by wet 
impregnation using the same procedures used to synthesize the MnOx/TiO2 catalysts. 
 
4.3 Results and Conclusions 

 
The BET surface areas of the manganese-promoted samples were lower than those of the CeO2-
TiO2 support, 145 and 128 m2/g for the 10 and 20 wt% MnOx loaded samples versus 271 m2/g 
for the ceria-titania support. The loss of surface area is attributed to partial blockage of 
micropores of the support by the deposited manganese oxide; this phenomenon also explains the 
increase in mean pore diameter and decrease in pore volume as the MnOx content increases.  
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The X-ray diffraction patterns of CeO2-TiO2, 10 wt.% MnOx/CeO2-TiO2 and 20 wt.% 
MnOx/CeO2-TiO2 are broad, indicating that the bare mixed oxide (CeO2-TiO2) and manganese 
oxide supported CeO2-TiO2 samples are in highly amorphous or poorly crystalline states.  The 
diffraction lines due to titania anatase phase are clearly noticeable in all of the patterns. Distinct 
peaks could be ascribed to ceria and manganese oxide phases. The latter result indicates the 
presence of crystalline manganese oxide in the sample. However, the low intensity of the lines 
due to manganese oxide indicates that the manganese oxide is highly dispersed over the CeO2-
TiO2 surface. The intensity of the peaks due to manganese oxide increased with the increase of 
manganese content in the material. 
 
LTSCR results for the CeO2-containing materials are presented in section 7 below. 
 
5. Task 3: Development of Adsorbent for Removal of Oxidized and Elemental 

Mercury in LTSCAR 

 
5.1 Goals and Objectives 

 
The goal of this task was to tailor the adsorbent structure and chemisty to achieve simultaneous 
capture of Hg0 and Hg2+ at high bed capacity in a flue gas loaded with CO, at operating 
temperatures of 140-160°C, and with very short gas-solid contacting times.  Specific objectives 
included 

• Identifying an optimal oxidizing nano-layer for nanostructured chelating adsorbents by 
evaluating the most promising oxidizing and coating agents for their ability to give 
uniform, stable coats on selected siliceous supports.   

• Developing methods to stably bond chelating ligands for mercury to the surface to 
achieve thermal and chemical stability of the ligand and linking groups in the oxidizing 
layer at 140-160°C.  

• Testing fully functionalized adsorbents determined to have the best potential in a fixed-
bed contactor for the removal of oxidized and elemental mercury 

• Determining the impact of CO on performance.   
• Completing fundamental studies on the most promising adsorbent developed to 

characterize adsorption thermodynamic and mass transfer characteristics. 
 
5.2 Apparatus and Methods 
 
5.2.1 Nanostructured Chelating Adsorbents 

 

RTIL Synthesis. To identify more effective coating layers for nanostructured chelating 
adsorbents, a series of room-temperature ionic liquids (RTILs) were synthesized, including 
[bmim]Cl, [bpyrro]Cl, [bpy]Cl, [bmim][N(Tf)2], [bpyrro][N(Tf)2], and [bpy][N(Tf)2] were 
synthesized using standard wet chemistry techniques. These ionic liquids were coated on to 
native commercial silica and commercial silica functionalized with 3-mercaptopropyltrimethoxy-
silane (MPTS-silica), a chelating adsorbent. The thermal stability of the RTIL coating layers was 
evaluated using an SDT Q600 Simultaneous DSC-TGA. 
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Mercury Capture. The mercury capture characteristics of the adsorbents were evaluated using a 
fixed-bed adsorption apparatus constructed by the investigators. For initial screening, the carrier 
gas was nitrogen with 150 ppm HCl (for oxidized mercury capture) or nitrogen alone (for 
elemental mercury capture). Mercury concentrations in the inlet and exit gases were quantified 
using a modified version of the Ontario Hydro Method [ASTM, 2002]. 
 
5.2.2 Metal-Oxide Adsorbents 

 
Samples of the LTSCR catalysts described in sections 3.2 and 4.2 above were tested as mercury 
adsorbents using the same apparatus used for evaluating the nanostructured chelating adsorbents. 
 
5.3 Results and Conclusions 

 
5.3.1 Nanostructured Chelating Adsorbents 

 
The thermal stabilities of the RTILs were measured using TGA. The effective maximum 
operating temperature for the Cl-containing RTILs was 190°C, while the [N(Tf)2]-containing 
materials were stable up to approximately 300°C. 
  

Results of the fixed-bed 
adsorption trials are 
summarized in Table IV.2, 
reproduced here for 
convenience. [bpyrro][N(Tf)2] 
and [bpy]Cl coated silica 
showed almost identical Hg0 
uptakes and are the best RTIL 
coating layers in terms of Hg0 
capture. [bmim]Cl showed 
comparable Hg0 capacity (2.2 
mg/g). The other three RTIL 
coating layers had similar Hg0 
saturation capacities, 1.2-1.3 

mg/g. During these experiments, no increase of Hg2+ was observed across the adsorbent bed.    
 
Oxidized mercury adsorption behavior for silica coated with these RTILs was also tested; results 
of these tests are also shown in Table IV.2. [bpyrro][N(Tf)2] coated silica is incapable of 
capturing HgCl2, while [bmim][N(Tf)2] coated silica has the greatest HgCl2 capacity among 
RTIL coated silicas incorporating the [N(Tf)2] anion. When the anion was changed to Cl-, the 
oxidized mercury uptake increased dramatically for RTIL coating layers, especially for 
[bpyrro][N(Tf)2]. The [bmim]Cl coated silica showed the greatest HgCl2 uptake, 33 mg/g 
adsorbent. During these experiments, no increase of Hg0 across the adsorbent bed was observed. 
It is important to note that the Hg0 and HgCl2 adsorption experiments were performed separately; 
combined capture experiments have not yet been completed. 
 

Table IV.2  

Mercury capacity of mesoporous silica coated with 25 wt% 
RTILs. 
 Hg

0
 Capture,  

mg Hg
0
/g adsorbent 

Hg
2+

 Capture,  

mg Hg
2+

/g adsorbent 

 N(Tf)2 Cl N(Tf)2 Cl 

[bpyrro] 2.7 1.2 0 11 
[bmim] 1.2 2.2 7.1 33 
[bpy] 1.3 3.0 1.9 6.2 
Bed temperature: 160°C; gas flow rate: 24 ml/min for Hg0 
experiments and 100 ml/min for HgCl2 experiments. Carrier 
gas contained only N2 for Hg0 experiments and N2+HCl for 
HgCl2 experiments. 
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Since the [bmim]Cl coating layer alone showed impressive elemental and oxidized mercury 
capacities, the performance of a fully functionalized nanostructured chelating adsorbent using 
[bmim]Cl as a coating layer was evaluated. The dynamic adsorption of HgCl2 and Hg0 was 
studied with the 25 wt% [bmim]Cl coated MPTS-silica in a fixed-bed mode at 160°C. 25 wt% 
[bmim]Cl coated MPTS-silica has a minimum 38 mg/g HgCl2 capacity and a 10 mg/g Hg0 
saturation capacity. 

 
The capture of elemental mercury using these RTILs does not appear to involve oxidation of the 
mercury by the RTIL. The formation of a complex between Hg0 and ions in RTIL might be the 
capture mechanism for elemental mercury. The higher oxidized mercury capacities of RTILs 
with a chlorine anion are believed to be due to the facilitated dissociation of HgCl2 with these 
RTILs. The higher hydrogen-bond basicity and dipolarity of these Cl- based RTILs are probably 
the characteristics underlying the improved HgCl2 dissociation.   
 
[bmim]Cl is a promising candidate RTIL for the simultaneous removal of oxidized and elemental 
mercury. 25 wt% [bmim]Cl coated MPTS-silica has a mercury capacities of at least 38 mg 
Hg2+/g adsorbent and a 10 mg Hg0/g elemental mercury saturation capacity in separate fixed-bed 
adsorption experiments. 
 
5.3.2 Metal Oxide Adsorbents 

 
Prior to testing the catalyst for elemental mercury capture, a blank experiment was performed 
using the titania support to preclude possible mercury capture by the support. Nitrogen was used 
as the carrier gas for elemental mercury; the GHSV was 5000 hr-1. Hg0 breakthrough occurred 
almost immediately after the input of mercury, indicating that the TiO2 support has negligible 
capacity for Hg0, 0.3 mg/g.  
 
The effect of MnO2 loading on elemental mercury capture was studied using 10 wt% and 20 wt% 
MnO2/TiO2 catalysts. Effluent concentration histories are shown in Figure V.6, reproduced here 
for convenience. The performance of 20 wt% MnO2/TiO2 was essentially identical to that of 10 
wt% MnO2/TiO2. Mercury breakthrough was not observed for either catalyst over about 100 
hours of continuous operation. The Hg0 uptake is 6.8 mg/g for 10 wt% MnO2/TiO2 and 7.2 mg/g 
for 20 wt% MnO2/TiO2 and capture efficiencies were similar for the two samples; since 
breakthrough was not observed, these uptakes are lower bounds on the mercury capacity of the 
catalyst samples. Increasing the metal oxide loading beyond 10 wt% is not expected to improve 
mercury capture effectiveness for this system. Introducing 7% water vapor (v/v) into the feed to 
the adsorbent bed had a negligible effect on mercury uptake.  
 
The effect of SO2 on elemental mercury capture was also investigated using 10 wt% MnO2/TiO2 
catalyst. Approximately 200 ppm SO2 was introduced into a water-free Hg0–N2 stream that had 
been contacting the catalyst for 90 h. The Hg0 concentration in the effluent increased almost 
immediately after SO2 addition started. Upon stopping the SO2 addition at 156 hrs, the catalyst 
appeared to recover some of its activity, but suffered a permanent loss of mercury capture 
capability. SO2 has a negative effect on elemental mercury capture using the MnO2/TiO2 
catalyst.  
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Raising the bed temperature from 
175°C to 200°C resulted in the mercury 
capacity of the catalyst increasing from 
12.5 mg/g to 17.4 mg/g, a 39% 
increase. This surprising result clearly 
indicates that the bed temperature has a 
key role on the activity of the catalyst 
for the mercury removal.  
 
Hg0 removal using a sample of the 20% 
MnO2/TiO2 catalyst that had previously 
been used for NO reduction was also 
measured as a preliminary test to 
investigate the possibility of 
simultaneous low temperature SCR and 
mercury capture. Hg0 was effectively 
removed by the catalyst for the entire 
duration of the experiment, suggesting 
that the catalyst the potential to act 
simultaneously as an oxidizing catalyst 
for Hg0 and a reducing catalyst for NO.  
 

Mercury capture results are consistent with the following mechanism: 
 Hg(g) + surface → Hg(ad) 
 Hg(ad) + MnO2 → HgO(ad) + MnO 
 HgO(ad) + MnO2 → HgMnO3 
These results suggest that adsorbed Hg0 reacts with the lattice oxygen of MnO2 [Granite et al., 
2000]. Granite and coworkers also proposed that an oxide’s tendency to form sulfate is a crucial 
factor for the oxidation efficiency of elemental mercury from flue gas due to the relatively high 
concentration of SO2 compared to that of mercury [Granite et al., 2000]. Since the formation of 
manganese sulfate would result in the loss of a portion of the MnO2 involved in mercury 
adsorption, the dramatic drop in elemental mercury capture using MnO2/TiO2 catalyst after the 
introduction of SO2 is consistent with Granite’s hypothesis. Since manganese dioxide typically 
contains 1.5 to 2 oxygen atoms per manganese atom, the surface and bulk compositions of MnO2 
change as functions of gas composition and temperature [Arena et al., 2001]. As noted above, 
mercury uptake increases by 39% when the bed temperature increased from 175°C to 200°C; this 
change could due an increase in the number of the active sites on the sorbent surface.  
 
A novel low temperature SCR catalyst, MnO2 supported on titania, is effective for both 
elemental mercury capture and low temperature SCR.  In SCR trials at 200°C and industrially 
relevant conditions, nearly quantitative reduction of NOx reduction was obtained using CO as the 
reductant.  Fresh catalyst used as an adsorbent for elemental mercury from an inert atmosphere 
showed mercury uptake as high as 17.4 mg/g at 200°C.  These results suggest the feasibility of a 
single process step integrating low temperature SCR and mercury capture from flue gas. 
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Figure V.6: Influence of MnO2 loading on Hg0 
capture behavior using low temperature SCR 
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The elemental and oxidized mercury capture characteristics of the CeO2-TiO2 materials were 
also evaluated. Prior to testing the manganese-promoted materials for elemental mercury capture, 
several blank experiments were performed using the support materials (titania, ceria, and CeO2-
TiO2) to quantify mercury capture by the supports. As before, Hg0 breakthrough was almost 
immediate for the TiO2 support, which had a negligible capacity for Hg0, 0.3 mg/g. The ceria 
support had a Hg0 capacity of 2.5 mg/g. Interestingly, the CeO2-TiO2 support is a promising 
adsorbent for Hg0, with a capacity of 6.4 mg/g. 
 
The influence of MnOx loading on elemental mercury capacity was investigated using 10 and 20 
wt% MnOx/CeO2-TiO2 materials. Both 10 wt% MnOx/CeO2-TiO2 and 20 wt% MnOx/CeO2-
TiO2 show large capacities for Hg0, 11 and 37 mg/g respectively, and initial capture efficiencies 
of more than 90%.  
 
The influences of three crucial flue gas components were tested. Sulfur dioxide is known to 
interfere with mercury adsorption using MnOx/TiO2; this observation was one of the motivations 
for developing the MnOx/CeO2-TiO2 materials.Since one of the goals of the current project is to 
develop materials for the combined low temperature selective catalytic reduction (LTSCR) of 
NO using CO, the the influence of NO and CO on mercury capture is of significant interest.  
Table VI.3, reproduced here for convenience, shows the elemental mercury capacities measured 
in these tests. 
 
The SO2 tolerances of both the CeO2-TiO2 support and 20 wt% MnOx/CeO2-TiO2 were assessed 
using fixed-bed adsorption tests at 175°C.  SO2 decreases the mercury capacity of the material; 
the data in Table VI.3 suggest that SO2 interacts chemically with the adsorbent.  Smaller 
reductions of the elemental mercury capacity of the CeO2-TiO2 support were observed in 
response to the presence of SO2, suggesting that SO2 interacts primarily with the MnOx and only 
to a small extent with the CeO2-TiO2 support. 

 
Similar results were obtained for the influence of NO and CO on elemental mercury capture; 
mercury capacities in the presence of 400 ppm NO + 400 ppm CO were 5-6 mg Hg0/g adsorbent 

Table VI.3. 

Influence of SO2, NO, and CO on elemental mercury capacities of CeO2-TiO2 and 20 wt% 
MnOx/CeO2-TiO2, at 175°C.  Inlet Hg0=30-50 ppbv; carrier gas N2; GHSV=5000h-1. Data for 
CeO2 and 20 wt% MnOx/TiO2 shown for comparison. 

 

Elemental Mercury Capacity, mg Hg0/g 

N2 only 100 ppm SO2 
400 ppm NO 
400 ppm CO 

100 ppm SO2 
400 ppm NO 
400 ppm CO 

20 wt% MnOx/TiO2  >17 0 N/A N/A 

20 wt% MnOx/CeO2-TiO2  37 6.5 6.4 4.2 

CeO2-TiO2  8.5 5.6 5.2 5.4 

CeO2  3 N/A N/A N/A 
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similar to the elemental mercury capacities observed in the presence of 100 ppm SO2. These 
capacities, in turn, are similar to those observed in the presence of 100 ppm SO2 + 400 ppm NO 
+ 400 ppm CO, 4-5 mg Hg0/g adsorbent.  NO, CO, and SO2 appear to bind with the adsorption 
sites on MnOx and with a small fraction of the binding sites in CeO2-TiO2. 
 
The integration of ceria into the support does not protect the MnOx promoter from the influence 
of SO2. However, ceria-titania support retains most of its elemental mercury capacity even when 
SO2 is present; consequently, the use of CeO2-TiO2 may be a technically feasible strategy for the 
capture of gas-phase elemental mercury. 

 
The combined capture of elemental and 
oxidized mercury using ceria-titania 
was tested at 160°C using a nitrogen 
carrier with 30 ppbv Hg0 and 60 ppbv 
Hg2+.  The gas hourly space velocity 
(GHSV) was 5000 h-1. Typical effluent 
concentration histories are shown in 
Figures VI.8, reproduced here for 
convenience. In the combined capture 
experiments, the elemental mercury 
capacity was 8.0 mg/g, while the 
oxidized mercury capacity was 8.3-9.1 
mg/g.  The elemental mercury capacity 
in the combined capture experiments 
(8.0 mg Hg0/g) is similar to that 
observed for the capture of elemental 
mercury in the absence oxidized 
mercury (8.5-9.1 mg Hg0/g), suggesting 
that different adsorption sites may be 
involved in the capture of different 
mercury species. 
 

 
6. Task 4: Speciation Studies in LTSCAR  

 
6.1 Goals and Objectives 

 
The goal of this task was to investigate the impact of the adsorbent, the reductant CO, and the 
NOx reducing catalyst on mercury speciation. Specific objectives included 

• Performing speciation experiments using simulated flue gas loaded with mercury with 
and without adsorbent and/or catalyst beds. 

• Evaluate the influence of CO and temperature (140-160°C). 
 
6.2 Apparatus and Methods 
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X-ray photoelectron spectroscopy (XPS) was used to investigate mercury speciation on 
adsorbent surfaces. The XPS measurements for TiO2-based adsorbents were made using a 
Perkin-Elmer (Model 5300) spectrometer with Mg Kα (1253.6 eV) radiation as the excitation 
The XPS measurements for CeO2-containing samples were performed on a Shimadzu ESCA 
3400 spectrometer using Al Kα (1486.6 eV) radiation as the excitation source. source. The XPS 
analysis was done at room temperature and pressures on the order of 10-7 torr. Samples were 
degassed in a vacuum oven overnight before XPS measurements. 
 
6.3 Results and Conclusions 

 
MnO2/TiO2. Fresh and spent (mercury loaded) samples of 10 wt% MnO2/TiO2 catalyst calcined 
at 400°C were investigated using XPS. A large amount of mercury was found in the spent 
catalyst. There was a significant difference in the peak intensities of the fresh and spent samples. 
The O 1s peak showed high intensity due to overlapping contributions of oxygen from titania 
and manganese oxides in the MnO2/TiO2 catalyst. Extensive broadening of the O 1s peak was 
noted for the spent catalyst. Also, the O 1s peak intensity decreased slightly for the spent 
catalyst. The broadening of the O 1s photoelectron peak in the spent sample can be attributed to 
the formation of HgO.  
 
The Mn 2p peak is broad, indicating the presence of multiple Mn species. The intensity of the 
Mn 2p peak decreases substantially in the spent catalyst, strongly supporting the observations 
presented above and indicates that the captured mercury interacts strongly with the surface Mn 
species on the catalyst. The binding energy of the Hg 4f photoelectron peaks suggests the 
presence of HgO on the adsorbent surface. Thus, the XPS peak intensities of O 1s, Mn 2p and 
Hg 4f lines and their binding energies indicate that mercury interacts strongly with the catalyst 
and is present as HgO, supporting the adsorption mechanism presented in section 5.3.2 above. 
 
CeO2-TiO2. XPS measurements were performed on fresh and spent materials to determine the 
oxidation states of the elements in these materials and to understand nature of the interactions in 
the adsorbent system. The O 1s profile is generally broad and complex due to the nonequivalence 
of surface oxygen ions. The complex peak shape suggests that this peak is composed of multiple 
peaks arising from overlapping contributions of oxygen from ceria, titania, and MnOx present in 
the samples. The 20 wt% Mn/CeO2-TiO2 sample exhibited a broader O 1s spectrum than the 
other samples; this is likely due to the presence of crystalline MnO2 on the surface. XRD results 
confirm that 20 wt% Mn/CeO2-TiO2 contains crystalline MnO2.   The Ti 2p spectra of fresh 
samples investigated in this study confirm that the titanium in the samples is primarily confined 
to its highest oxidation state (IV). The core level spectra of Mn 2p suggest that Mn is in +4 
oxidation state. As expected the intensity of the peaks increased as the MnOx content increased 
from 10 wt% to 20 wt%.  
 
The assignment of CeO2 3d photoelectron peaks is difficult because of the complex nature of the 
spectra; this complexity occurs not only because of multiple oxidation states but also because of 
the mixing of Ce 4f levels and O 2p states during the primary photoemission process. 
Deconvolution of the XPS pattern of fresh CeO2 exhibits a total of six peaks, which are due to 
the presence of the Ce4+ oxidation state; no peaks corresponding to Ce3+ were observed for this 
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sample. On the other hand CeO2-TiO2 exhibits contributions from both Ce4+ and Ce3+ oxidation 
states; the addition of MnOx also enhances Ce3+ formation in the ceria-titania samples 
 
To investigate changes in the materials due to mercury absorption, XPS measurements were 
performed on spent samples. Mercury adsorption on these materials results in extensive 
broadening of the O1s peak. This broadening indicates that the oxygen is not easily accessible at 
the surface due to the adsorption of mercury on the surface. The intensity of the Ti 2p peaks 
increased in spent (mercury-loaded) materials, suggesting a surface enrichment of titanium due 
to mercury adsorption. In other words, titania did not adsorb any Hg and it remained on the 
surface, whereas both ceria and manganese oxide surfaces were covered by the mercury. Atomic 
ratios calculated from the XPS spectra support this observation.  
 
Similarly, the intensity of Mn 2p peaks decreased in spent materials compared to fresh materials 
due to adsorption of mercury on the surface. Interestingly, no shift in the peak position was 
observed for Mn 2p spectra after mercury adsorption, suggesting that for these materials, 
manganese does not form compounds with the mercury; it remains in the Mn4+ oxidation state.  

 
After mercury absorption, the Ce 3d spectra of pure ceria exhibit contributions from both the 
Ce3+ and the Ce4+ oxidation states. This change is attributed to the formation of HgO on the 
surface of the ceria. The investigators propose that mercury adsorbs on the ceria surface and 
reacts with lattice oxygen to form HgO, reducing some of the Ce4+ initially present to Ce3+. The 
Hg 4f spectra are consistent this hypothesis. Similar effects are observed for ceria-titania, 
suggesting that ceria-titania reacts with adsorbed mercury to form HgO and reduce a portion of 
the cerium. More HgO was formed in ceria-titania than in pure ceria. This greater formation of 
HgO can be attributed to distortion of the O2- sub lattice due to the incorporation titanium in to 
the cubic ceria lattice in the ceria-titania mixed oxide. This distortion permits a higher mobility 
of the lattice oxygen, effectively making the lattice oxygen more available. This hypothesis is 
consistent with literature reports the oxygen storage capacity of ceria-titania is much higher than 
that pure ceria [Reddy et al., 2005].  
 
The Hg 4f spectra of pure ceria exhibit contributions from two components, elemental mercury 
and HgO. The peak due to the HgO is larger for ceria-titania than for pure ceria, due to the 
formation of more HgO in ceria-titania as explained above. The Hg 4f spectra for MnOx 
impregnated samples exhibits only peaks due to the elemental mercury. The Hg 4f spectra results 
agree well with the Ce 3d spectra results. Impregnation with MnOx decreases the atomic ratios 
of Ce/Ti and Ti/Mn due to the formation MnO2 over the surface. The atomic ratios of Ti/Ce and 
Ti/Mn increased the after the mercury adsorption; these results confirm the surface enrichment of 
titania during mercury adsorption. On the other hand, the atomic ratio of Ce/Mn decreased after 
mercury adsorption.       
 
7. Task 5: Performance Evaluations for Integrated Removal of NOx and Mercury 

 
7.1 Goals and Objectives 

 
The goal of this task was to demonstrate integrated removal of NOx and mercury. Specific 
objectives included  
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• Constructing a test apparatus that combines a plug flow differential catalytic reactor with 
a packed adsorbent bed. 

• Using this apparatus to test the simultaneous removal of NOx and mercury from a 
simulated flue gas.   

 
7.2 Apparatus and Methods 
 
Fixed-bed removal tests were completed using the same apparatus that was used in the mercury 
adsorption studies. The majority of the tests were completed at an adsorption temperature of 
175°C at a gas hourly space velocity (GHSV) of 102000 h-1. Gas phases included a nitrogen 
carrier and one or more of the following pollutants: 40 ppbv Hg0, 400 ppm NO, and 400 ppm 
CO. The inlet and outlet gas streams were analyzed for mercury using the same method used in 
the adsorption studies described above. The inlet and outlet gas streams were analyzed for 
nitrogen oxides using a modified version EPA Method 7E [US EPA, 2010]. 
 
Prior to the removal tests reported here, empty-column tests were performed to determine if there 
was any removal of Hg0 or NO due to adsorption on the apparatus.  No such removal was 
observed; consequently, removals of Hg0 and NO reported below can be attributed to the 
materials being tested. Three materials were tested: CeO2-TiO2, 20 wt% MnOx/TiO2, and 20 
wt% MnOx/CeO2-TiO2. 
 
7.3 Results and Conclusions 

 
Mercury and NO removals are summarized in Table VII.1, reproduced here for convenience. All 
materials showed some capacity for elemental mercury capture and NO removal. The amount of 
NO captured is great enough that it is unlikely that the NO reduction is due to either physical 
adsorption on the surface or incorporation into the CeO2-TiO2 lattice, so NO reductions are 
attributed to catalytic reduction of NO. Remarkably, this reduction occurs for ceria-containing 
materials even in the absence of a MnOx coating. 
 
The results of this study indicate the combined removal of Hg0 and NO can be obtained and 
provide a proof-of-concept demonstration of the LTSCAR concept. The presence of Hg0 reduces 
the total amount of NO removed, and the presence of NO or NO+CO reduces the total amount of 
Hg0 removed. Mercury capacities are consistent with adsorption, while NO removal appears to 
be the result of catalytic reduction. The water sensitivity of the LTSCR performance of these 
materials remains an open issue. Previous project tasks that these materials retain some mercury 
adsorption capacity in the presence of SO2 and that the MnOx catalytic component is poisoned 
by SO2. The unexpected catalytic activity of the CeO2-TiO2 support was discovered late in the 
project, so the impact of SO2 on the catalytic performance of the CeO2-TiO2 support has has not 
assessed due to time constraints. 
 
 
 
 
 
 



Final Scientific Report 

 

xxiv 
 

 
 
Table VII.1. 
Hg0 and NO capacities of CeO2-TiO2, 20 wt% MnOx/TiO2, and 20 wt% 
MnOx/CeO2-TiO2 in single-component and simultaneous fixed-bed removal tests. 
GHSV = 102 000 h-1. 
  20 wt% MnOx/ 

CeO2-TiO2 
 

20 wt% MnOx/ 
TiO2 

 CeO2-TiO2 

 Hg0 
mg/g 

NOx 
mg/g 

 
Hg0 

mg/g 
NOx 
mg/g 

 
Hg0 

mg/g 
NOx 
mg/g 

40 ppbv Hg0 175°C 37 ---  17 ---  5.2 --- 

400 ppm NO 
400 ppm CO 

175°C --- 1116  --- 824  --- 676 

400 ppm NO 
400 ppm CO 
40  ppbv Hg0 

175°C 9.4 997  3.4 661  3.8 664 

400 ppm NO 
400 ppm CO 
40  ppbv Hg0 

200°C 6.3 706  6.6 847  3.3 845 

400 ppm NO 
40  ppbv Hg0 

175°C 8.6 1521  6.6 1402  3.8 746 

 
8. Task 6: Economic Analysis 

 
8.1 Goals and Objectives 

 
The goal of this task was to assess the economics of the proposed LTSCAR process. Specific 
objectives included 

• Analyzing the capital and operating costs of the LTSCAR concept based on the optimal 
conditions generated from the bench- and pilot-scale experiments.   

• Comparing the estimated costs will be compared with those for the post combustion 
technologies, including SCR and activated carbon injection.   

 
8.2 Approach 
 
The integrated removal tests described in Chapter VII indicate that at a GHSV of approximately 
100,000 h-1, initial NOx removals of approximately 40% were obtained using the CeO2-TiO2 
materials at 175°C at 400 ppm NOx. However, regardless of the presence of mercury in the 
reactor feed, catalytic activity steadily declined in each experiment over a period of 
approximately 12 hours. Consequently, it was judged to be premature to consider these materials 
as SCR catalysts ready for deployment in an LTSCAR. 
 
However, all of the CeO2-TiO2 materials developed in this study have significant mercury 
capacity (3-5 mg Hg0 g-1) at warm-gas conditions (175-200°C), even in the presence of NO, CO, 
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and SO2. The nanostructured chelating adsorbents developed in this study have even higher 
capacities. Consequently, capital and operating cost scenarios were explored for three possible 
deployments of these materials as mercury adsorbents: 
 

• Case 1: Construction of a separate adsorption unit using CeO2-TiO2 materials fabricated 
in forms similar to those used in current SCR catalysts. 

• Case 2: Construction of separate fixed-bed adsorbers packed with nanostructured 
chelating adsorbents. 

• Case 3: Integration of Hg capture chemistry based on CeO2-TiO2 materials into 
conventional SCR catalysts. 

 
Capital costs were estimated using EPA guidelines for cost estimates for pollution control 
equipment [EPA, 2002]; costs were escalated to 2010 dollars using the Marshall-Swift index. 
 
8.3 Results and Conclusions 

 
For Case 1, initial capital outlays ranged from $99/kW for a 100 MW plant to $58/kW for a 500 
MW plant. These initial investments are significantly larger than typical investments for either 
activated carbon injection (ACI), which requires $8-10/kW, or oxidation technologies, which 
require $2-4/kW [NESCAUM, 2010]. The estimated initial capital investment in this study is 
likely to be extremely conservative; the adsorption unit was sized and costed as an SCR unit with 
no ammonia feed and is likely oversized and more complex than what is needed for a purely 
adsorptive unit. Annual costs for each case ranged from $8,000/lb Hg to $11,200/lb Hg (1.3-1.8 
mills/kWh). These costs, which include capital recovery, compare favorably with the reported 
costs for ACI ($18,000/lb Hg - $50,000/lb Hg or 1-3.5 mills/kWh) and oxidation technologies 
($15,000/lb Hg or 1.5 mills/kWh) [NESCAUM, 2010]. The annual costs are driven strongly by 
capital recovery costs, which, as noted above, are likely significantly overestimated. The second 
most significant cost driver is for the adsorbent, which in this case is not too expensive ($5/lb) 
but has a low capacity. In this configuration, adsorber design appears to be the critical factor 
driving mercury capture cost. 
 
For Case 2, the initial capital outlay was estimated to be $5.0/kW for this case; a single 25 ft bed 
can process the flue gas from 40 MW of generation capacity. This initial investment is 
competitive with typical investments for ACI ($8-10/kW) and oxidation technologies ($2-4/kW) 
[NESCAUM, 2010]. It is possible that the capital outlay is underestimated for larger plants in 
which interconnecting ductwork might be significantly more complex, especially in retrofit 
situations. The total annual costs is estimated to be $3,000/lb Hg (0.4 mills/kWh), which 
compares favorably with the reported costs for ACI ($18,000/lb Hg - $50,000/lb Hg or 1-3.5 
mills/kWh) and oxidation technologies ($15,000/lb Hg or 1.5 mills/kWh) [NESCAUM, 2010].  
The annual costs for Case 2 are driven strongly by the cost for electricity; the second most 
significant cost driver is for the adsorbent, which in this case is moderately expensive ($42/lb) 
but has a high capacity. In this configuration, adsorber design to minimize pressure drop and 
reduction of adsorbent costs provide a significant opportunity to improve process economics. 
 
Case 3 is the most speculative scenario considered. The observed mercury capacity of the CeO2-
TiO2 support is weakly temperature-dependent, so it is possible that the support retains some 
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mercury capacity at the temperatures typically used in current SCR operations. If this is the case, 
it should be possible to integrate mercury capacity directly into the SCR catalyst by replacing 
TiO2 with CeO2-TiO2. In this case, there is no incremental capital cost to integrate mercury 
capture into the SCR unit. An incremental operating cost will be incurred due to increased 
catalyst cost, assumed to be 50% greater than the cost of a conventional catalyst due to the 
change in support. In addition, the spent catalyst will include 0.2% mercury and might be 
considered hazardous due to the mercury content. To account for this possibility, catalyst 
disposal as hazardous waste was also included in the estimate. Under these assumptions made in 
this study, the annual cost for this case will be $1,400/lb Hg or 0.23 mills/kWh, making this 
speculative arrangement an attractive option compared to ACI and oxidation technologies. The 
potential benefits of this scenario – minimal capital investment and low mercury capture cost – 
justify additional study of the high-temperature mercury capacity of CeO2-TiO2. 
 
VIII.5 Conclusions 

 
The materials developed and characterized in this project can be used to capture mercury at 
annualized costs competitive with activated carbon injection and oxidation technologies. 
Deployment of CeO2-TiO2 support strictly as a mercury adsorbent involves much larger capital 
investment than competing technologies; the use of a nanostructured chelating adsorbent in a 
traditional fixed bed arrangement has significantly lower capital requirements. If the mercury 
capacity of the CeO2-TiO2 support can be retained at traditional SCR conditions, the most 
economically attractive option is modification of the SCR catalyst support to integrate the 
mercury capture and SCR operations. 
 
9. Conclusions and Issues for Further Study 

 
The work completed in this project demonstrates that  

• The use of CO as a reductant in LTSCR is technically feasible. 
• The simultaneous warm-gas capture of elemental and oxidized mercury is technically 

feasible. 
• Ceria-titania materials have improved SO2 tolerance, but this SO2 tolerance does not 

extend to MnOx surface layers. 
• The integrated removal of mercury and NOx is technically feasible. 
• Process economics favor integration of the SCR and mercury capture operations.  

 
Key issues meriting additional study include 

• The SO2 tolerance of Mn-promoted SCR materials for adsorption and SCR applications 
should be improved. 

• H2O resistance should be addressed more once SO2 tolerance issues have been more 
completely resolved. 

• The feasibility of fabricating CeO2-TiO2 into honeycomb catalyst supports should be 
investigated to allow low-pressure-drop implementations of this material as a mercury 
adsorbent. 

• The mercury capacity of the CeO2-TiO2 support at conventional SCR temperatures 
should be determined; if this material retains reasonable mercury capacity at elevated 
temperatures, it might be possible to integrate mercury removal into conventional SCR 
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units to provide low-cost mercury capture. 
• Adsorber design for the high-volume low-pressure drop application to flue gas should be 

considered in greater detail, since capital costs are a significant contributor to the total 
mercury capture cost. 
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I. Introduction  
 

I.1 Project Goals and Objectives 

 
It is widely accepted that for the foreseeable future coal will continue to be a dominant 
component of power generation in the US and in many other countries. However, significant 
technological challenges remain for effective coal utilization, particularly the development of 
economic environmental compliance systems. This project addresses the issue for two important 
pollutants: NOx and mercury.  To the investigators’ knowledge, all current strategies for control 
of these pollutants target removal in separate units, though there is a large cost advantage to 
integrating these steps. For the vast majority of the existing US coal-fired utility fleet, particulate 
removal is the only existing environmental control [McDermott, 1999]. For these plants, 
integration of emission control units is enormously attractive, since compliance with new 
regulations can be achieved with a minimal retrofit footprint and at a reduced cost. The overall 
goal of this project was to advance the development of a novel, integrated system for the 
simultaneous removal of NOx and mercury. The system envisioned is a Low Temperature 
Selective Catalytic and Adsorptive Reactor (LTSCAR) in which NOx removal is achieved in a 
traditional SCR mode but at low temperature, and, uniquely, using carbon monoxide as a 
reductant. The capture of mercury is integrated into the same process unit. Such an arrangement 
would reduce mercury removal costs significantly, and provide improved control for the ultimate 
disposal of mercury. The specific objectives for this project are: (1) Tailoring existing bi-metallic 
catalysts for low temperature NOx removal with carbon monoxide as reductant; (2) The 
development of the above catalyst(s) for extended tolerance to SO2 and H2O; (3) Tailoring a 
novel existing adsorbent for the capture of Hg0 and Hg2+ at high capacity in a LTSCAR; (4) A 
study of speciation of Hg in the LTSCAR; (5) Performance evaluations of the LTSCAR in 
simulated coal-fired utility flue gases; and (6) Economic analysis.  
 
I.2 Low Temperature SCR 

 

I.2.1 Background 

 

The effective removal of NOx at low temperatures offers unique potential for further 
improvement and large economic benefits, especially for coals with high sulfur content. Hence, 
the development of low temperature, highly active and highly selective to N2, sulfur and water 
tolerant, and mechanically strong catalysts would be important achievements with immediate and 
major advantages for coal utilization.    
 
Prior to this investigation, medium-temperature DeNOx reactors and processes had been widely 
studied and applied. In contrast, low temperature SCR (LTSCR) is relatively new and offers the 
opportunity for further modifications and improvements as a direct result of the relatively low 
temperatures (140-230oC) used in LTSCR. (Typical medium-temperature SCR catalysts (V2O5-
based) are ineffective in this temperature range.) LTSCR has great commercial potential; for 
example, the LTSCR reactor can be placed downstream of particulate collectors or sulfur dioxide 
scrubbers, thus significantly increasing catalyst lifetime.  
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At the inception of this study, there were few reports in the open literature describing low 
temperature DeNOx reactions. Van der Grift et al. [1996] reported reactors and catalysts that 
perform effectively in the range of 140-200oC. This was attributed both to the catalyst and the 
reactor configuration; a lateral flow reactor better utilized the catalyst, thus resulting in 
significant rates of NO removal and minimal NH3 slip. The catalyst consisted of highly dispersed 
Ti and V on proprietary silica granules. Also, other dopants such as Ni, Mo, and Co were added 
[Gosse and van Grinsven, 1986]. Another approach applied proprietary γ-Al2O3 spherical 
particles (4-6 mm) loaded with 13 wt% V2O5 while Fe and Co can be added as well [Derrien and 
Seigneurin, 1982; Visciglio et al., 1996]. The catalyst operated at a conversion of about 70 % at 
150oC, 4 bars and GHSV=8000 h-1. 
 
Roberege et al. [1996] studied the SCR of NO over Ti, V, and B silicate and ZSM-5 at ambient 
temperature. It was found that these catalysts possess some activity for this reaction even at 0°C 
and, surprisingly, catalyst activity decreased significantly with temperature (the highest 
temperature tested was 120°C), a condition that limits applicability. Richter et al. [1998] studied 
the SCR of NO in the presence of oxygen at low temperatures (110°C) by utilizing the 
ammonium form of zeolites. It was found that the NH4

+ species of the zeolites assist the 
reduction of NO to N2. However, since zeolites have a certain storage capacity for NH4

+, the 
activity of the zeolite decreases with subsequent transformation of the catalyst to its protonated 
form. The same group [Richter et al., 1999] used NH4

+-Y faujasite crystals loaded externally 
with MnO2 for operation in the presence of water. This system worked well at temperatures 
around 30°C, but performance dropped significantly at higher temperatures due to the easy 
desorption of NH3 from the acid sites of the zeolite. However, higher temperatures must be used 
to prevent water condensation and avoid deposition of (NH4)2SO4, (NH4)HSO4, and NH4NO3. At 
the inception of this project, operation in the presence of water was an unsolved problem and 
required further attention. Liu et al. [Zhu et al., 1999; 2000; 2001a; 2001b] utilized activated 
carbon loaded with V2O5 (for the majority of their studies), and to a lesser extent W, Mo, Zr, and 
Sn for low temperature SCR. They found that SO2 improves performance at the initial stages of 
the reaction by boosting the catalyst acidity, but the promoting effect is gradually diminished by 
catalyst deactivation. Also, using activated carbon as a support has its limitations in terms of 
stability for operation in oxygen atmospheres. 
 
I.2.2 Preliminary Work by the Investigators 

 
A previous study of catalyst formulations by the investigators, applying transition metals loaded 
on commercial titanias, identified MnOx on a high surface area titania (Hombikat) as highly 
active at low temperatures. Quantitative NO conversion with NH3 is achieved at 120°C with 
100% selectivity to N2 [Smirniotis et al., 2001; Peña et al., 2004a]. The synthesized catalysts also 
had a high tolerance for H2O as shown in Figure I.1.  At 160°C in the flue-gas range of 5-10% 
water, over 85% conversion with 100% selectivity for N2 was achieved [Smirniotis et al., 2001]. 
This characteristic is attributed to the Mn sites, which repel water molecules, and is of unique 
value since flue-gas water vapor acts as a poison for numerous catalysts and metal sites. It was 
found [Smirniotis et al., 2001] that by increasing the reaction temperature to 150- 230°C, the 
activity of the catalysts increases monotonically with the temperature for a given level of water 
in the stream. Smirniotis et al. also investigated the mechanism of LTSCR using MnOx/TiO2 
with in-situ FT-IR [Pena et al., 2004b]; they found that a combination of moderately strong 
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monodentate and bidentate nitrate species, 
along with a split in the symmetric 
deformation of NH3 coordinated to Lewis 
acid sites, appear to be important for high 
activity and selectivity. The peak resulting 
from the vibrational mode of ammonia 
adsorbed on Lewis acid sites, which is located 
at ~1170 cm-1, is believed to be important in 
facilitating hydrogen abstraction to form 
amide species that react with bidentate 
nitrates (1620 cm-1).  It was thus proposed 
that the reaction mechanism proceeds through 
the formation of nitrosamide and azoxy 
species, which most likely possess lifetimes 
as reaction intermediates that are too brief for 
detection. Additional studies (in preparation 
for submission) involving labeled compounds 
(15NH3, 

18O2, 
15NO) were performed in order understand further the role of O species in the 

reaction mechanism. Among other findings, it was discovered that labile lattice oxygen readily 
participates in the SCR reaction. An previous effort (DOE Grant Phase I) was dedicated to 
identifying the role of bi- and tri-metallic combinations of Mn with other transition metals to 
develop catalysts with high tolerance to poisons.  
 

The BET surface areas of the MnOx-
doped titania decrease as the concentration 
of the dopant increased (Table I.1). This 
decrease is due to blockage of pore 
entrances by MnOx and and occupation of 
some surface sites. The surface area of the 
catalysts, even at the highest loading of 
MnOx, remained high. 

 

Figure I.2 shows the XRD patterns of the 
catalysts calcined at 240°C for 2 hours 
under air. The anatase phases of titania 
were determined from the strongest peak 
located at 2 theta of 25.3o. There are no 
spectra that correspond to the sharp peaks 

Table I.1. 
BET surface areas of MnOx-doped 
titania. 
 m2/g 
5 wt% MnOx/TiO2 259 
10 wt% MnOx/TiO2 236 
20 wt% MnOx/TiO2 198 

 
Fig. I.1: Influence of inlet water concentration 
on NO conversion in the SCR reaction over 
20 wt% MnOx /Hombikat TiO2. 
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Figure I.2: XRD spectra of 5 wt%, 10 wt% and  
20 wt% Mn on Hombikat titania. 
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of manganese oxide(s); the investigators 
propose that this is due to the high 
dispersion of MnOx on the surface. The 
peak intensity of titania decreased when the 
MnOx loading increased, implying that Mn 
is in an amorphous state that weakens the 
intensity of the titania peaks.  
 
Ammonia adsorbs on titania in coordinated 
form over Lewis acid sites. NH3-TPD 
spectra (Figure I.3) show 5 wt% 
MnOx/TiO2 has peaks at 1167 cm-1 and 
1599cm-1. The peak at 1167 cm-1 
corresponds to δs(NH3) coordinated Lewis 
acid sites that play an important role in 
low-temperature SCR for NO [Pena et al. 
2004b]. The peak at 1599 cm-1 is assigned to the asymmetric deformation of δas(NH3) 
coordinated to Lewis acid sites. These peaks began to decrease significantly at 300°C and nearly 
disappeared at 400°C.  
 
Table I.2.  
Summary SCR parameters and reaction results. 

 
NOx 

Conversion 
Trxn 

(oC) 
Total gas 
(sccm) 

NOx 
(ppm) 

NH3 

(ppm) 
CO 

(ppm) 
O2 

(Vol %) 
20 wt% MnOx/TiO2 94 140 140 400 400 0 2 
10 wt% MnOx/TiO2 96 140 140 400 400 0 2 
5 wt% MnOx/TiO2 56 140 140 400 400 0 2 
20 wt% MnOx/TiO2 35 175 140 400 0 400 2 
20 wt% MnOx/TiO2 28 175 140 400 0 800 2 
20 wt% MnOx/TiO2 37 175 140 400 0 400 3.7 

 
The 10 wt% and 20 wt% MnOx/TiO2 showed excellent SCR performance even at a low 
temperature of 140°C when NH3 was used as the reductant (Table I.2). The investigators 
proposed that the superior performance of these catalysts is mainly coordinated with the ability 
of the MnOx dopant on the support surface to participate in the redox mode and the Lewis 
acidity of the sites on the titania support. The proposed mechanism for this reaction over this 
family of catalysts was presented earlier [Pena et al. 2004b]. When carbon monoxide was used as 
the reductant, NOx conversions of more than 35% were achieved. This is a remarkable 
observation that can lead to superior systems for the economic SCR of NO, with CO as reductant 
instead of NH3, especially since CO can be generated on-site in a coal-fired power plant. It was 
also noted that when the CO concentration was doubled from 400 ppm to 800 ppm at a constant 
O2 concentration, the conversion of NO decreased, probably due to coverage of the active sites 
by CO at the higher concentration. An increase in the O2 concentration in this range did not play 
a significant role. 
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Figure I.3: NH3-TPD spectra of 5wt%Mn-TiO2 
at different temperatures. 
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I.2.3 Approach 
 
In the current investigation, catalysts were synthesized via solution impregnation using carefully 
selected combinations of transition metals on commercially available TiO2 (Hombikat) and on 
supports synthesized using sol-gel/precipitation methods. The target was high activity for the 
SCR of NO at temperatures in the vicinity of 140-160°C, complete conversion to N2 with CO as 
reductant, tolerance for H2O and SO2, time stability, durability and low cost. Initial efforts were 
devoted to optimizing the composition of the dopant and synthesis conditions to develop stable 
catalysts in the presence of SO2. Later efforts focused on improvement of the support material. 
 
A major breakthrough from this project is the use of CO as a reductant. By avoiding NH3, the 
reaction of unreacted NH3 and SO2, producing undesired ammonium sulfate and bisulfate solids, 
is eliminated; otherwise, this reaction is favored at low temperature. A significant potential 
economic advantage is production of the reductant, CO, on-site by the incomplete oxidation of a 
relatively small amount of coal.  
 
I.3. Mercury Adsorption 

 

I.3.1 Background 

 
Prior to this project, Feeley et al. [2003a; 2003b] described a range of technologies being 
explored for effectively removing mercury from flue gases from coal-fired power plants.  DOE’s 
strategy was to meet the short-term goal (compliance of existing plants with recently released 
USEPA mercury rules) with Activated Carbon Injection (ACI) and wet FGD enhancement. 
Unfortunately, these technologies are prohibitively expensive for the long term [Pavlish et al., 
2003]. A number of approached has been proposed to reduce the cost of mercury capture; 
prominent among these approaches is the development and application of advanced adsorbents. 
Various types of carbons and chemically modified carbons, fly ash-derived adsorbents, metal 
oxides and zeolites had been tested [Krishnan et al., 1994; Sinha and Walker, 1972; Tamon et al., 
1996; Vidic et al., 1998; Granite et al., 2000]. However, poor uptake efficiency, particularly for 
Hg0, large sorbent requirements, inefficient contacting, and low thermal stability limits 
challenged these approaches.  
 

I.3.2. Preliminary Work by the Investigators 

 

The current project initially focused on advancing the development of a fundamentally new type 
of adsorbent for mercury vapor capture, exploiting recent developments in the investigators’  
laboratory [Abu Daabes and Pinto, 2005] that enable the use of chelation chemistry for 
selectively capturing metals directly from the gas phase with a novel nano-structured adsorbent. 
The use of chelation to selectively remove metals from liquids was well established and had 
already been extensively applied to remove a large variety of metals from water [Das et al., 
1984]. The strength of this approach is in the synergy with which individual bond stabilities 
combine to give extremely high overall stabilities; these are so high that as a rule the free metal 
ion cannot be detected in solution using conventional analytical methods [Buslaev, 1996]. 
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Prior to this project, activated carbons impregnated with chelating agents such as β-
aminoanthraquinone and 2-(aminomethyl)pyridine had been evaluated for the direct removal of 
vapor-phase elemental mercury [Vidic and Siler, 2001]. However, poor performance was 
observed, particularly at temperatures above 130°C. This is understandable, since chelation most 
often involves the metal in ionic form. A chelating ligand can complex with a metal ion through 
covalent (coordinate) bonds with two or more donor groups, so that one or more rings are 
formed. Some chelating ligands will form an additional electrovalent bond between the metal ion 
and charged groups on the chelate. This bond adds stability to the complex [Martel and Calvin, 
1952]. Thus, to implement chelation for the removal of metals from gases by an adsorbent, the 
desired goal is to provide conditions at the surface suitable for ionization of the metal, and 
linkage of the ionized metal to the chelating ligand. Furthermore, for direct contacting with flue 
gases from coal-fired plants it is essential that the process be stable at temperatures of ≈160oC or 
higher.  
 
The nanostructured chelating Hg adsorbent conceived in the investigators’ laboratory has a novel 
structure that immerses a chelating ligand in a stable, ionizing surface nano-layer (Figure I.4). 
Formation of the immobilized metal-ligand complex (chelate) results from absorption and 
ionization of the metal in the surface layer, followed by complexation of metal ion with the 
ligand to form the chelate.  

 
A prototype (cysteine ligand) adsorbent was developed to illustrate the workability of the 
concept material in Figure I.4 for oxidized mercury capture [Abu Daabes and Pinto 2005]. It was 
demonstrated that capture of the mercury was achieved rapidly (contact times ≤0.3s) and at high 
capacity. Far-FTIR analysis of the surface confirmed true chelate formation. The prototype 
adsorbent has an operating temperature limit of 135°C. This implies that some cooling (25-30°C) 
of the flue gas will be required for a mercury adsorber placed immediately downstream of the 
particulate collectors. To eliminate the associated cooling cost, advanced versions of the 
adsorbent were synthesized with higher operating temperature capabilities [Ji et al., 2009].  
 

 
 
Figure I.4: Schematic representation of nanostructured chelating adsorbent. 
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Prior to the start of this project, the 
dynamic (operating) capacity of the 
advanced adsorbents for vapor-phase 
mercuric chloride in a fixed-bed adsorber 
had been determined. Details on the 
experimental apparatus and procedure have 
been published [Abu Daabes and Pinto, 
2005]. Operating conditions were selected 
to mimic expected conditions in a flue-gas 
application with high sulfur coal, with 
respect to gas composition (15 v% CO2; 5 
v% H2O; 1550 ppm SO2, 550 ppm NO, 
150 ppm HCl) and residence time (0.1s). 
Shown in Figure I.5 is an effluent 
concentration history for one of the 
adsorbents (MPTS). The figure shows the 
response at 160°C for 30 days of 
continuous operation. The data are reported 

as a ratio of the effluent HgCl2 concentration (C) to the feed HgCl2 concentration (Co = 17 ppbv).  
The adsorbent is effective in removing oxidized mercury at the elevated temperature, with 
capture efficiency equal to that of the lower temperature (cysteine) adsorbent. Most remarkably, 
the operating capacity was 86 (mg Hg2+/g adsorbent).  Since the adsorbent showed no sign of 
saturation, this was considered to be the minimum operating capacity, demonstrating that 
chelating adsorbents can be developed to work effectively at temperatures immediately 
downstream of the particulate collectors. The efficient uptake is attributed to a combination of 
factors: an extremely high driving force for adsorption due to the use of chelation, the selection 
of an ionic melt with a very high affinity for HgCl2, careful control of the active-layer thickness, 
and the use of a substrate with the proper pore-size and surface-area characteristics for the 
application.  
 
Due to the range of mercury species expected in flue gas, it is essential to extend the capability 
of chelating adsorbents to the capture elemental mercury (Hg0) in a LTSCAR. This will make the 
capture process independent of the mercury speciation, and hence of coal type, combustion 
conditions, plant configuration, etc. The most direct route to achieve this objective would be 
modification of the active nano-layer to incorporate oxidation capacity for elemental mercury. 
As shown in Figure I.4, this capability would enable immobilization of elemental mercury by 
chelation, identical to the path taken by mercury originating from HgCl2. Preliminary 
investigations for the feasibility of this approach were performed prior to this project, and an 
promising candidate ionic melt for capture of elemental mercury was identified, P14, with 1-
butyl, 1-methyl pyrrolidinium cation and bis(trifluoromethane sulfonyl)imide anion [MacFarlane 
et al., 1999].  This salt was selected because of its stable liquid range, oxidation potential 
window, and negligibe volatility. Fixed-bed adsorption trials showed that mesoporous silica 
coated with P14 had an elemental mercury capacity of ~ 3 mg Hg0/mg [Ji et al., 2008]. 
 
 
 

Figure I.5: Effluent concentration history for 
Hg2+ using MPTS-silica bed. 
 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
0
=122ppbw=17ppbv

Gas: simulated flue gas

Flow rate=100ml/min

APTS-MBT = 6.5mg

T of oven = 160 
0
C

Hg
2+

 uptake = 86.9mg/g

 

 

C
/C

0

Time (days)



Final Scientific Report 

 

8 
 

I.3.3 Approach 
 
The proof-of-concept work described above demonstrated significant potential for the 
development of a high-capacity adsorbent for the capture of Hg0 and Hg2+ from flue gases. Thus, 
the initial approach adopted in this project was to optimize the adsorbent for conditions in the 
LTSCAR. Specifically, the adsorbent structure (ionic nano-coating, chelating ligand, and 
substrate) must be tailored to achieve simultaneous capture of Hg0 and Hg2+ at high bed capacity 
in a simulated flue gas bearing key pollutants, including NO, CO, and SO2, at operating 
temperatures of 140-160°C, and with very short residence times (≈0.1s). From our previous 
experience, the tasks for synthesizing such an adsorbent are clearly defined.  The initial focus 
was on identifying an optimal ionic melt nano-layers based on the investigators’ experience and 
the literature on low melting ionic melts [Kumar et al., 2004; Panchgalle et al., 2004; Liu et al., 
2003; Golding et al., 2002; Hagiwara et al., 1999].  
 
Once candidate ionic melts had been indentified, the initial strategy was to synthesize and 
characterize fully-functional nanostructured chelating adsorbents using the techniques applied in 
the investigators’ laboratory prior to this project.  In parallel, the mercury capture characteristics 
of selected prototype LTSCR catalysts were evaluated, and it was noted (1) that the more 
successful LTSCR catalysts also had significant mercury capacity and (2) factors that negatively 
impacted LTSCR activity, such as the presence of SO2, also negatively impacted the mercury 
capacity. Consequently, technical efforts on mercury capture were re-focused to capitalize on the 
possibility that a sulfur-tolerant LTSCR catalyst would also be an effective mercury adsorbent. 
Identification of such a material would be a significant advance; rather than requiring multiple or 
mixed beds of catalyst and adsorbent, a single material could be used. This would be a 
significant simplification of a flue gas treatment train that includes adsorptive mercury capture. 
 
The most promising materials were tested for NOx removal and Hg0 removal in separate tests, 
for combined removal of Hg0 and Hg2+, and combined removal of Hg0 and NOx.  
 

I.4 Document Overview 

 
This document presents the key technical results of the project in separate chapters that typically 
represent papers published from this work or manuscripts in preparation from this work. 
 
Chapter II, “Selective Reduction of NO with CO over Titania Supported Transition Metal 
Oxide Catalysts,” presents material that has been published in Catalysis Letters. It addresses 
topics related to objectives (1) tailoring existing bi-metallic catalysts for low temperature NOx 
removal with carbon monoxide as reductant and (2) development of catalysts for extended 
tolerance to SO2 and H2O. 
 
Chapter III, “Mechanism of Selective Reduction of NO with CO over Titania Supported 
Transition Metal Oxide Catalysts,” part of a manuscript in preparation, presents material related 
to objectives (1) tailoring existing bi-metallic catalysts for low temperature NOx removal with 
carbon monoxide as reductant and (2) development of catalysts for extended tolerance to SO2 
and H2O. 
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Chapter IV, “Room-Temperature Ionic Liquids for Mercury Capture from Flue Gas,” presents 
materials published in Industrial and Engineering Chemistry Research. It addresses issues 
related to objective (3) tailoring an adsorbent for the capture of Hg0 at high capacity in a 
LTSCAR. 
 
Chapter V, “Manganese Oxide/Titania Materials for Removal of NOx and Elemental Mercury 
from Flue Gas,” presents material that has been published in Energy and Fuels. It addresses 
issues related to objectives (1) tailoring existing catalysts for low temperature NOx removal with 
carbon monoxide as reductant; (2) development of catalysts for extended tolerance to SO2 and 
H2O; (3) tailoring an adsorbent for the capture of Hg0 at high capacity in a LTSCAR; (4) 
speciation of Hg in the LTSCAR; and (5) Performance evaluations of the LTSCAR in simulated 
coal-fired utility flue gases.  
 
Chapter VI, “Ceria Modified Manganese Oxide/Titania Materials for Removal of Elemental and 
Oxidized Mercury from Flue Gas,” part of a manuscript to be submitted to Journal of Physical 

Chemistry C, addresses issues related to objectives (1) tailoring existing catalysts for low 
temperature NOx removal with carbon monoxide as reductant; (2) development of catalysts for 
extended tolerance to SO2 and H2O; (3) tailoring an adsorbent for the capture of Hg0 at high 
capacity in a LTSCAR; (4) speciation of Hg in the LTSCAR; and (5) Performance evaluations of 
the LTSCAR in simulated coal-fired utility flue gases.  
 
Chapter VII. “Ceria Modified Manganese Oxide/Titania Materials for Simultaneous Removal 
of Elemental Mercury and NO from Flue Gas,” part of a manuscript in preparation, addresses 
issues related to objective (5) performance evaluations of the LTSCAR in simulated coal-fired 
utility flue gases. 
 
Chapter VIII presents an economic analysis of the application of the technology developed in 
this project, addressing objective (6)  
 
Chapter IX presents overall conclusions from the project. 
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II. Selective Reduction of NO with CO over Titania Supported Transition Metal Oxide 

Catalysts 
 

[The material in this chapter has been published as Catalysis Letters, 122, 37–42 
(2008).] 

 
II.1.  Introduction 

Nitrogen oxides (NOx) are major environmental pollutants and show detrimental effects on 
human health. NO is the major component of NOx and it is generated in combustion processes 
(stationary and mobile) [Busca et al., 1998; Hamada, 1994]. Catalytic reduction of NOx (SCR) is 
the most popular among other NOx abatement technologies like storage and thermal 
decomposition. The most common reductants for SCR are ammonia, urea, CO, H2 and 
hydrocarbons like methane, ethane and propylene [Hamada, 1994].  Using carbon monoxide as 
reductant offers some distinct advantages since it can be produced onsite for the cases of coal or 
natural gas utilization (stationary sources), or it is part of the exhaust stream due to incomplete 
combustion of the liquid fuel (mobile sources). In this manner, one can eliminate the costly steps 
of purchasing, transporting and storing the reductant.  The vast majority of the catalysts reported 
for the NO+CO reaction are supported platinum group metals (Pt, Pd, Rh, Ir) [Novakova and 
Kubelkova, 1997; Chuang and Tan, 1998; Haneda et al., 2006], perovskite type oxides [He et al., 
2007; Forni et al., 1997], and supported copper oxide [Amano et al., 2006]. Most of the reported 
catalysts require a high working temperature (773-873 K) to get reasonably high NO 
conversions. Furthermore, the activity of those catalysts significantly decreases in the presence 
of oxygen, which is a component of any flue gas stream. In recent years, MnOx-based catalysts 
attracted much attention due to their high activity for various reactions such as, oxidative 
coupling of methane [Nohman et al., 1991], CO and CH4 oxidation [Nohman et al., 1991; 
Cracium et al., 2003], oxidative dehydrogenation [Cracium et al., 1999; Yamashita and Vannice, 
1996], total oxidation of VOCs [Lahousse et al., 1998; Reed et al., 2005]. 
 
In our previous studies we found that MnO2/TiO2 is an extremely active catalyst for the SCR of 
NO with NH3 at low temperatures [Smirniotis et al., 2001; Peña et al., 2004a]. In the present 
study we have screened a number of transition metal oxides namely CrOx, MnOx, Fe2O3, NiO 
and CuO supported on high surface area anatase titania for the NO+CO reaction. Our main 
emphasis in the present study is to replace expensive platinum group metals with inexpensive 
transition metal oxides and carryout the reaction selectively in a wide temperature range under 
real flue gas conditions using excess oxygen. For this purpose, a series of transition metal oxide 
catalysts, (Cr, Mn, Fe, Ni and Cu) loaded on titania catalysts were prepared by wet impregnation 
method. The prepared catalysts were thoroughly characterized by various physicochemical 
techniques. Among various catalysts, the MnOx/TiO2 system showed very promising catalytic 
activity for NO+CO reaction by exhibiting conversions higher than 90% over a wide temperature 
window and at high space velocity (GHSV) of 50,000 h-1 and in the presence of relatively high 
concentrations of oxygen and the reaction was highly selective in the presence of oxygen. 
Moreover, we found that by increasing the oxygen up to 4 % vol., the catalytic activity increases 
monotonically. TPR studies revealed the presence of mixed oxidation states of manganese on the 
catalyst surface and the surface manganese oxide undergoes step wise reduction. 
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II.2. Experimental section 

 

II.2.1 X-Ray Diffraction 

  

X-ray powder diffraction patterns have been recorded on a Siemens D500 diffractometer using a 
Cu Kα radiation source (wavelength 1.5406 Å). An aluminium holder was used to support the 
catalyst samples. The scanning range was 5°-70° (2θ) with a step size of 0.05° and a step time of 
one second. The XRD phases present in the samples were identified with the help of JCPDS data 
files.  
 
II.2.2 BET surface area  

 
The specific surface areas of the samples were determined on a Micromeritics 2360 instrument 
by nitrogen physisorption at liquid nitrogen temperature (77 K) and by taking 0.162 nm2 as the 
molecular area of the nitrogen molecule. All samples were degassed at 200 ºC under vacuum 
before analysis. 
 

II.2.3 Temperature programmed reduction (H2-TPR) 

  
The temperature-programmed reduction (H2-TPR) experiments were carried out from 70 - 900 
ºC on a Micromeritics AutoChem 2910 instrument using 50 mg of calcined catalyst. Prior to the 
analysis the catalysts were pretreated at 250 ºC for 2 hours in ultra high purity helium (30 ml 
min-1) stream. The TPR runs were carried out with a linear heating rate (10 ºC/min) in a flow of 
4% H2 in argon with a flow rate of 25 ml min-1. The hydrogen consumption was measured 
quantitatively by a thermal conductivity detector. 
 

II.2.4 Ammonia TPD 

 
The ammonia TPD experiments were performed on a Micromeritics AutoChem 2910 instrument 
using 50 mg of catalyst. Prior to the experiments the catalysts were pretreated at 250 ºC for one 
hour in an ultra high pure He (30 ml min-1) stream. The furnace temperature was lowered to 100 
ºC, and the samples were then saturated with anhydrous NH3 (4 % in He) at a flow rate of 30 ml 
min-1 for one hour. Physisorbed NH3 was removed by flushing the catalyst with helium at 100 ºC 
for 2-3 hours before starting the TPD experiments. The heating rate for the TPD measurements 
was 5 ºC min-1 and the temperature ranged from 100 to 700 ºC. 
 
II.2.5 Catalyst Synthesis 

A series of anatase titania supported transition metal oxide (M = Cr, Mn, Fe, Ni, Cu) catalysts 
were prepared by wet impregnation method. The titania used in this study was Hombikat UV 100 
from Sachtleben Chemie. The transition metal oxides were deposited on titania using highly 
dilute solutions of their nitrate precursors. In a typical synthesis 50 ml deionized water was 
added to a 100 ml beaker containing a measured quantity of support. The mixture was heated to 
70 ºC under constant stirring. Then, a predetermined quantity of nitrate precursor was added to 
the solution and mixture was evaporated to dryness. The paste obtained was further dried 
overnight at 110 ºC, ground and calcined at 500 ºC for 4 hours in a flow of air.  
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II.2.6 Reaction procedure 

 
The SCR of NO with CO was carried out at atmospheric pressure in a fixed bed quartz reactor 
(i.d. 6 mm). A measured amount of catalyst (0.1 g, 80-120 mesh) was placed in the reactor in 
between two glass wool plugs. Oxygen (Wright Bros., 4% in He), carbon monoxide (Matheson, 
1% in He) and nitric oxide (Air Products, 2.0% in He) were used as received. The inlet 
concentrations of NO and CO were 400 ppm. 2 vol.% of oxygen was fed into the reaction 
stream. All the experiments were conducted at the gas hourly space velocity of 50,000 h-1.  The 
reaction temperature was measured by a type K thermocouple inserted directly into the catalyst 
bed. Prior to the catalytic experiments, the catalyst was activated in-situ by passing oxygen for 2 
hours at reaction temperature. The reactants and products were analyzed on-line using a 
Quadrapole mass spectrometer (MKS PPT-RGA), chemiluminescence detector (Eco Physics 
CLD 70S) and a gas chromatograph equipped with TCD and Porapack Q and Carboxen columns. 
 

II.3. Results and Discussion 

 
The powder X-ray diffraction patterns of various titania supported transition metal oxide samples 
calcined at 500 ºC are shown in Figure II.1. All the samples showed broad diffraction lines due 
to the anatase phase of titania (JCPDS file no. 21-1272). No independent lines from crystalline 
promoters are observed in the XRD patterns, except for Cu/TiO2. This indicates that the 
promoted oxides are well dispersed on the titania support, and they are in amorphous or poorly 
crystalline state. However, low intensity copper oxide lines are observed in the XRD pattern of 
Cu/TiO2, indicating the presence of crystalline copper oxide in the sample. XRD studies revealed 

that the promoter oxide does not 
promote any titania phase 
transformation (anatase to rutile). 
Specific surface areas and the 
total acidity values of the 
prepared catalysts are presented 
in Table II.1. The pure titania 
support exhibited a high specific 
surface area of 309 m2/g. 
However, the specific surface 
areas of the transion metal oxide 
promoted samples calcined at 
773 K showed much lower BET 
surface area than the pure TiO2 
support. This is in agreement 
with previous literature reports 
where impregnated metal oxide 
species were found to decrease 
the surface area of the TiO2 
[Cracium et al., 2003]. This 
severe loss in the surface area 
could be attributed to the 
blocking of micropores of titania 
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Figure II.1: Powder X-ray diffraction patterns of various 
titania supported transition metal oxide catalysts. (#) is 
due to anatase titania; (*) is due to CuO. 
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support by deposited metal 
oxides. 
 
The redox behavior of prepared 
catalysts was studied by 
temperature programmed 
reduction (H2-TPR) technique 
and the corresponding TPR 
profiles are presented in Figure 
II.2. Figure II.2 shows that the 

reduction temperatures of all titania supported oxides are decreased when compared to the pure 
individual promoter oxides. The reduction profile of pure CuO is characterized by a single 
reduction peak at 380 °C [Luo et al., 1997]. In the present study, Cu/TiO2 system showed two 
reduction peaks and the reduction maximum is shifted to low temperatures indicating a strong 
interaction between the titania 
support and the promoted copper 
oxide. Low temperature peak is 
due to well dispersed CuO on 
TiO2 support and high 
temperature peak is due to the 
reduction of bulk crystalline CuO. 
From the TPR results it is 
confirmed that two kinds of CuO 
is present on the catalyst surface, 
one is the bulk CuO which shows 
no interaction with the support, 
and the other is CuO interacted 
with the support. These results are 
in good agreement with earlier 
literature reports [Luo et al., 
1997]. In the case of Ni/TiO2 
sample two reduction peaks are 
observed at 408 and 520 ºC. In 
Ni/Ti samples NiO is directly 
reduced to metallic nickel in a 
single step. The low temperature 
peak could be attributed to the 
reduction of NiO to Ni. Whereas 
the reduction peak at 520 ºC is 
due to the partial reduction of 
titania support (Ti4+ to Ti3+) which 
is in interaction with promoted 
NiO species. The presence of Ni3+ 
was not observed in the present 
study which can be confirmed by 
the absence of a reduction peak at 

Table II.1. 

Surface area and total acidity values of prepared catalysts. 
S.no Sample BET surface area 

(m
2
/g) 

Total acidity 

(mmol g
-1

) 

1 TiO2 309 - 
2 Cr2O3/TiO2 190 1.33 
3 MnO2/TiO2 187 0.93 
4 Fe2O3/TiO2 199 0.75 
5 NiO/TiO2 169 0.75 
6 CuO/TiO2 55 0.5 

 
 
Figure II.2: H2-TPR patterns of titania supported 
transition metal oxide catalysts. 
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200 ºC [Mile et al., 1990]. Fe/TiO2 sample showed three reduction peaks due to the consecutive 
reduction of Fe2O3→Fe3O4→FeO→Fe.  Three distinct reduction peaks are observed for the most 
active Mn/TiO2 sample. The low temperature reduction peak at 325 ºC is due to the reduction of 
MnO2 to Mn2O3. This peak also contributes to the reduction of Ti4+ to Ti3+, because at low 
loadings manganese enters into the titania lattice [Reddy et al., 2007]. Two additional peaks at 
temperatures 423 and 510 ºC are due to the reduction of Mn2O3 to Mn3O4 and Mn3O4 to MnO. 
Further reduction of MnO is not possible due to thermodynamic reasons under the applied 
experimental conditions [Leith et al., 1988]. The TPR results revealed that the Mn/TiO2 sample 
manganese oxide undergoes the consecutive reduction of MnO2→Mn2O3→Mn3O4→MnO.  
Cr/TiO2 catalyst also showed two reduction peaks in the temperature range of 280 to 480 ºC. 
Pure CrO3 shows a single reduction peak at 390 ºC (Cr6+ → Cr3+) [Sun et al., 2006]. The 
presence of titania decreased the reduction temperature of chromia. The low temperature peak at 
300 ºC is attributed to the reduction of Cr6+ to Cr3+ and the peak at 436 ºC is due to the reduction 
of Ti4+ to Ti3+ because of the interaction of chromia with titania support. Reduction of CrO3 
strongly depends on the support nature. It is known that Cr/Al2O3 shows only one reduction peak 
where as Cr/TiO2 shows two reduction peaks [Yim and Nam, 2004].  Fountzoulz et al. [1997] 
reported that, mono chromate species formed on anatase titania support are responsible for high 
SCR activity of NO with NH3 as reductant at high temperatures.   It is known that anatase titania 
cannot be reduced even at 
higher temperatures. 
However, in the present 
study reduction of titania 
support was observed for 
Cr/TiO2, Mn/TiO2 and 
Ni/TiO2 samples. This is 
due to the interaction 
between support and 
dispersed promoter oxide 
by the formation of M-O-
support functionalities 
[Oyama et al., 1989]. 
 
The acid strength 
distribution of the 
prepared catalysts was 
determined using 
ammonia TPD technique. 
The TPD patterns of these 
catalysts are shown in 
Figure II.3 and the 
corresponding total acidity 
values are presented in 
Table II.1.  Broad acid site 
distribution is observed 
for Cr/TiO2, Fe/TiO2 and 
Ni/TiO2 samples. The 
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Figure II.3: Ammonia-TPD profiles of prepared samples. 
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Cu/TiO2 sample showed a temperature maximum at 600°C indicating the presence of strong acid 
sites. Expect for Mn/TiO2, all other samples showed two temperature maxima indicating the 
presence of two types of acid sites with different acid strengths. It is known in the literature that 
anatase titania possesses purely Lewis acid sites [Amores et al., 1997]. Our previous ammonia 
adsorbed FT-IR studies on various transition metal oxides promoted titania catalysts revealed 
that the Cr/TiO2 sample posseses large amount of Brönsted acid sites and the highest surface 
acidity [Peña et al., 2004a]. The present study confirmed the above observations where highest 
amount of ammonia was desorbed from Cr/TiO2 sample (Table II.1). Ammonia FT-IR studies 
also indicated that Mn/TiO2 and Cu/TiO2 catalysts posses significant amount of Lewis acid sites. 
Kapteijn et al. [1994a] also observed the same phenomenon with manganese oxide promoted 
alumina catalysts where the addition of manganese does not induce any Brönsted acidity in the 
system. Accordingly, these two catalysts showed good catalytic activity for CO+NO reaction. 
 
Catalytic activity results for the SCR of NO with CO at 200 ºC over various transition metal 
oxides supported on TiO2 are presented in Figure II.4. Under identical operating conditions 10 
wt. % manganese supported on TiO2 showed excellent performance giving more than 90% NO 
conversion even in the presence of oxygen and at very high space velocity (GHSV = 50,000 h-1). 
In our previous studies we have reported 100 % NO conversion and complete N2 selectivity at 
low temperature (175ºC) over MnO2/TiO2 catalyst using ammonia as reductant [Peña et al., 
2004a; Reddy et al., 2007]. Moreover, the activity of this catalyst remains stable even in the 

Figure II.4: Catalytic activity of various titania supported catalysts at 200 ºC. NO = CO = 
400 ppm, 2 vol.% oxygen in feed, GHSV = 50,000 h-1. 
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presence of 2 vol.% oxygen and 11 vol.% water vapor in the feed [Reddy et al., 2007]. The high 
activity of MnOx can be attributed to its ability to form variable oxidation states of manganese 
(MnO2, Mn2O3, Mn3O4 and MnO) and its oxygen storage capacity [Cracium et al., 2003b]. 
MnOx compounds contain very labile lattice oxygen in their berthollide structure. The catalytic 
activity of supported manganese oxides strongly depends on manganese oxide phase, precursor, 
loading, calcination temperature and the nature of the support [Kapteijn et al., 1994a; Cracium et 
al., 2003b; Buciuman et al., 1999; Imamura et al., 1996; Kapteijn et al., 1994b]. Manganese 
nitrate and manganese acetate are the commonly used manganese precursors. It is known that 
manganese nitrate precursor and low calcination temperature favor MnO2 formation, while 
manganese acetate precursor and high calcination temperatures favor Mn2O3 and Mn3O4 phases 
[Cracium et al., 2003b; Buciuman et al., 1999; Imamura et al., 1996; Kapteijn et al., 1994b]. In 
our previous studies we observed that support also plays a crucial role in determining the 
manganese oxide phase. In various titania supported MnOx catalysts, we observed that anatase 
titania favors the MnO2 phase, where as rutile titania favors the formation of Mn2O3 [Smirniotis 
et al., 2006]. The reducibility of manganese oxides changes also with the support nature. 
According to Arena et al. [Arena et al., 2001] reducibility of manganese oxide on various 
commonly used supports change in the following manner: MnOx/ZrO2 > MnOx/Al2O3 > 
MnOx/TiO2 > MnOx/SiO2. It is also known that MnO2 exhibits higher NO reduction activity 
than Mn2O3 when ammonia is used as reductant [Singoredjo et al., 1992].  However, in the 
present study we have not observed any crystalline MnOx on titania support. Low manganese 
oxide loading could be the reason for this behavior. These results are in line with our previous 
studies, where we have reported the formation of crystalline manganese oxide only for loadings 
above 11.5 wt% [Reddy et al., 2007]. There are some reports in the literature that the addition of 
ceria to support or noble metal efficiently promotes the CO+NO reaction [Holles et al., 2000; 
Zhu et al., 2004; Wen and He, 2002]. Ceria is well known for its oxygen storage capacities and 

constitutes a main component in three 
way catalysts (TWC) [Trovarelli, 
2002; Monte and Kaspar, 2005]. In the 
present study we have also carried out 
the CO+NO reaction with 10wt% 
CeO2 promoted MOx/TiO2 catalysts. 
In contrast to literature reports, the 
activity has been decreased for ceria 
promoted samples. These results are 
shown in Figure II.5. The decrease in 
the activity could be attributed to the 
oxidation of CO, since CeO2-TiO2 

based materials are well known CO-
oxidation catalysts [Zhu et al., 2007]. 
 
It is remarkable to note that the SCR 
activity of 10wt% MnOx/TiO2 catalyst 
is increased and quite stable in the 
presence of oxygen, which consists a 
major component in real flue gas. In 
general, oxygen shows strong 

Figure II.5: Catalytic activity of 10 wt% CeO2 
promoted MOx/TiO2 samples. NO = CO = 400 ppm, 
2 vol% oxygen in feed, GHSV = 50,000 h-1. 
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inhibitory effect on NO reduction activity and NO+CO reaction is non-selective in the presence 
of oxygen due to the competition between NO and oxygen for CO. However, in the present study 
NO+CO reaction is highly selective over MnOx/TiO2 catalyst even in the presence of excess 
oxygen. The comparison of activities among various promoted transition metal oxides indicates 
that titania supported manganese oxide show highly promising NO reduction activity in the 
presence of oxygen at 200 °C.  
 
II.4. Conclusions 

 
Comparison of activities among selected promoted transition metal oxides (Cu, Ni, Fe, Mn, Cr) 
indicates that titania supported manganese oxide show promising NO reduction activity in the 
presence of oxygen at the temperature of 200 °C. It is remarkable to note that the SCR activity of 
10 wt% MnOx/TiO2 catalyst is increased and quite stable in the presence of oxygen. In the 
present study, NO+CO reaction leading to the formation of N2 and CO2 is highly selective over 
MnOx/TiO2 catalyst even in the presence of oxygen. Our characterization results revealed that 
the high surface area, the redox nature of the catalyst and manganese oxide phase play an 
important role in achieving high activity for CO+NO reaction. This procedure can be applied to 
stationary and/or mobile sources of NOx. 
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III. Mechanism of Selective Reduction of NO with CO over Titania Supported 

Transition Metal Oxide Catalysts  
 

[The material in this chapter will be included in a paper to be submitted for 
publication in early 2011.] 

 
III.1 Introduction 

 
There is significant controversy in the open literature regarding the mechanism of the NO+CO 
reaction, particularly concerning the key intermediates in the reaction mechanism.  Solymosi and 
other authors report that the reaction mechanism includes –NCO species as key intermediates.  
Other authors argue that NO dissociation and direct formation of N2 is a key step. Yet other 
authors have observed N2O as a reaction intermediate.  To resolve this controversy, the 
investigators studied the reaction mechanism for low temperature SCR over a MnOx/TiO2 
catalyst using CO as the reductant.  This focused on FT-IR investigations of reaction 
intermediates. 
 
III.2 Experimental 

 
In situ FT-IR investigations of the adsorption and co-adsorption of CO, NO, and O2 were 
conducted over 10 wt% MnO2/TiO2 catalyst to identify reaction intermediates and to propose a 
possible reaction mechanism. The samples were heated from 323 to 673 K. FT-IR spectra were 
recorded using a Bio-Rad (FTS-40) spectrometer.  
 
Circular self-supporting thin wafers (8 mm diameter) consisting of 8-20 mg of 10 wt% 
MnO2/TiO2 catalyst were used for the study. The wafers were placed in a high-temperature cell 
with CaF2 windows and purged with prepurified grade helium (30 mL min-1) at 473 K for 2 h to 
remove any adsorbed impurities. The wafer was then cooled to 323 K and a background 
spectrum was collected prior to the gas adsorption test. After cooling, CO (1% in He), NO (2% 
in He), and pure O2 were introduced into the cell at 30 mL min-1 for 1 h at 323 K to ensure 
complete saturation of the sample. Physisorbed gas was removed by flushing the wafer with 
helium for 3 h at 323 K before proceeding. The same procedure was followed for the adsorption 
of multiple gases, as helium flowed for 3 h at 323 K between gas adsorption steps. FT-IR 
absorption spectra were collected after desorbing the adsorbed gas at temperatures ranging from 
323 to 673 K in a continuous helium flow. Sixteen scans were averaged at 323 K for each 
normalized spectrum at a resolution of 2 cm-1. 
 
To test the applicability and generality of the proposed reaction mechanism, NO, CO, and N2O 
were adsorbed on samples of MnOx/TiO2 and CuO/TiO2 to examine the interaction of these 
reactants with the catalyst. Transient analysis of the products was carried out using a residual gas 
analyzer (RGA).  
 
III.3 Results and Discussion 

 
Figures III.1A and III.1B show the FT-IR spectra of 10 wt % MnO2/TiO2 after adsorption of NO. 
All data presented were collected after the adsorption of NO and subsequent flushing of 



Final Scientific Report 

 

19 
 

physisorbed NO with helium at 323 K. 
The introduction of NO led to the 
formation of a number of peaks. It has 
been reported that temperatures below 
273 K are required to study metal-NO 
complexes. Two types of nitrates were 
observed after the adsorption of NO. 
Monodentate and bidentate nitrates were 
formed on the surface of the materials 
tested. The peaks at 1250, 1296, and 1494 
cm-1 can be assigned to monodentate 
nitrate species, while the remaining peaks 
at 1584 and 1610 cm-1 can be attributed to 
bidentate nitrate species. The nitrate 
species observed in this work at 323 K 
suggest that mobile lattice oxygen on the 
surface of the mixed oxides plays an 
important role in the formation of nitrates. 
Since the catalytic performance of these 
materials was determined in excess 
oxygen, the effect of oxygen on nitric 
oxide adsorption was investigated. 
Neither the peak positions nor the 
intensities changed significantly in the 
presence of oxygen, and the intensities of 
the peaks formed were not affected by the 
time the materials were exposed to NO. 
 
Figure III.2 shows FT-IR spectra of 10 wt 
% MnO2/TiO2 after adsorption of CO; 
data are shown for room temperature and 

473K.  A number of IR bands were formed when the MnO2/TiO2 sample was exposed to CO. 
Table III.1 summarizes the IR bands that can form when CO adsorbs on metal oxides. No 
absorption band was observed around 2150 cm-1 due to physically adsorbed CO. Well resolved 
absorption bands appeared at 1626 and 1551cm-1 and in the region of 1441-1313 cm-1. Bands at 
1626 and 1551 cm-1 are due to asymmetric stretching of carbonate ions, while bands in the 1441-
1313 cm-1 region can be attributed to monodentate carbonates. The presence of these peaks 
indicates that CO adsorption leads exclusively to the formation of carbonate species on the 
MnO2/TiO2 sample. The intensity of monodentate carbonates decreased when the temperature 
was increased from room temperature to 473K. A double band at 2349 cm-1 was also observed in 
the spectrum. This absorption band is due to CO2 that is formed by the reaction of adsorbed CO 
with the lattice oxygen of MnO2/TiO2 catalyst.   
 
NO and CO co-adsorbed in-situ FT-IR experiments were completed to identify reaction 
intermediates in SCR of NO with CO as the reductant. Adsorption of NO and CO on MnOx/TiO2 
catalyst led to the formation of various absorption bands in the frequency region 1250-2600 cm-1. 

 
 
Figure III.1: In situ FT-IR spectra of NO 
adsorbed on 10wt% MnO2/TiO2 at (A) room 
temperature and (B) 473K. 
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The FT-IR patterns at room 
temperature and 200°C are shown in 
Figure III.3. Carbonates, nitrates, and 
other intermediates can be observed in 
the FT-IR spectra. The peaks at 1632 
and 1580 cm-1 are due to bidentate 
carbonates and adsorbed nitrates. The 
low intensity peaks in the frequency 
region 1755-1993 cm-1 are due to 
adsorbed NO on reduced manganese 
sites. Formation of N2O is observed in 
NO+CO reaction; the peaks at 1289 
and 2221 cm-1 are attributed to 
adsorbed N2O. N2O formation is not 
observed in FT-IR studies of NO 
adsorbed on MnOx/TiO2 catalyst.   
Carbon dioxide formation is observed 
in the FT-IR studies of CO adsorbed 
on MnOx/TiO2. Surprisingly, no CO2 
is observed (absence of a doublet at 
2200 cm-1) in the present study,  

suggesting that CO oxidation reaction is not taking place in the presence of NO. The formation 
of isocyanate (-NCO) species is reported in the literature when supported platinum group metal 
catalysts are used to conduct the NO+CO reaction. However, in the present study –NCO species 
are not observed; if –NCO species were present, a prominent band would be observed at 2178 
cm-1.   
 
Based on the results presented 
above and the results of transient 
studies, it is evident that the 
reaction NO+CO reaction 
follows a different reaction path 
when MnOx/TiO2 catalysts are 
used than when supported metal 
catalysts and perovskites are 
used. Isocyanate species (-NCO) 
are reported as intermediates for 
most of the metal catalysts 
reported in the literature. Results 
obtained in this project do not 
show a peak at 2178 cm-1, 
confirming the absence of 
isocyanates. The formation of 
N2O is observed in the FT-IR 
spectrum of CO, NO co-
adsorbed samples (peaks at 1289 

Table III.1. 
Possible FT-IR bands for CO adsorption on metal oxides 

Species  Band position (cm
-1

)  

Inorganic carboxylate  1560-1630 (υasCOO-) 
1350-1420 (υsCOO-)  

Non-coordinated carbonate  1450-1420 (υasCO3
2-) 

1090-1020 (υsCO3
2-)  

Monodentate carbonate  1530-1470 (υasCOO-) 
1370-1300 (υsCOO-) 
1080-1040 (υC=O)  

Bidentate carbonate  1530-1620 (υC=O) 
1270-1250 (υasCOO)  
1030-1020 (υsCOO)  

Bridged carbonate  1620-1670 (υC=O) 
1220-1270 (υasCOO) 
  980-1020 (υsCOO)  

Figure III.2: In-situ FT-IR spectra of CO adsorbed 
on 10 wt% MnO2/TiO2 at room temperature and 
473K. 
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and 2229 cm-1). Thus, the 
investigators propose that N2O is 
formed by the reaction of adsorbed 
NO with adsorbed N to form 
adsorbed N2O. This adsorbed N2O 
reacts with adsorbed CO to 
produce N2 and CO2. The 
formation of N2O can be reduced 
by increasing the rate of 
dissociation of NO.  Transient 
studies completed in this project 
show that the lattice oxygen of the 
catalyst also participates in the 
reaction and plays an important 
role in activating CO and NO. In 
controlled experiments, the 
investigators observed the 
formation of molecular nitrogen 
for the first 15-20 minutes after 
introduction of NO to the catalyst. 
This may be due to dissociation of 
NO on reduced sites of the catalyst 

and the combination of adsorbed N atoms to form molecular nitrogen. The transient curve for 
this experiment is shown in Figure III.4.  
 
Based these observations, the investigators propose the following elementary reactions that 
might occur in the CO+NO reaction over MnOx/TiO2 materials. 

 
CO + S → CO*        (1) 
NO + S → NO*        (2) 
NO* + S → N* + O*        (3) 
N* + N* → N2 + 2S        (4) 
NO* + N* → N2O* + S       (5) 
N2O* + CO → N2+ CO2       (6) 
CO* + O* → CO2 + 2S       (7) 
 

The presence of gas phase oxygen increases the activity of the MnOx/TiO2 catalyst for NO+CO 
reaction. The effect of oxygen on catalytic activity was investigated using in-situ FT-IR studies 
and transient techniques. The in-situ FT-IR spectra of NO+O2 and CO+O2 co-adsorbed on 
MnOx/TiO2 are shown in Figures III.5 and III.6, respectively. As can be seen from Figure III.5, 
the presence of oxygen decreases the number of bidentate nitrate species relative to the number 
of these species observed for NO adsorbed on MnOx/TiO2 in the absence of oxygen, while the 
amount of monodentate species is increased by the presence of oxygen. This change persists 
when the temperature is raised to 200°C.  Surprisingly, the presence of oxygen decreases the 
formation of carbonates, so that predominantly carboxylate species were observed in the region 
1560-1630 cm-1 region. The intensity of these species decreased when the temperature was 

Figure III.3: In-situ FT-IR spectra of adsorbed CO and 
NO over low MnOx/TiO2 low temperature SCR catalyst. 
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increased to 200°C. This could be one 
of the reasons for the observed increase 
in activity. In both cases, formation of 
CO2 is observed (as evidenced by a 
doublet at 2349 cm-1). NO interacts 
very weakly on the surface of 
manganese oxide, but in the presence 
of oxygen, NO forms species like 
nitrite and nitrate groups; these species 
adsorb strongly on catalyst surface. At 
reaction temperature these species will 
decompose to give adsorbed NO. 
Overall, the presence of gas phase 
oxygen favors the adsorption of NO on 
catalyst surface and contributes to the 
increased activity. 
 
To test the applicability and generality 
of this reaction mechanism, NO, CO, 
and N2O were adsorbed on samples of 
MnOx/TiO2 and CuO/TiO2 to examine 
the interaction of these reactants with 
the catalyst. 
  
Figure III.7 shows the transient 
analysis of N2 and O2 in NO and 
NO+O2 reactions over MnOx/TiO2. 
The catalyst sample was initially 
exposed to the inert carrier gas; NO 
was then added to the gas flowing over 
the catalyst sample. Large amounts of 
nitrogen and oxygen form in the first 
hour after NO addition began, after 
which the concentration of these gases 
decreases. This result demonstrates that 
NO adsorbs to the catalyst surface and 
dissociates. Once the nitrogen and 
oxygen concentrations decayed back to 
baseline, oxygen was introduced to the 
reaction.  The introduction of oxygen 
resulted in a small increase in the 
amount of nitrogen that was produced. 

This nitrogen production is likely due to the surface re-oxidation by the gas phase oxygen.  
 
A similar experiment was completed using CuO/TiO2 catalyst; results are also shown in Figure 
III.7.  Much less nitrogen was produced over CuO/TiO2 than was produced over MnOx/TiO2. 

 
Figure III.4: Transient response of nitrogen on 
introduction of NO to the catalyst. 
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Figure III.5: FT-IR spectra of adsorbed NO+O2 on 
MnOx/TiO2. 
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This result is consistent with the 
observation that MnOx/TiO2 has 
much higher catalytic activity than 
CuO/TiO2.  
 
Consistent with previous FT-IR 
results, formation of N2O and NO2 
was not observed in experiments 
using only NO and NO+O2.  This 
result indicates that reaction (5) 
above is not significant for the 
systems reported here; rather, NO 
dissociation via reaction (3) is a 
crucial step in the NO+CO reaction 
mechanism. 
 
While formation of N2O through 
reaction (5) is not significant, N2O is 
observed in the reaction of NO with 

CO over MnOx/TiO2 materials is observed. Consequently, the interaction of N2O and N2O + O2 
with MnOx/TiO2 catalyst surface was studied. N2O and N2O + O2 were adsorbed on MnOx/TiO2 
and the products were analyzed using a residual gas analyzer. The transient response of nitrogen 
after adsorption of N2O and N2O + O2 is shown in Figure III.8. As can be seen in this figure, a 
large amount of nitrogen was produced during the first 40 minutes after adsorption of N2O, and 
nitrogen production continued after 40 minutes. Production of large amounts of nitrogen could 
be attributed to the following reactions: 

 
N2O → N2+O         (8) 
N2O + O → N2+O2        (9) 
N2O + O → NO+NO         (10) 
NO* → N* + O*        (3) 
N* + N* → N2        (4) 
O* + O* → O2         (11) 

 
In the first step (reaction (8)), N2O dissociates into nitrogen and oxygen. In the second step 
nitrous oxide reacts with the atomic oxygen to form nitrogen, oxygen, and two molecules of 
adsorbed nitric oxide (reactions (9) and (10)). This adsorbed nitric oxide dissociates on 
MnOx/TiO2 surface to from molecular nitrogen (reactions (3) and (4)); this might be reason for 
the production of large amount of nitrogen when N2O is adsorbed, compared to the lower 
nitrogen production when NO is adsorbed. Oxygen was introduced into stream after 90 minutes; 
a small increase in nitrogen was observed after introduction of oxygen. This could be due to the 
re-oxidation of catalyst surface by gas phase oxygen. 
 
Figure III.9 shows the transient response of CO2 in CO and CO+O2 reaction over MnOx/TiO2 
catalyst. After introduction of CO to the catalyst, a drastic increase in the concentration of CO2 is 
observed. CO2 formation is high for the first 30 minutes and subsequently decreased gradually. 

 
Figure III.6: FT-IR spectra of adsorbed CO+O2 on 
MnOx/TiO2. 
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Since the gas phase at this point 
contains no O2, it is likely that CO2 
was formed by the reaction of 
adsorbed CO with the labile lattice 
oxygen via reaction (7) of the 
proposed reaction mechanism. 
 
These results highlight the 
importance of reaction (7) in the 
CO+NO reaction mechanism. CO 
reacts with the oxidized surface to 
form CO2 by creating a reduced 
manganese site. This reduced 
manganese site acts as an active site 
for NO dissociation. After 
introduction of oxygen to stream, a 
small increase in the CO2 
concentration is observed. This is 
due to the re-oxidation of catalyst 
surface by gas phase oxygen. 

However, the CO2 concentration does not increase exponentially after introduction of oxygen; 
this result indicates that the CO is not reacting with the gas phase oxygen to form CO2; reaction 
with the lattice oxygen of the catalyst is critical to the function of the catalyst. This is a critical 
point: the MnOx/TiO2 catalyst does not promote the direct oxidation of CO with gas-phase 
oxygen. This is the one of the reasons for the observed high selectivity of NO+CO reaction in the 
presence of the oxygen over MnOx/TiO2 catalyst. 
 
  

Figure III.7: Generation of N2 and O2 in NO and NO+O2 reactions over MnOx/TiO2 and 
CuO/TiO2 low temperature SCR catalysts. 
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Figure III.8: Generation of N2 from N2O over 
MnOx/TiO2 low temperature SCR catalyst. 
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Figure III.9: Transient response of CO2 in CO and CO+O2 
reaction over MnOx/TiO2. 
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IV. Room-Temperature Ionic Liquids for Mercury Capture from Flue Gas  
 

[The material in this chapter has been published as Ind. Eng. Chem. Res., 47 
8396–8400 (2008).] 

 
IV.1. Introduction 

  
Mercury is a significant environmental health concern. When emitted to the atmosphere, mercury 
can deposit into rivers, seas, and oceans, where it can complex with microorganisms to form 
methylmercury, a neurotoxin that is concentrated through the food chain. Bioaccumulation of 
methylmercury in humans can cause health problems such as lack of coordination, slurred 
speech, and even death. [Fitzgerald et al., 1998; Sorenson et al., 1990] Mercury is emitted to the 
atmosphere by both natural sources, such as volcanoes and forest fires, and by human activities, 
primarily coal-fired utilities and waste incineration. Human activities result in the emission of an 
estimated 1000-6000 tons of mercury per year, 30-55% of global atmospheric mercury 
emissions. [Yang et al., 2007] In the U.S. alone, coal-fired power plants emitted 44 tons of 
mercury to the atmosphere in 2004, accounting for approximately 40% of total U.S. 
anthropogenic mercury emissions. [IJCCEC, 2007] The now vacated U.S. EPA Clean Air 
Mercury Rule [USEPA, 2005] would have severely limited total mercury emissions from coal-
fired power plants; future mercury emission rules promulgated under the Clean Air Act 
Amendments of 1990 will in all likelihood result in strict requirements for control of mercury 
emissions. Thus, several technologies have been developed to reduce mercury emissions from 
coal-fired power plants are of great interest. 
 
Sorbent injection and wet scrubbing (also called wet flue gas desulfurization (FGD)) 
technologies are two most widely used methods to control mercury emissions from coal-fired 
power plants. In sorbent injection, powdered activated carbon (PAC) or chemically modified 
activated carbon is injected upstream of the electrostatic precipitator or fabric filter; this is a 
technically promising technology for mercury control from coal-fired boilers. A major 
disadvantage of sorbent injection is high cost, estimated to be $18,000–$50,600/lb of mercury 
removed at 90% mercury capture efficiency when byproduct impacts are included in the 
economic analysis. [Jones, et al., 2007] Many sorbent injection processes contaminate fly ash 
with spent sorbent, resulting in little or no resale value for the fly ash; additional costs are 
incurred for the disposal of the contaminated fly ash. All of these factors contribute to the high 
cost of mercury removal using sorbent injection technology. [Sorenson et al., 1990] 
 
It is well known that mercury in flue gas is generally present in three forms: elemental, oxidized, 
and particulate-bound mercury. [Dunham et al., 2003] Wet FGD units are installed in about 15% 
of the coal-fired units, representing approximately 25% of the coal-fired utility generating 
capacity in the U.S. [Nolan et al., 2004] Wet FGD systems can be a cost-effective, near-term 
mercury emissions control option since the incremental cost of vapor-phase mercury removal is 
minimal. [Nolan et al., 2004] Wet FGD is a very promising technology for multi-pollutant 
control. However, field data have shown that in general, less than 70% mercury removal 
efficiency is achieved by wet scrubbers. [Chang and Ghorishi, 2003] This low efficiency is 
mainly due to the insolubility of Hg0 in the scrubber solution and the increase of the Hg0 
concentration in the gas across the scrubbers. [Chang and Ghorishi, 2003] It was speculated that 
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some of the absorbed oxidized mercury is reduced to Hg0 in the scrubber and re-emitted. [Brown, 
et al., 1999] Chang et al. [2003] confirmed this hypothesis; they observed the reduction of 
oxidized mercury to elemental mercury by aqueous S(IV) (present in the scrubber solution as 
sulfite and/or bisulfite) and the reemission of Hg0 under typical wet FGD scrubber conditions. 
These studies also indicate that the increase of Hg0 across a wet scrubber can be reduced by 
decreasing the pH, increasing the S(IV) concentration, and reducing the temperature.  
 
To utilize wet scrubber technology for mercury control, it is crucial to enhance the fraction of 
oxidized mercury in the gas entering the scrubber. There are numerous studies focused on the 
catalytic oxidation of elemental mercury. [Dunham et al., 2003; Lee et al., 2004; Eswaran and 
Stenger, 2005; Senior and Johnson, 2005; Niksa and Fujiwara, 2005; Ghorishi et al., 2005] 
Generally, the potential catalysts for elemental mercury oxidation can be classified among three 
groups: selective catalytic reduction (SCR) catalysts, carbon-based catalysts, and metals and 
metal oxides. [Presto and Granite, 2006] 
 
Lee et al. [2004] observed almost complete oxidation of Hg0 to Hg2+ by SCR catalyst under 
simulated flue-gas conditions in the presence of HCl, but little or no mercury oxidation in the 
absence of HCl. The HCl is important as a Cl source for Hg0 oxidation. For carbon-based 
catalysts, current research efforts focus on the studying of catalyzing effect of carbon residue in 
the fly ash. Senior and Johnson [2005] and Niksa and Fujiwara [2005] found that Hg0 can adsorb 
to carbon in the fly ash and that the extent of mercury oxidation in flue gas depends on the 
amount of unburned carbon present in fly ash. Ghorishi et al. [2005] studied a model fly ash 
containing CuO and found that more than 90% of the Hg0 was oxidized to Hg2+ in the flue gas 
with HCl present at 250°C. The same group also found that CuCl is so reactive that it oxidizes 
Hg0 even in the absence of HCl in the simulated flue gas.  
 
The authors [Ji et al., 2008b] observed that manganese oxide supported on titania showed over 
90% Hg0 capture in the absence of gas phase oxygen; the captured mercury was found bound to 
the sorbent in an oxidized state. This result suggests a Mars-Maessen reaction, with lattice 
oxygen serving as the oxidant for Hg0 oxidation. X-ray photoelectron spectroscopy revealed the 
formation of HgO, and simple calculations showed that the observed results were consistent with 
the hypothesis that MnOx/TiO2 serves as a reactant for Hg0 oxidation/removal.  
 
Another approach to mercury capture is the use of nanostructured chelating adsorbents. [Abu 
Daabes, 2005; Abu Daabes and Pinto, 2005; Ji et al., 2009] In these adsorbents, a chelating 
ligand is combined with an ionizing surface nano-layer on a mesoporous substrate to enable 
direct capture of mercury from the gas phase. Nanostructured chelating adsorbents can be 
employed downstream of the particulate removal process in either a fixed-bed or fluidized-bed 
mode.  This process location prevents mixing of the adsorbent with the fly ash, preserving the fly 
ash value, and allows utilization of the full capacity of the adsorbent.  The high capacity of the 
adsorbent reduces the volume of waste to be handled, and segregation from the fly ash preserves 
the byproduct value of the fly ash stream. 
 
As originally conceived, nanostructured chelating adsorbents rely on chelation of oxidized 
mercury; hence, the possibility of using an oxidizing room-temperature ionic liquid (RTIL) to 
capture elemental mercury has been tested by the authors. [Ji et al., 2008] The RTIL 1-butyl-1-
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methyl pyrrolidinium bis(trifluoromethane sulfonyl) imide (P14), was found to be able to capture 
Hg0 directly from nitrogen but showed no capacity for Hg2+.  
 
This paper presents the results of additional research on mercury capture using RTILs. 
Specifically, the effects of cation choice and anion choice on the direct removal of Hg0 and Hg2+ 
from the gas phase have been investigated. One RTIL, 1-butyl-3-methyl-imidazolium chloride 
([bmim]Cl), has the potential to remove elemental and oxidized mercury simultaneously. The 
possibility of increasing mercury capacity by integrating [bmim]Cl into nanostructured chelating 
adsorbents has also been investigated. 
 
IV.2. Experimental  

 
IV.2.1. RTIL synthesis  

 
1-butyl-3-methyl-imidazolium chloride ([bmim]Cl) was synthesized following the method of 
Huddleston et al. [2001] 41.1 g (0.5 mol) 1-methylimidazole (Aldrich) and 55.5 g (0.6 mol) 1-
chlorobutane (Aldrich) were mixed in a 250 ml round bottom flask. The mixture was stirred and 
heated at 75°C under total reflux for approximately 72 hours with continuous argon bubbling 
until two phases formed. The top phase, which contained unreacted starting materials, was 
decanted. The bottom phase was washed three times with ethyl acetate to remove unreacted 
material; any remaining ethyl acetate was removed by heating the bottom phase to 70°C. The 
final product ([bmim]Cl) was put into a vacuum oven at room temperature overnight to remove 
any volatile impurities.  
 
1-butyl-1-methyl pyrrolidinium chloride ([bpyrro]Cl) was synthesized in a similar manner. 42.6 
g (0.5 mol) 1-methylpyrrolidinium (Aldrich) was used instead of 1-methylimidazole. Other 
reaction conditions were the same as those used for the synthesis of [bmim]Cl. 
 
1-butylpyridinium chloride ([bpy]Cl) was also synthesized in a similar manner. 39.55 g (0.5 mol) 
pyridine (Aldrich) was used instead of 1-methylimidazole. Other reaction conditions were the 
same used for the synthesis of [bmim]Cl. 
 
1-butyl-3-methyl-imidazolium bis(trifluoromethane sulfonyl) imide ([bmim][N(Tf)2]) and 1-
butylpyridinium bis(trifluoromethane sulfonyl) imide  ([bpy][N(Tf)2]) were synthesized using 
procedures similar to those used by the authors for the synthesis of 1-butyl-1-methyl 
pyrrolidinium bis(trifluoromethane sulfonyl) imide ([bpyrro][N(Tf)2]. [Ji et al., 2008]  In a 
typical synthesis of [bmim][N(Tf)2], 10 g of [bmim]Cl was transferred to a 50 ml glass bottle 
into which 19 g lithium bis(trifluoromethane sulfonyl) imide (Aldrich) was added. 10 ml DI 
water was then added and the mixture was stirred at room temperature for approximately three 
hours. The final product was washed with DI water three times using a separation funnel to 
remove any water-soluble impurities; the yellowish product [bmim][N(Tf)2] was dried overnight 
in a vacuum oven at room temperature. 1-butylpyridinium bis(trifluoromethane sulfonyl) imide 
([bpy][N(Tf)2]) was synthesized in a similar manner, using of 10 g of [bpy]Cl instead of 
[bmim]Cl. 
 
IV.2.2. Ionic liquid coating 
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The coating procedure is described in detail elsewhere. [Ji et al., 2008] In all cases, 25 wt% 

ionic liquid was coated onto a silica substrate, Grace Davison silica gel grade #62, and onto 3-
mercaptopropyltrimethoxy-silane-silica (MPTS-silica), a chelating adsorbent. Detailed particle 
characteristics of the silica gel substrate have been published previously. [Ji et al., 2009] The 
MPTS-silica used in this study was synthesized following the method of Abu Daabes. [Abu 
Daabes, 2005] 
 
IV.2.3. Thermo Gravimetric Analysis (TGA) 

 
The thermal stability of the RTIL coating layers was evaluated using an SDT Q600 Simultaneous 
DSC-TGA (TA Instruments). The temperature history involved heating the sample at 5°C/min 
under 50 ml/min nitrogen from room temperature to 900°C. 
 
IV.2.4. Fixed-bed mercury adsorption apparatus 

 
The fixed-bed adsorber used for evaluating sorbents is shown schematically in Figure IV.1. For 
HgCl2 capture experiments, nitrogen (Wright Brothers Inc. Cincinnati, pp Grade) was metered 
into the HgCl2 generation cell at 85 ml/min using a mass flow controller. The HgCl2-nitrogen 
stream was mixed with 15 ml/min hydrogen chloride gas (Wright Brothers Inc. Cincinnati, 1000 
ppm balanced with nitrogen) in an eight-way valve. The total flow rate was 100 ml/min for the 
HgCl2 capture experiments, and the final HCl concentration was 150 ppm. This higher than 
normal flue gas HCl concentration was chosen to ensure that all of the inlet mercury was in the 
oxidized form in the HgCl2 capture experiments. The Hg2+ concentration was maintained at 16 
ppbv in the HgCl2 capture experiments. For Hg0 capture experiments, nitrogen was metered into 
the Hg0 generators at 24 ml/min; no HCl was used in the Hg0 capture experiments. The Hg0 

concentration was maintained at 125 ppbv in the Hg0 capture experiments. Other flue gas 

 
Figure IV.1: Schematic of mercury capture apparatus. 
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components (SOx, NOx, CO2, and water vapor) were not present in the experimental gas and 
these may adversely affect results. 
 
Adsorbent samples were packed into a glass column (1.5 mm I.D.) mounted in an oven 
maintained at 160°C. Mercury sampling was performed using a modified version of the Ontario 
Hydro Method. [ASTM, 2002] Briefly, effluent from the bed was passed through a series of two 
30 ml midget impingers coarse fritted cylinders (Chemglass, Vineland, NJ). The first impinger 
was filled with 1M KCl. HgCl2 was absorbed in the KCl solution. The second impinger was 
filled with 4 % (w/v) KMnO4 in 10 % (v/v) H2SO4 absorbing solution. Hg0 was absorbed in the 
KMnO4-H2SO4 solution. A 1 h sampling time was used. The amounts of HgCl2 and Hg0 captured 
in the impinger solutions were determined using a cold-vapor atomic absorption analyzer (Buck 
Scientific Mercury Analyzer, Model 400A, East Norwalk, CT). The input mercury concentration 
was measured periodically over a three-day period prior to and also during mercury capture 
experiments, to ensure a constant HgCl2 or Hg0 feed concentration.  
 

IV.3. Results  

 
IV.3.1. Thermal stability of RTILs  

 
The thermal stabilities of the RTILs were measured using TGA. The [bpyrro][N(Tf)2] coating 
layer was previously reported to be thermally stable up to approximately 300°C. [Ji et al., 2008] 
Figure IV.2 shows the comparison of TGA results for 25 wt% [bmim][N(Tf)2] and 25 wt% 
[bmim]Cl coated silica. The [bmim][N(Tf)2] coating layer started to decompose at a temperature 
of approximately 325°C, this 
temperature was identified as the 
upper temperature limit of the 
[bmim][N(Tf)2] coating layer. The 
[bpy][N(Tf)2] coating layer showed 
thermal decomposition behavior (not 
shown here) almost identical to that 
of [bmim][N(Tf)2], and was stable 
up to 325°C.  
 
[bmim]Cl stared to decompose at 
approximately 200°C (Figure IV.2). 
The [bpyrro]Cl and [bpy]Cl coating 
layers showed similar thermal 
decomposition behavior to that of 
[bmim]Cl layer, and were stable to 
approximately 190°C. The 
derivative weight loss curves of 
[bpyrro]Cl and [bpy]Cl are not 
shown here. The upper temperature 
limits of these RTIL coating layers 
are summarized in Table IV.1.  
 

0 200 400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

[bmim]Cl

[bmim][N(Tf)
2
]

 

 

D
e
ri

v
. 
W

e
ig

h
t 
(%

/o
C

)

Temperature (
o
C)
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It has been reported that halide anions 
dramatically reduce the thermally stability of 
the RTILs, reducing decomposition 
temperatures by at least 100°C below those 
of the corresponding ILs with non-halide 
anions. [Huddleston et al., 2001] The results 
presented here are consistent with 
Huddleston’s results. 
 

IV.3.2. Fixed-bed Hg
0
 dynamic 

adsorption results for RTIL-

coated silica 

 
The authors previously 
observed that 25 wt% 
[bpyrro][N(Tf)2] coated silica 
has an elemental mercury 
saturation capacity of 2.7 mg/g. 
[Ji et al., 2008] To investigate 
the effect of cation and anion on 
elemental mercury removal, five 
more RTILs were synthesized 
and coated on silica as 
described above. Results of Hg0 

dynamic adsorption experiments performed using these materials are shown in Table IV.2; the 
results previously obtained using [bpyrro][N(Tf)2] are also included in this table for comparison. 
[bpyrro][N(Tf)2] and [bpy]Cl coated silica showed almost identical Hg0 uptakes and are the best 
RTIL coating layers in terms of Hg0 capture. [bmim]Cl showed comparable Hg0 capacity (2.2 
mg/g). The other three RTIL coating layers had similar Hg0 saturation capacities, 1.2-1.3 mg/g. 
During these experiments, no increase of Hg2+ was observed across the adsorbent bed.    
 
IV.3.3. Fixed-bed HgCl2 dynamic adsorption results for RTIL-coated silica.  

 
Oxidized mercury adsorption behavior for silica coated with these RTILs was also tested; results 
of these tests are shown in Table IV.2. [bpyrro][N(Tf)2] coated silica is incapable of capturing 
HgCl2, while [bmim][N(Tf)2] coated silica has the greatest HgCl2 capacity among RTIL coated 
silicas incorporating the [N(Tf)2] anion. When the anion was changed to Cl-, the oxidized 
mercury uptake increased dramatically for RTIL coating layers, especially for [bpyrro][N(Tf)2]. 
The [bmim]Cl coated silica showed the greatest HgCl2 uptake, 33 mg/g adsorbent. During these 
experiments, no increase of Hg0 across the adsorbent bed was observed. It is important to note 
that the Hg0 and HgCl2 adsorption experiments were performed separately; combined capture 
experiments have not yet been completed. 
 
 

Table IV.1. 

Upper operating temperature limit of RTILs 
measured by TGA 

 Upper Temperature Limit (°C) 

 N(Tf)2 Cl 
[bpyrro] 300 190 
[bmim] 325 200 
[bpy] 325 190 

Table IV.2  

Mercury capacity of mesoporous silica coated with 25 wt% 
RTILs. 
 Hg

0
 Capture,  

mg Hg
0
/g adsorbent 

Hg
2+

 Capture,  

mg Hg
2+

/g adsorbent 

 N(Tf)2 Cl N(Tf)2 Cl 

[bpyrro] 2.7 1.2 0 11 
[bmim] 1.2 2.2 7.1 33 
[bpy] 1.3 3.0 1.9 6.2 
Bed temperature: 160°C; gas flow rate: 24 ml/min for Hg0 
experiments and 100 ml/min for HgCl2 experiments. Carrier 
gas contained only N2 for Hg0 experiments and N2+HCl for 
HgCl2 experiments. 
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IV.3.4. Fixed-bed HgCl2 and Hg
0
 

dynamic adsorption experiments with 

25 wt% [bmim]Cl coated MPTS-silica 

 
Since the [bmim]Cl coating layer alone 
showed impressive elemental and 
oxidized mercury capacities, the 
performance of a fully functionalized 
nanostructured chelating adsorbent using 
[bmim]Cl as a coating layer was 
evaluated. The dynamic adsorption of 
HgCl2 and Hg0 was studied with the 25 
wt% [bmim]Cl coated MPTS-silica in a 
fixed-bed mode at 160°C. The results are 
shown in Figures IV.3 and IV.4, 
respectively. 25 wt% [bmim]Cl coated 
MPTS-silica has a minimum 38 mg/g 
HgCl2 capacity and a 10 mg/g Hg0 
saturation capacity. 

 
IV.4. Discussion 

 
 It was previously reported that silica 
coated with 25 wt% 
methylpolyoxyethylene(15)octadecanam
monium chloride (MEC), has an 
oxidized mercury capacity of about 4 
mg/g adsorbent [Ji et al., 2009] but 
essentially no capacity for elemental 
mercury. [Abu Daabes, 2005] It was also 
found that the total oxidized mercury 
capacity of 25 wt% MEC coated MPTS-
silica is the sum of the capacities of the 
MEC coating layer, the bare MPTS 
ligands, and the MEC-covered MPTS 
ligands. [Ji et al., 2009] 
 
The mercury capacities of silica coated 

with RTILs are summarized in Table IV.2. Based on mercury capacity, [bpy]Cl is best for Hg0 
capture, while [bmim]Cl is best for HgCl2 capture.  
 
The cations used in this study were chosen with the intent to oxidize Hg0 to Hg2+, so that Hg2+ 
could be captured on the adsorbent. The oxidation potential of a RTIL coating layer is believed 
to be related to the reducibility of the cation of the IL. It has been reported that the [bmim] cation 
is more easily reduced than is the [bpyrro] cation. [Buzzeo et al., 2004] Consequently, the 
[bmim] cation is expected to have a higher oxidation potential than the [bpyrro] cation. However, 
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the [bpyrro][N(Tf)2] coating layer has a higher Hg0 capacity than [bmim][N(Tf)2]. Thus, Hg0 
capture does not appear to be the result of oxidation of Hg0 by the RTIL. The negligible capacity 
of [bpyrro][N(Tf)2] for oxidized mercury also suggests that captured elemental mercury is not 
bound in an oxidized form. The formation of a complex between Hg0 and the ions of the RTILs 
might explain Hg0 capture by these RTILs. The actual Hg0 capture mechanism by RTILs coating 
layer is still unknown; further investigation is necessary.  
 
Since it is known that ionic liquids have high solubilities for salts with a common ion, [Bloom, 
1967] it is expected that a RTIL having a chlorine ion will be a good solvent for HgCl2. The 
dissociation of HgCl2 with RTIL can be described as follows. [Abu Daabes, 2005] 
 

Or+ + Cl- + HgCl2 (v) = Or+ +3Cl- + Hg2+                                 (1)                                                         
 
where Or+ is the organic cation. The equilibrium described by Eqn. 1 explains the high HgCl2 
uptake by the MEC, [bpyrro]Cl, and [bmim]Cl coating layers.  
 
The above observation highlights the importance of interactions between the RTILs and HgCl2. 
Anderson et al. [2002] found that strong dipolarity and hydrogen-bond basicity are the dominant 
interactions between RTILs and solutes. Hydrogen-bond basicity, which is controlled by the 
anion, is very high for [bmim]Cl. ILs with the [bmim]+ cation but different anions show different 
basicity and dipolarity. These observations can be correlated with the HgCl2 uptake results 
presented here for [bmim]Cl and [bmim][N(Tf)2]. Since [bmim]Cl has higher HgCl2 uptake than 
that of [bmim][N(Tf)2], it is believed that the hydrogen-bond basicity and dipolarity is higher for 
[bmim]Cl, facilitating more complete dissociation of HgCl2.  
 
The same group [Anderson et al., 2002] found that for ILs with the [N(Tf)2]

- anion but different 
cations show only small differences in hydrogen-bond basicity and dipolarity. This leaves the 
explanation of the negligible HgCl2 capacity of [bpyrro][N(Tf)2] very difficult, since 
[bmim][N(Tf)2] has a relatively high HgCl2 uptake (7.1 mg/g). It might be that hydrogen-bond 
acidity, which is a property of the cation, contributes most to the interaction between the ILs and 
the HgCl2. 
 
The 25 wt% [bmim]Cl coated MPTS-silica HgCl2 dynamic adsorption experiment (Figure IV.2) 
showed effective HgCl2 capture for a long time of continuous operation with no indication of 
pollutant breakthrough. The operational mercury capacity was estimated to be at least 38 mg/g. 
The 25 wt% [bmim]Cl coating layer has an oxidized mercury capacity of 33 mg/g (Table IV.1), 
while the uncoated MPTS-silica has an oxidized mercury capacity of 1.9 mg/g. [Ji et al., 2009] 
The sum of these two uptakes is still less than the minimum oxidized mercury uptake by the 25 
wt% [bmim]Cl coated MPTS-silica, which indicates that there is additional mercury capacity 
contributed by the [bmim]Cl covered MPTS ligands. Similar behavior was observed for MEC 
coated MPTS-silica. [Ji et al., 2008b] Based on the discussion above regarding the possible 
mechanism of the HgCl2 adsorption process, it is possible that strong interactions between 
[bmim]Cl and HgCl2, due to high hydrogen-bond basicity and dipolarity, enhances the 
dissociation of HgCl2 in the IL coating layer. This dissociation, in turn, increases chelation of 
mercury ions and MPTS ligands results in high mercury capacity. From the RTILs screened so 
far, [bmim]Cl is the best for oxidized mercury capture.   
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IV.5. Conclusions 
 
Six different RTILs were successfully synthesized and found to be thermally stable above 
160°C, the target temperature of the application for fixed-bed adsorption of mercury from the gas 
phase. It was also discovered that changing the anion of the RTILs from non-halogen to chlorine 
dramatically decreases the thermal stability of the RTIL, reducing the allowable operating 
temperature by at least 125°C. This observation is consistent with literature reports.  
 
The capture of elemental mercury using these RTILs does not appear to involve oxidation of the 
mercury by the RTIL. The formation of a complex between Hg0 and ions in RTIL might be the 
capture mechanism for elemental mercury. The higher oxidized mercury capacities of RTILs 
with a chlorine anion are believed to be due to the facilitated dissociation of HgCl2 with these 
RTILs. The higher hydrogen-bond basicity and dipolarity of these Cl- based RTILs are probably 
the characteristics underlying the improved HgCl2 dissociation.   
 
[bmim]Cl is a promising candidate RTIL for the simultaneous removal of oxidized and elemental 
mercury. 25 wt% [bmim]Cl coated MPTS-silica has a mercury capacities of at least 38 mg 
Hg2+/g adsorbent and a 10 mg Hg0/g elemental mercury saturation capacity in separate fixed-bed 
adsorption experiments. 
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V. Manganese Oxide/Titania Materials for Removal of NOx and Elemental Mercury 

from Flue Gas  
 

[The material in this chapter has been published as Energy and Fuels, 22, 2299-
2306 (2008).] 

 
V.1 Introduction 

 
Mercury is a major pollutant because of its toxicity, mobility in the food chain, and 
bioaccumulation [Brown et al., 1999]. The 1990 Clean Air Act Amendments identified mercury 
as one of 189 hazardous air pollutants. The U.S. EPA issued the Clean Air Mercury Rule on 
March 15, 2005 [USEPA, 2005]. This rule limits mercury emissions to 15 tons annually 
beginning in 2018; this limit is about 30% of the 1999 emission level. Mercury emissions from 
coal-fired utilities account for approximately one-third of the anthropogenic mercury emitted to 
the atmosphere annually (48 tons/year) in the United States [US EPA, 1997]. Both elemental and 
oxidized mercury are detected in the flue gas of coal-fired utilities; however, elemental mercury 
dominates in the flue gas from the combustion of low chlorine coals [Carpi, 1997]. Since 
elemental mercury is not soluble in water, it is difficult to remove using currently available 
removal devices like wet scrubbers. 
 
Recently, there is much research dedicated to elemental mercury removal from flue gas in coal-
fired utilities. Sorbent injection is considered the Maximum Available Control Technology 
(MACT), since almost all coal fire power plants are equipped with an electrostatic precipitator or 
a baghouse [Pavlish et al., 2003]. Many research efforts have been focused on the use of 
activated carbon or chemically modified activated carbon [Krishnan et al., 1994; Huggins et al., 
1999; Vidic and Siler, 2001; Sjostrom et al., 2002]. These studies showed that activated carbon 
and its modified versions have some capacity for elemental mercury removal. However, the poor 
thermal stability of the mercury-ligand complexes or the ligands themselves limits their full-scale 
application. 
 
Recently, Pinto and co-workers developed a novel chelating adsorbent for the direct mercury 
vapor removal from flue gas [Abu Daabes and Pinto, 2005; Ji et al., 2009]. These chelating 
adsorbents showed very high capacities for oxidized mercury (14.2 mg Hg/g adsorbent) at 
elevated temperatures, much higher than the capacities of commercially available activated 
carbons for elemental mercury capture. These chelating adsorbents are thermally stable up to 
200°C, well above the targeted temperature requirement. Although these adsorbents were 
originally developed for the capture of oxidized mercury, relatively high elemental mercury 
capacity can be achieved at elevated temperature through proper modification of the adsorbent 
chemistry [Ji et al., 2008]. 
 
Granite and coworkers screened elemental mercury adsorbents based on metal oxides, including 
MnO2-Al2O3, V2O5-MgSiO3, Cr2O3-Al2O3, Fe2O3, and KO2 promoted V2O5 [Granite et al., 
2000]. The alumina supported manganese dioxide sorbent showed elemental mercury capacity of 
approximately 2.3 mg/g in the temperature range of 60-177°C.  These results show that metal 
oxides have the potential to removal elemental mercury at elevated temperatures. 
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Since many low temperature selective catalytic reduction (SCR) catalysts are based on metal 
oxides, the results obtained by Granite suggest that low temperature SCR catalysts may provide 
another option for elemental mercury removal from flue gas. Low temperature SCR catalysts 
operate at 100-250°C, making it possible to move the catalyst bed downstream of the particulate 
collector, where the temperature is normally below 150°C [Pavani et al, 2006]. This 
configuration not only enables the removal of NOx at relatively low temperatures, but also makes 
it potentially feasible to remove elemental mercury from the flue gas leaving the particulate 
collector.  
 
This paper presents the results of a study of the potential of a low temperature SCR catalyst, 
titania supported manganese dioxide (MnO2/TiO2), to capture vapor phase elemental mercury. 
The dynamic mercury capture behavior of the catalyst was tested in a fixed-bed mode at 175 and 
200°C; the effects of sulfur dioxide, water vapor, and manganese loading on mercury removal 
efficiency were also studied. A preliminary test of the potential of this low temperature SCR 
catalyst to reduce NOx and capture elemental mercury simultaneously at 175°C was also 
completed. 

 
V.2 Materials and Methods 

 

V.2.1  Preparation of MnO2/TiO2 Catalyst.  
 
High surface area anatase titania supported manganese oxide catalysts were prepared by the wet 
impregnation method. Commercially available Hombikat TiO2 (Sachtleben Chemie, 99% 
anatase) was used as the support as received. Manganese oxide was deposited on the support by 
the solution impregnation method using aqueous solutions of manganese nitrate. In a typical 
synthesis, 50 ml of deionized water were mixed with 1 g of the support. The mixture was heated 
to 170°C under continuous stirring. A measured quantity of nitrate precursor was then added to 
the solution, and the mixture was evaporated to dryness. The paste obtained was further dried 
overnight at 310°C. All catalysts were calcined at 400°C for 4 hours in a flow of air.   
 
V.2.2 X-Ray Powder Diffraction.  

 

X-ray powder diffraction (XRD) patterns for catalyst samples were recorded using a Siemens 
D500 diffractometer using a CuKα radiation source (wavelength 1.5406 Å). An aluminum holder 
was used to support the catalyst samples. The scanning range was from 5° to 70° (2θ) with a step 
size of 0.05° and a step time of 1s. The XRD phases present in the samples were identified with 
the help of JCPDS data files.  
 
V.2.3 BET Analysis.   
 
The specific surface areas of the catalyst samples were determined by nitrogen physisorption at 
liquid nitrogen temperature (-196°C) using a Micromeritics 2360 instrument. The molecular area 
of the nitrogen molecule was taken to be 0.162 nm2.  Pore volume measurements were 
performed using a Micromeritics ASAP 2010 using N2 adsorption at -196°C.  All samples were 
degassed at 250°C under vacuum before analysis. 
 



Final Scientific Report 

 

37 
 

V.2.4 Ammonia TPD.  

 

Ammonia temperature programmed desorption (TPD) experiments were performed on a 
Micromeritics 2910 instrument using 50 mg of catalyst. Prior to the experiments, the catalysts 
were pretreated at 500°C for 1 h in a flow of ultra high pure helium (30 ml min-1). The furnace 
temperature was reduced to 100°C, and the samples were then saturated with anhydrous NH3 
(4% in He) at a flow rate of 30 ml min-1 for 2 h. Physisorbed NH3 was removed by flushing the 
catalyst with helium at 150°C for 2 hours before starting the TPD experiments. Experimental 
runs were completed by heating the sample in helium (30 ml min-1) from 100 to 500°C at a linear 
heating rate of 10°C min-1.  
 

V.2.5 Hydrogen Temperature-Programmed Reduction.  
 
Hydrogen temperature-programmed reduction (H2-TPR) experiments were carried out from 80-
950°C using a Micromeritics AutoChem 2910 instrument using 50 mg of calcined catalyst. Prior 
to the analysis, the catalysts were pretreated at 400°C for two hours in an ultra high pure helium 
(30 ml/min) stream. The TPR runs were carried out with a linear heating rate of 10ºC/min in a 
flow of 4% H2 in argon with a flow rate of 25 ml/min. The hydrogen consumption was measured 
quantitatively with a thermal conductivity detector. 
 

V.2.6 X-Ray Photoelectron Spectroscopy.  
 
The XPS measurements were made using a Perkin-Elmer (Model 5300) spectrometer with Mg 
Kα (1253.6 eV) radiation as the excitation source. The spectra were recorded in the fixed 
analyzer transmission mode with pass energies of 89.45 and 35.75 eV for recording survey and 
high-resolution spectra, respectively. The XPS analysis was done at room temperature and 
pressures on the order of 10-7 torr. Charging of the catalyst samples was corrected by setting the 
binding energy of the C1s at 284.6 eV. Samples were degassed in a vacuum oven overnight 
before XPS measurements. 
 
V.2.7 SCR.  
 
The low temperature SCR of NO by CO reaction was carried out at atmospheric pressure, 175-
250°C, and a gas hourly space velocity (GHSV) of 50,000 h-1  using a fixed bed Pyrex glass 
reactor (i.d. 6 mm) containing 0.1 g of catalyst (80-120 mesh). Oxygen (Wright Bros., 4% in 
He), carbon monoxide (Matheson, 1% in He), and nitric oxide (Air Products, 2.0% in He) were 
used as received. The reaction temperature was measured by a K type thermocouple inserted 
directly into the catalyst bed. Prior to the catalytic experiments, the catalyst was activated in-situ 
by passing 4 % oxygen for two hours at reaction temperature. The products were analyzed on-
line using a Quadrapole mass spectrometer (MKS PPT-RGA) and a chemiluminescence detector.  
 
V.2.8 Elemental Mercury Fixed-Bed Adsorption.  

 

The fixed-bed adsorber used for evaluating Hg0 capture by the catalyst, shown schematically in 
Figure IV.1, was used with minor modifications. Briefly, a mercury permeation tube (VICI 
Metronics, Poulsbo, WA) was used as the source of elemental mercury. The permeation tube was 
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sealed in a U-type glass tube holder and immersed in a temperature-controlled oil bath. The 
temperature of the oil bath was fixed at 30°C. Nitrogen (pp. grade) was metered with a mass 
flow controller into the Hg0 permeation tube format flows in the range of 24-100 ml/min. Water 
vapor was generated by an evaporator and was carried by nitrogen (pp. grade). The humidity was 
measured by a Traceable® hygrometer (Fisher Scientific). All other gas components (SO2 and 
water vapor) were mixed with the Hg0 nitrogen stream in an eight-way valve. One valve outlet 
was plumbed to a glass column packed with a known amount of the test catalyst.  
 
A custom made glass column with a 1.5 mm I.D. was used in this study. The glass column was 
placed in a vertical tube furnace with a digital temperature controller (MTF 10/25/130, Carbolite 
Furnaces Limited, Hope Valley, S33 6RB, England). A known amount of catalyst was packed in 
the glass column and the temperature of the furnace was set to 175°C or 200°C. The effluent 
from the bed passed through a series of 30 ml midget impingers with coarse fritted cylinders 
(Chemglass, Vineland, NJ). These impingers were filled with 1M KCl and 4 % (w/v) KMnO4 in 
10 % (v/v) H2SO4 absorbing solutions (H2SO4-KMnO4). Hg2+ is absorbed in the KCl solution 
and Hg0 is absorbed in the H2SO4-KMnO4 solution; a 1 h sampling time was used. Only 
negligible amounts of Hg2+ were detected.  
 
The amount of Hg0

 captured in the impinger solution was determined using a cold-vapor atomic 
absorption analyzer (Buck Scientific Mercury Analyzer, Model 400A, East Norwalk, CT) 
following the Ontario Hydro Method [ASTM, 2002]. The input Hg0 concentration was measured 
continuously for at least three days prior to each adsorption experiment to ensure a constant Hg0 
input concentration. 
 
A catalyst sample saturated with mercury was prepared as follows.  30 mg of fresh MnO2/TiO2 
catalyst was packed in a 3 mm I.D. glass column which was then mounted in a vertical tube 
furnace maintained at 200°C. Nitrogen carrying Hg0 was continuously flushed through the 
catalyst bed until the sample was saturated with mercury; the mercury source described above 
was used. This catalyst saturated with Hg0 is referred to below as spent catalyst. 
 

V.3 Results  

 

V.3.1 Catalyst Characterization and SCR Studies.  
 
The powder X-ray diffraction patterns of 10 wt% Mn/TiO2 and 20 wt% Mn/TiO2 samples 
calcined at 400°C are shown in Figure V.1. Both samples showed broad diffraction lines due to 
anatase phase of titania (JCPDS file no. 21-1272). No independent lines from crystalline 
manganese oxide were observed in the XRD patterns of 10 wt% Mn/TiO2 catalyst, indicating that 
the promoted manganese oxide is homogeneously dispersed on the titania support and is in an 
amorphous or poorly crystalline state. However, low intensity manganese oxide lines were 
observed in the XRD pattern of 20 wt% Mn/TiO2, indicating the presence of crystalline 
manganese oxide in the sample. The peak intensity of titania decreased with the increase of 
manganese content in the catalyst. XRD studies revealed that the promoted manganese oxide has 
no influence on titania phase transformation (anatase to rutile).  
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Specific surface areas and the total 
acidity values of the prepared catalysts 
are presented in Table V.1. The pure 
titania support exhibited a high specific 
surface area of 309 m2/g. The specific 
surface areas of the manganese 
promoted samples calcined at 400°C 
showed much lower BET surface area 
than the pure TiO2 support. This 
observation is in agreement with 
previous literature reports, in which 
impregnated metal oxide species were 
found to reduce the surface area of the 
TiO2 [Peña et al., 2004a]. This loss of 
surface area can be attributed to the 
blocking of micropores of the titania 
support by deposited manganese oxide. 
 
Ammonia TPD was utilized to measure 
the total acidity of the catalysts; the 
results of these tests are presented in 
Table V.1. NH3 desorbs in the 127-
427°C temperature range, signifying a 
broad distribution of surface acid sites. 
For 20% MnO2/TiO2, 23.2 µmol g-1 of 
ammonia were desorbed.  The strength 
of the acid sites is distributed between 
two temperature regions, indicating the 
presence of two types of sites.  
 
The reduction behavior of the 10 wt% 
MnO2/TiO2 catalyst calcined at 673 K 
was investigated using TPR; the TPR 
pattern for the sample is shown in 
Figure V.2. Three prominent reduction 
peaks, at 325, 425, and 490°C, were 
observed for this catalyst. These peaks 
can be attributed to the sequential 

reduction of MnO2, consistent with earlier literature reports [Kapteijn et al., 1994c]: 
 
  MnO2 →  Mn2O3  →  Mn3O4  →  MnO 
 
Fresh and spent (mercury loaded) samples of 10 wt% MnO2/TiO2 catalyst calcined at 400°C 
were investigated using XPS. The photoelectron peaks pertaining to Mn 2p and Hg 4f are shown 
in Figures V.3A and V.3B, respectively. The binding energies (Eb) of all elements in these 
catalysts are given in Table V.2. In the XPS analysis, a large amount of mercury was found in 

Table V.1. 

BET Surface Area and Total Acidity of MnO2/TiO2 
Low Temperature SCR Catalysts. 

Sample 

 
BET Surface 

Area 

 (m2/g) 

Total Acidity  

(ml g-1) 

TiO2 309 - 
10 wt% MnO2/TiO2 236 21 
20 wt% MnO2/TiO2 198 23.2  

Table V.2.  

Electron Binding Energies (eV) of  Elements in 10 
wt% MnO2/TiO2 Sample 
Sample O1s Ti 2p3/2 Mn 2p3/2 Hg 4f7/2 
Fresh 529.9 458.4 642.1 - 
Spent 529.7 458.6 642.1 100.9 
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the spent catalyst. There is a significant 
difference in the peak intensities of the fresh 
and spent samples. The O 1s peak (Figure 
V.4) showed high intensity due to 
overlapping contributions of oxygen from 
titania and manganese oxides in the 
MnO2/TiO2 catalyst. Extensive broadening 
of the O 1s peak was noted for the spent 
catalyst. Also, the O 1s peak intensity 
decreased slightly for the spent catalyst. 
Since the XPS peak intensity depends on 
both ion density, and since the chemical 
environments and oxygen ion densities in 
the various samples are expected to be same, 
the decrease in the peak intensity can be 
attributed to different chemical 
environments. It is known from the literature 
that the broadening of the ESCA peak 
depends on various factors, including the presence of multiple species with different chemical 
characteristics that cannot be differentiated by ESCA, and electron transfer between the promoter 
and the support (metal oxide-support oxide interaction) [Nag, 1987; Reddy et al., 2002]. The 
broadening of the O 1s photoelectron peak in the spent sample can be attributed to the formation 
of HgO. The Ti 2p peaks are shown in Figure IV.3. The Ti 2p3/2 photo electron peak was 
observed at 485.6 eV. This agrees well with literature reports for pure TiO2 [Reddy et al., 2001]. 
Interestingly, the intensity of the titania 2p core level spectra was also found to decrease in the 
spent catalyst; a shift towards higher binding energies was also observed. The binding energy 
values indicate that titanium is present in its highest oxidation state, Ti(IV), in the catalyst. 
 
Core level photoelectron spectra for Mn 2p in fresh and spent catalysts are shown in Figure 
IV.3A. The Mn 2p peak is broad, indicating the presence of multiple Mn species. Consistent with 
the O 1s and Ti 2p species, here too the intensity of the Mn 2p peak decreases substantially in the 
spent catalyst. This result strongly supports the observations presented above and indicates that 
the captured mercury interacts strongly with the surface Mn species on the catalyst. Figure IV.3B 
shows the binding energy of the Hg 4f photoelectron peak at 100.9 eV for the Hg 4f7/2 line; pure 
HgO gives a Hg 4f7/2 line at 101-101.6 eV [Wagner et al., 1978]. The XPS peak intensities of O 
1s, Ti 2p, Mn 2p and Hg 4f lines and their binding energies indicate that mercury interacts 
strongly with the catalyst and is present as HgO. 
 
The 10 wt% MnO2/TiO2 catalyst was employed for the SCR of NO using CO as reductant at low 
temperatures, 175 and 200°C; results of these tests are shown in Figure IV.5. At 175°C, the 
catalyst showed 65 % NO conversion with high N2 selectivity. Interestingly, on increasing the 
reaction temperature to 200°C the NO conversion increased to 97 % and the activity was quite 
stable at this temperature. Even at a high GHSV of 50,000 h-1 and in the presence of 2 vol% O2 
in the feed, the catalyst showed excellent SCR performance. Small increase in the activity was 
observed with the increase in the manganese content to 20 wt%. All characterization results 

Figure V.2: TPR patterns of 10 wt% MnO2/TiO2 
catalyst.  
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suggest that the surface concentration of manganese oxides and the redox properties of the 
catalysts are important factors in achieving better DeNOx performance at low temperature.    

 
V.3.2 Mercury Adsorption Studies.  
 
Prior to testing the catalyst for elemental mercury capture, a blank experiment was performed 
using the titania support to preclude possible mercury capture by the support. Nitrogen was used 
as the carrier gas for elemental mercury; the GHSV was 5000 hr-1. Figure IV.5 includes the 
breakthrough curve of Hg0 for this experiment. Hg0 breakthrough occurred almost immediately 
after the input of mercury, indicating that the TiO2 support has negligible capacity for Hg0, 0.3 
mg/g. This result is consistent with literature data [Zhuang et al., 2000].   
 
The effect of MnO2 loading on elemental mercury capture was studied using 10 wt% and 20 wt% 
MnO2/TiO2 catalysts. The experimental conditions were the same as those for the blank 
experiment. As can be seen from Figure IV.6, the performance of 20 wt% MnO2/TiO2 is 

 
Figure V.3: XPS spectra of fresh and spent samples of 10 wt% MnO2/TiO2 catalyst. (A) Mn 
2p XPS spectra for (a) fresh and (b) spent catalysts; (B) Hg 4f XPS spectrum for spent catalyst. 
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essentially identical to that of 10 wt% MnO2/TiO2. Mercury breakthrough was not observed for 
either catalyst over about 100 hours of continuous operation. The Hg0 uptake is 6.8 mg/g for 10 
wt% MnO2/TiO2 and 7.2 mg/g for 20 wt% MnO2/TiO2 and capture efficiencies were similar for 
the two samples; since breakthrough was not observed, these uptakes are lower bounds on the 
mercury capacity of the catalyst samples. Increasing the metal oxide loading beyond 10 wt% is 
not expected to improve mercury capture effectiveness for this system. 
 
Granite and coworkers performed similar experiments to investigate the potential of MnO2/Al2O3 
as a sorbent to capture elemental mercury [Granite et al., 2000]. Their catalyst was composed of 
7 wt% MnO2 dispersed on an Al2O3 support with a BET surface area of 65 m2/g. In a fixed-bed 
trial at 176°C, the Hg0 saturation capacity of this alumina-supported MnO2 catalyst was 2.2 
mg/g. (This experiment used argon as the carrier gas, rather than nitrogen as used in the work 
reported here.) The alumina support was found to be inert to elemental mercury.   
 
The difference between the mercury capacity reported in the literature and that reported here is 
probably due to differences in manganese loading and BET surface area. The catalyst reported in 
the literature had a BET surface area of 65 m2/g, compared to 236 m2/g for the 10 wt% 
MnO2/TiO2 catalyst reported here. The role of the support is to provide high surface area to 
maximize the number of collision between elemental mercury and the sorbent [Granite et al., 
2000]. Therefore, the high surface area of the titania support used in this study may also 

 
Figure V.4: XPS spectra of fresh and spent samples of 10 wt% MnO2/TiO2 low 
temperature SCR catalyst. (A) O 1s peak; (B) Ti 2p peak. 
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contribute to the mercury uptake by 
increasing the number of collisions of 
the mercury species with the support.    
 
The influence of water vapor on Hg0 
capture was studied using 10 wt% 
MnO2/TiO2 by introducing 7% water 
vapor (v/v) into the feed to the 
adsorbent bed. Figure IV.6 shows that 
water vapor has a negligible effect on 
mercury uptake.  
 
The effect of SO2 on elemental mercury 
capture was also investigated using 10 
wt% MnO2/TiO2 catalyst. 
Approximately 200 ppm SO2 was 
introduced into a water-free Hg0–N2 
stream that had been contacting the 
catalyst for 90 h (Figure IV.7). The Hg0 
concentration in the effluent increased 
almost immediately after SO2 addition 
started. Upon stopping the SO2 addition 
at 156 hrs, the catalyst appeared to 
recover some of its activity, but 
suffered a permanent loss of mercury 
capture capability. SO2 has a negative 
effect on elemental mercury capture 
using the MnO2/TiO2 catalyst.  
 
The influence of bed temperature on 
mercury removal was studied using 10 
wt% MnO2/TiO2 catalyst in a fixed-bed 
mode. It can be seen from Figure IV.8 
that raising the bed temperature from 
175°C to 200°C resulted in the mercury 
capacity of the catalyst increasing from 
12.5 mg/g to 17.4 mg/g, a 39% 
increase. This surprising result clearly 
indicates that the bed temperature has a 
key role on the activity of the catalyst 
for the mercury removal.  
 

We have also investigated Hg0 removal using a sample of the 20% MnO2/TiO2 catalyst that had 
previously been used for NO reduction; this experiment was a preliminary test to investigate the 
possibility of simultaneous low temperature SCR and mercury capture. Figure V.9 shows the 
Hg0 effluent concentration history observed in this trial; Hg0 was effectively removed by the 

Figure V.5: Low temperature SCR of NO using 
CO as a reductant over 10 wt% MnO2/TiO2 
catalyst. (�) 175 °C; (�) 200 °C; NO = CO= 
400 ppm; oxygen = 2 vol%. 
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catalyst for the entire duration of the 
experiment (80 hrs). This result suggests 
that the catalyst will have the potential to 
act simultaneously as an oxidizing catalyst 
for Hg0 and a reducing catalyst for NO. 
This conjecture is to be tested 
experimentally in the future.  
 
V.4 Discussion 

 

V.4.1 Hg
0
 Capture Mechanism.   

 
Granite et al. [2000] proposed a possible 
mechanism for elemental mercury capture 
mechanism using a manganese dioxide 
sorbent. In this mechanism, the lattice 
oxygen of manganese dioxide acts as the 
oxidant following a Mars-Maessen 
mechanism. They postulated that vapor 
phase elemental mercury collided with the 
surface of the sorbent and adsorbed; the 
adsorbed elemental mercury was then 
oxidized to mercury oxide by the 
manganese dioxide catalyst, while the latter 
was reduced to manganese oxide. The 
mercury oxide subsequently reacted with 
the sorbent to form a binary oxide. This 
reaction mechanism can be written as  
 Hg(g) + surface → Hg(ad) 
 Hg(ad) + MnO2 → HgO(ad) + MnO 
 HgO(ad) + MnO2 → HgMnO3 
 
If the MnO2/TiO2 adsorbent acts as a 
reactant via this mechanism, then, 
theoretically, the capture of one mole of 
Hg0 requires two mole of MnO2. From the 
breakthrough curve of Hg0 by 10 wt% 
MnO2/TiO2 at 5000 hr-1 and 200°C, it was 
calculated that, theoretically, only about 
15.2% of the MnO2 was used. This 
indicates that there are enough active sites 
for mercury oxidation and that it is possible 
that MnO2 acted as a reactant for mercury 
removal. 
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Based on the mechanism suggested 
above, adsorbed Hg0 reacts with the 
lattice oxygen of MnO2 [Granite et 
al., 2000]. The availability of lattice 
oxygen was speculated to be related 
to the mobility of proton and lattice 
defects within the MnO2 crystal 
structure [Boren et al., 2004]. Based 
on the XRD results presented above, 
the active sites for Hg0 oxidation are 
associated with the dispersed MnO2 
phase on the titania support.  The 
mechanism described above is 
consistent with the observation that 
increasing the MnO2 loading from 
10 wt% to 20 wt% does not 
significantly increase the mercury 
oxidation effectiveness, as shown in 
Figure V.6. 
 
Granite and coworkers also proposed 
that an oxide’s tendency to form 
sulfate is a crucial factor for the oxidation efficiency of elemental mercury from flue gas due to 
the relatively high concentration of SO2 compared to that of mercury [Granite et al., 2000]. Since 
the formation of manganese sulfate would result in the loss of a portion of the MnO2 involved in 
mercury adsorption, the dramatic drop in elemental mercury capture using MnO2/TiO2 catalyst 
after the introduction of SO2 is consistent with Granite’s hypothesis. 
 
It is well known that manganese dioxide is non-stoichiometric; manganese dioxide typically 
contains 1.5 to 2 oxygen atoms per manganese atom. The surface and bulk compositions of 
MnO2 change as functions of gas composition and temperature [Arena et al., 2001]. As noted 
above, mercury uptake increases by 39% when the bed temperature increased from 175°C to 
200°C; this change could due an increase in the number of the active sites on the sorbent surface.  
 
According to Boren et al. [2004], manganese dioxide is hydrous, and structurally bound water is 
postulated to contribute to the chemical reactivity and possibly catalytic activity of the catalyst. 
Since water vapor does not affect the elemental mercury removal significantly, water vapor does 
not directly promote the reducibility of the sorbent.  
 
A novel low temperature SCR catalyst, MnO2 supported on titania, has been proven to be 
effective for both elemental mercury capture and low temperature SCR.  In SCR trials at 200°C 
and industrially relevant conditions, nearly quantitative reduction of NOx reduction was obtained 
using CO as the reductant.  Fresh catalyst used as an adsorbent for elemental mercury from an 
inert atmosphere showed mercury uptake as high as 17.4 mg/g at 200°C.  These results suggest 
the feasibility of a single process step integrating low temperature SCR and mercury capture 
from flue gas. 
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VI. Ceria modified Manganese Oxide/Titania Materials for Removal of Mercury from 

Flue gas 

 

[The contents of this chapter form the basis for a manuscript in preparation for 
submission to Journal of Physical Chemistry C. Portions of this work were 
presented at the 2009 AIChE National Meeting, Session 544 and the 2010 AIChE 
National Meeting, Session 573] 

 
VI.1 Introduction 

 
Chapter V of this report describes the LTSCR and mercury capture performance for manganese 
oxide/titania. In ideal situations, excellent mercury capture and LTSCR performance were 
observed; however, the presence of sulfur dioxide, a common component of flue gas, resulted in 
significant loss of both catalytic activity and elemental mercury capacity. It has been reported 
that while SO2 adsorbs onto CeO2, the CeO2 is unaffected by SO2 in the presence of oxygen at 
350 and 800°C. Thus, the investigators have explored the use of ceria and ceria-modified titania 
as a support for MnOx-based LTSCR. This chapter presents the results of a study of the potential 
of ceria-modified manganese oxide/titania materials for vapor phase mercury removal. The 
support material, CeO2-TiO2 was also evaluated for the simultaneous capture of elemental and 
oxidized mercury from gas phase; the effects of manganese loading and gas-phase sulfur dioxide, 
carbon monoxide, and nitrogen monoxide were determined. 
 
VI.2 Materials and Methods 

VI.2.1 Preparation of ceria titania supported manganese oxide (MnOx/CeO2-TiO2) 

 
The ceria and ceria-titania supports were prepared from ammonium cerium (IV) nitrate (≥98.5%, 
Fluka) and titanium (IV) chloride (99.0%, Alfa Aesar) precursors by hydrolysis with aqueous 
ammonia. To prepare the ceria-titania support, the ammonium cerium (IV) nitrate was dissolved 
in distilled water to the desired concentration. The titanium (IV) chloride solution was prepared 
by digesting TiCl4 in cold concentrated HCl and then diluting the concentrated solution with 
distilled water to the desired concentration. The precursor solutions were mixed.  Dilute liquid 
ammonia was added dropwise with vigorous stirring until precipitation was complete. The solid 
product was filtered and washed several times with distilled water until no chlorides could be 
detected in the filtrate; this test was performed by adding with Ag+ to the filtrate. The washed 
filter cake was dried at 120°C for 12 h in an oven at atmospheric pressure and then calcined at 
500°C for 5 h in flowing air. The ceria support was prepared using a similar procedure. 
 

The ceria-titania supported manganese oxide catalyst was prepared by wet impregnation as 
described in Chapter II. In a typical preparation, 50 mL of deionized water was mixed with 1 g of 
the support. The mixture was heated to 70°C with continuous stirring. A measured quantity of 
the manganese nitrate precursor was then added to the solution, and the mixture was evaporated 
to dryness. The paste obtained was dried overnight at 110°C and then calcined at 400°C for 4 h 
in a continuous flow of air. 
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VI.2.2 Materials Characterization 

 
Candidate materials were characterized using X-Ray powder diffraction and nitrogen 
adsorption/desorption using the methods described in Chapter II of this report. 
 
VI.2.3 X-Ray Photoelectron Spectroscopy (XPS) 

 
The X-ray photoelectron spectroscopy (XPS) measurements were performed on a Shimadzu 
ESCA 3400 spectrometer using Al Kα (1486.6 eV) radiation as the excitation source. Charging 
of the catalyst samples was corrected by setting the binding energy of the adventitious carbon (C 
1s) at 284.6 eV. The XPS analysis was performed at ambient temperature and at pressures 
typically on the order of <10-8 torr. Prior to analysis, the samples were outgassed under vacuum 
for 4 hours. Quantitative analysis of atomic ratios was accomplished by determining the 
elemental peak areas, following the Shirly background subtraction by the usual procedures 
documented in the literature. 
 

VI.2.4 Fixed-Bed Mercury Adsorption  

 
Fixed-bed mercury adsorption tests were completed using the procedures described in Chapter 
IV of this report.  Initial adsorption tests were completed using pure N2 as the carrier gas. 
Additional tests were completed in which the gas phase contained 100 ppm sulfur dioxide; 400 
ppm NO and 400 ppm CO; and 100 ppm sulfur dioxide, 400 ppm NO, and 400 ppm CO. 
 
Samples were prepared for XPS analysis by placing 80 mg samples into a 10 mm i.d. glass 
column. The Hg0-N2 stream continuously contacted the adsorbent bed for 5 days for each 
catalyst sample; the column was maintained at 175ºC during loading. The total flow rate was 24 
ml/min, and the influx of elemental mercury was 4 µg per hour. These saturated samples are 
referred to below as “spent” materials. 
 
Selected samples of the spent materials were independently assayed for mercury as follows. A 
weighed sample was combined with 0.5 ml nitric acid and 0.5 ml deionized water and aged for 
three hours at room temperature. 9 ml deionized water was added and the mixture centrifuged for 
1 hour. This digestion process dissolves all adsorbed mercury, allowing the total amount of Hg to 
be determined using cold vapor atomic adsorption (CVAA) analysis. 
 
VI.3 Results and Discussion 

 

VI.3.1 Materials Characteristics 

 

The nitrogen adsorption/desorption results are summarized in Table VI.1. The BET surface 
areas of the manganese-promoted samples were lower than those of the CeO2-TiO2 support, 145 
and 128 m2/g for the 10 and 20 wt% MnOx loaded samples versus 271 m2/g for the ceria-titania 
support. The loss of surface area is attributed to partial blockage of micropores of the support by 
the deposited manganese oxide; this phenomenon also explains the increase in mean pore 
diameter and decrease in pore volume as the MnOx content increases.  
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The X-ray diffraction patterns of CeO2-TiO2 (CT), 10 wt.% MnOx/CeO2-TiO2 and 20 wt.% 
MnOx/CeO2-TiO2 samples are shown in Figure VI.1. The patterns are broad, indicating that the  
bare mixed oxide 
(CeO2-TiO2) and 
manganese oxide 
supported CeO2-
TiO2 samples are 
in highly 
amorphous or 
poorly crystalline 
states.  The 
diffraction lines due to titania anatase phase (designated as A) are clearly noticeable in all of the 
patterns. Distinct peaks could be ascribed to ceria (designated as C) and manganese oxide phases 
(designated as M). The latter result indicates the presence of crystalline manganese oxide in the 
sample. However, the low intensity of the lines due to manganese oxide indicates that the 
manganese oxide is highly dispersed over the CeO2-TiO2 surface. The intensity of the peaks due 
to manganese oxide increased with the increase of manganese content in the material. 
 
VI.3.2 Elemental Mercury Capture 
 
Prior to testing the manganese-promoted materials for elemental mercury capture, several blank 
experiments were performed using the support materials (titania, ceria, and CeO2-TiO2) to 

quantify mercury capture 
by the supports. Nitrogen 
was used as the carrier 
gas; the GHSV was 5000 
h-1. The Hg0 effluent 
concentration histories 
for these experiments are 
shown in Figures VI.2 
(CeO2), and VI.3 (CeO2-
TiO2). Hg0 breakthrough 
was almost immediate for 
the TiO2 support, which 
had a negligible capacity 
for Hg0, 0.3 mg/g. The 
ceria support had a Hg0 
capacity of 2.5 mg/g. 
Interestingly, the CeO2-
TiO2 support is a 
promising adsorbent for 
Hg0, with a capacity of 
6.4 mg/g. 
 
The influence of MnOx 
loading on elemental 

Table VI.1. 

Surface area, pore volume and pore diameter of CeO2-TiO2  and  
MnOx/CeO2-TiO2. 
Sample Surface Area 

(m2/g) 
Pore Volume 

(cm3/g) 
Pore Diameter 

(Å) 
CeO2-TiO2 270.6 0.41 58.4 
10wt.% Mn/ CeO2-TiO2 146.3 0.23 60.1 
20wt.% Mn/ CeO2-TiO2  128.3 0.20 60.8 

 
Figure VI.1: Powder X-ray diffraction patterns of ceria-titania 
(CT) and manganese oxide supported ceria-titania catalysts. (A) 
indicates titania anatase, (C) indicates ceria and (M) indicates 
manganese oxide phases. 
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mercury capacity was investigated using 10 
and 20 wt% MnOx/CeO2-TiO2 materials. The Hg0 effluent concentration histories for these 
materials at 175°C are shown in Figures VI.4 and VI.5. Both 10 wt% MnOx/CeO2-TiO2 and 20 
wt% MnOx/CeO2-TiO2 show large capacities for Hg0 and initial capture efficiencies of more 
than 90%. The elemental mercury capacities at different MnOx loading levels are summarized 
Table VI.2; these results were determined from an integration of the effluent concentration 
history and confirmed by digestion analysis of the spent material. As might be expected, the 
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Figure VI.2: Effluent concentration history of 
Hg0 with CeO2 support at 175°C. C=effluent 
mercury concentration; C0=inlet mercury 
concentration = 30-50 ppbv; carrier gas N2; 
GHSV=5000 h-1. Total mercury uptake is 2.5 
mg/g. 
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Figure VI.3: Effluent concentration history of 
Hg0 with CeO2-TiO2 support at 175°C. 
C=effluent mercury concentration; C0=inlet 
mercury concentration = 30-50 ppbv; carrier 
gas N2; GHSV=5000 h-1. Total mercury uptake 
is 8.5 mg/g. 
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Figure VI.4: Effluent concentration history of 
Hg0 with 10 wt% MnOx/CeO2-TiO2 at 175°C. 
C=effluent mercury concentration; C0=inlet 
mercury concentration = 30-50 ppbv; carrier 
gas N2; GHSV=5000 h-1. Total mercury 
uptake is 11 mg/g. 
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Figure VI.5: Effluent concentration history 
of Hg0 with 20 wt% MnOx/CeO2-TiO2 at 
175°C. C=effluent mercury concentration; 
C0=inlet mercury concentration = 30-50 
ppbv; carrier gas N2; GHSV=5000 h-1. 
Total mercury uptake is 37 mg/g. 
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mercury capacity of the MnOx/ CeO2-
TiO2 materials increases as the MnOx 
content increases; however, the 
mercury capacity is not proportional to 
the amount of MnOx in the adsorbent. 
 
The results presented in Figures VI.2 – 
VI.5 were obtained in the absence of 
other important constituents of flue 
gas.  Three flue gas constituents are of 
particular interest.  First, sulfur dioxide 
is known to interfere with mercury 
adsorption using MnOx/TiO2; this 
observation was one of the motivations 
for developing the MnOx/CeO2-TiO2 
materials.  Second, one of the goals of 
the current project is to develop 
materials for the combined low 
temperature selective catalytic 
reduction (LTSCR) of NO using CO. 
Thus, the influence of NO and CO on 
mercury capture is of significant 
interest.  Table VI.3 shows the 
elemental mercury capacities measured 
in these tests. 
 
The SO2 tolerances of both the CeO2-
TiO2 support and 20 wt% MnOx/CeO2-
TiO2 were assessed using fixed-bed 
adsorption tests at 175°C.  Figure VI.6 
shows effluent concentration histories 
for elemental mercury capture using 20 
wt% MnOx/CeO2-TiO2 in both the 
presence and absence of 100 ppm SO2 
in the gas phase (balance nitrogen). 
The presence of SO2 results in an 
immediate and significant reduction in 
SO2 capacity, from 37 mg Hg0/g 
adsorbent in the absence of SO2 to 6.5 
mg Hg0/g adsorbent in the presence of 
SO2. To determine if this effect is 
simply physical adsorption, a second 
experiment was completed in which 
the adsorbent was initially contacted 
with nitrogen carrying both Hg0 and 

100 ppm SO2.  After complete breakthrough was observed, the SO2 supply was shut off,  

Figure VI.6: Effect of SO2 on Hg0 capture 
efficiency using 20 wt% MnOx/CeO2-TiO2 at 
175°C. C=effluent mercury concentration; C0=inlet 
mercury concentration = 30-50 ppbv; carrier gas N2; 
GHSV=5000 h-1 CSO2=100 ppm. 
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Figure VI.7: Effect of SO2 on Hg0 capture 
efficiency using 20 wt% MnOx/CeO2-TiO2 at 
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providing a gas phase 
containing only Hg0 and 
nitrogen. The effluent 
concentration history for this 
experiment is shown in Figure 
VI.7.  The initial mercury 
uptake was 3.3 mg Hg0/g  
adsorbent; after the SO2 supply 
was shut off, an additional 3.0 
mg Hg0/g adsorbent were 
adsorbed. These data suggest 
that SO2 interacts chemically 
with the adsorbent.  Smaller 

reductions of the elemental mercury capacity of the CeO2-TiO2 support were observed in 
response to the presence of SO2, suggesting that SO2 interacts primarily with the MnOx and only 
to a small extent with the CeO2-TiO2 support. 
 
Similar results were obtained for the influence of NO and CO on elemental mercury capture; 
mercury capacities in the presence of 400 ppm NO + 400 ppm CO were 5-6 mg Hg0/g adsorbent 
similar to the elemental mercury capacities observed in the presence of 100 ppm SO2. These 
capacities, in turn, are similar to those observed in the presence of 100 ppm SO2 + 400 ppm NO 
+ 400 ppm CO, 4-5 mg Hg0/g adsorbent.  NO, CO, and SO2 appear to bind with the adsorption 
sites on MnOx and with a small fraction of the binding sites in CeO2-TiO2. 
 
In realistic applications, integration of ceria into the support does not protect the MnOx promoter 
from the influence of SO2. However, ceria-titania support retains most of its elemental mercury 
capacity even when SO2 is present; consequently, the use of CeO2-TiO2 may be a technically 
feasible strategy for the capture of gas-phase elemental mercury. 

 

 

Table VI.2. 

Elemental mercury capacities of CeO2, CeO2-TiO2, 10 wt% 
MnOx/CeO2-TiO2, and 20 wt% MnOx/CeO2-TiO2 at 175°C.  
Inlet Hg0=30-50 ppbv; carrier gas N2; GHSV=5000h-1. 

 From effluent 
concentration 

history 

From digestion 

CeO2 2.5 mg/g N/A 
CeO2-TiO2 8.5 mg/g 9 mg/g 
10 wt% MnOx/CeO2-TiO2 11 mg/g N/A 
20 wt% MnOx/CeO2-TiO2 37 mg/g 37 mg/g 

Table VI.3. 

Influence of SO2, NO, and CO on elemental mercury capacities of CeO2-TiO2 and 20 wt% 
MnOx/CeO2-TiO2, at 175°C.  Inlet Hg0=30-50 ppbv; carrier gas N2; GHSV=5000h-1. Data for 
CeO2 and 20 wt% MnOx/TiO2 shown for comparison. 

 

Elemental Mercury Capacity, mg Hg0/g 

N2 only 100 ppm SO2 
400 ppm NO 
400 ppm CO 

100 ppm SO2 
400 ppm NO 
400 ppm CO 

20 wt% MnOx/TiO2  >17 0 N/A N/A 

20 wt% MnOx/CeO2-TiO2  37 6.5 6.4 4.2 

CeO2-TiO2  8.5 5.6 5.2 5.4 

CeO2  3 N/A N/A N/A 
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VI.3.3 Simultaneous Capture of Elemental and Oxidized Mercury Using CeO2-TiO2 

 
One goal of the current project is 
simultaneous capture of elemental and 
oxidized mercury. To this end, the 
combined capture of elemental and 
oxidized mercury using ceria-titania 
was tested at 160°C using a nitrogen 
carrier with 30 ppbv Hg0 and 60 ppbv 
Hg2+.  The gas hourly space velocity 
(GHSV) was 5000 h-1. Typical effluent 
concentration histories are shown in 
Figures VI.8. In the combined capture 
experiments, the elemental mercury 
capacity was 8.0 mg/g, while the 
oxidized mercury capacity was 8.3-9.1 
mg/g.  The elemental mercury capacity 
in the combined capture experiments 
(8.0 mg Hg0/g) is similar to that 
observed for the capture of elemental 
mercury in the absence oxidized 
mercury (8.5-9.1 mg Hg0/g), suggesting 
that different adsorption sites may be 
involved in the capture of different 
mercury species. 

 
 
VI.3.4 Mechanism of Mercury Capture 
 
XPS measurements were performed on fresh 
and spent materials to determine the oxidation 
states of the elements in these materials and 
to understand nature of the interactions in the 
adsorbent system. The XPS spectra for O 1s, 
Ti 2p, Mn 2p, and Ce 3d for fresh CeO2, 
CeO2-TiO2, 10 wt% MnOx/CeO2-TiO2, and 
20 wt% MnOx/CeO2-TiO2 are presented in 
Figures VI.9 – VI.12. The corresponding 
binding energy values are presented in Table 
VI.4. As shown in Figure VI.9, the O 1s 
profile is generally broad and complex due to 
the nonequivalence of surface oxygen ions. 
The complex peak shape suggests that this 
peak is composed of multiple peaks arising 
from overlapping contributions of oxygen 
from ceria, titania, and MnOx present in the 

0 10 20 30 40 50

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
0
(Hg

2+
)=60ppbv

C
0
(Hg

0
)=30ppbv

Adsorbent amount=6.4mg

Oven T=160 C

Total flow rate=90ml/min

Total Hg
2+

capacity: 9.1mg/g

Total Hg
0
 capacity: 8.0mg/g

 Hg
2+

 Hg
0

C
/C

0

Time (hrs)
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combined capture of Hg0 and Hg2+ using CeO2-TiO2 
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Figure VI.9: O1s XPS spectra of MnOx/CeO2-
TiO2 materials before mercury absorption.  
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samples. The O 1s binding energy values 
reported for CeO2, TiO2 and MnO2 are 
530.1, 529.9 and 530 eV respectively 
[Wagner et al., 1978]. The O1s spectra 
obtained for fresh adsorbent samples are 
similar and signify the presence of several 
oxides. The 20 wt% Mn/CeO2-TiO2 
sample exhibited a broader O 1s spectrum 
than the other samples; this is likely due to 
the presence of crystalline MnO2 on the 
surface. XRD results confirm that 20 wt% 
Mn/CeO2-TiO2 contains crystalline MnO2.    
 
The Ti 2p spectra of fresh samples 
investigated in this study are presented in 
Figure VI.10. The Ti 2p photoemission 
spectrum of the CeO2-TiO2 support 
exhibited typical XPS peaks in the range of 
458.7-459.1 eV for Ti 2p3/2; these agree 
well with the values reported in the 
literature. For the MnO2/CeO2-TiO2 
samples, the binding energy of the Ti2p3/2 
peak varied between 457.6 and 459.3 eV 
[Biener et al., 2000; Wang and Madrix, 
2001], within the range reported in the 
literature for stoichiometric TiO2 surfaces. 
Hence, it can be inferred from the XPS 
results that the titanium in the samples is 
primarily confined to its highest oxidation 
state (IV).  
 
The core level spectra of Mn 2p (Figure 
VI.11) exhibited two peaks in the range 
640 – 658 eV. These peaks belong to the 
Mn 2p3/2 and Mn 2p1/2 electron spin states 
[Ji et al., 2008b]. These binding energy 
values suggest that Mn is in +4 oxidation 
state. As expected the intensity of the 
peaks increased as the MnOx content 
increased from 10 wt% to 20 wt%.  
 

 
Figure VI.10: Ti 2p XPS spectra of 
MnOx/CeO2-TiO2 materials before mercury 
absorption.  
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Figure VI.11: Mn 2p XPS spectra of 
MnOx/CeO2-TiO2 materials before mercury 
absorption.  
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The CeO2 3d photoelectron peaks of fresh samples used in this study are shown in Figure VI.12. 
The assignment of CeO2 3d photoelectron peaks is difficult because of the complex nature of the 
spectra; this complexity occurs not only because of multiple oxidation states but also because of 
the mixing of Ce 4f levels and O 2p states during the primary photoemission process. This 
hybridization leads to multiplet splitting of the peaks into doublets, with each doublet showing 
further structure due to final state effects. On the basis of the work of Burroughs et al. [1976], 
Pfau and Schierbaum [1994], and Creaser et al. [1994], the Ce 3d spectrum can be assigned as 
follows. Two sets of spin-orbital multiplets, corresponding to the 3d3/2 and 3d5/2 contributions are 
labeled as u and v, respectively. The peaks labeled v and v

 have been assigned to a mixing of 
the Ce 3d9 4f2 O 2p4 and Ce 3d9 4f1 O 2p5 Ce(IV) final states, and the peak denoted v


 
corresponds to the Ce 3d9 4f0 O 2p6 Ce(IV) final state. On the other hand, the peaks v0 and v
 are 
assigned to the Ce 3d9 4f2 O 2p5 and Ce 3d9 4f1 O 2p6 states of Ce (III). The same assignment 
can be applied to the u structures, which correspond to the Ce 3d3/2 levels. The deconvulated 
XPS pattern of CeO2 is presented in Figure VI.12(a); the spectrum exhibits a total of six peaks, 
which are due to the presence of the Ce4+ oxidation state. No peaks corresponds to Ce3+ was 
observed for this sample. On the other hand CeO2-TiO2 exhibits contributions from both Ce4+ 
and Ce3+ oxidation states. After impregnation with 10 wt% Mn the intensity of v 
and u
 peaks 
increased. As the MnOx loading increased from 10 wt% to 20 wt%, the peak intensity further 
increased. Generally, the Ce3+ content is determined by calculating the area under the peaks u', 

 
Figure VI.12: Ce 3d XPS spectra of MnOx/CeO2-TiO2 materials before mercury 
absorption.  
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and v'. However, the v
 line appears as a shoulder in the main v

 contribution, and so can be 
difficult to detect. The u
 line cannot be detected directly and is thus estimated from the intensity 
of v 
 .  [Bensalem et al., 1995].Therefore, the % of intensity of u''' peak to the total area is used to 
determine the surface concentration of Ce3+ in the mixed oxide in the literature. According to 
literature reports, in pure ceria percentage of the u''' peak is 14 [Mullins et al., 1998]. 

Table VI.4. 

Summary of binding energy (eV) from XPS analysis of fresh and spent adsorbent 
samples. 

O 1s Ce 3d 
Ti 2p 

Ti 2p3/2 Ti 2p1/2 

CeO2 
Fresh 531.0 919.1 -- -- 
Spent 531.3 917.1 -- -- 

CeO2-TiO2 
Fresh 530.9 916.5 458.9 464.8 
Spent 531.5 918.3 460.1 465.7 

10 wt% MnOx/CeO2-TiO2 
Fresh 531.0 918.1 459.3 465.1 
Spent 531.1 918.1 459.6 465.4 

20 wt% MnOx/CeO2-TiO2 
Fresh 530.8 918.8 458.8 464.4 
Spent 530.8 917.6 459.1 464.8 

 
Mn 2p Hg 4f 

Mn 2p3/2 Mn2p1/2 Hg 4f7/2 Hg 4f1/2 

CeO2 
Fresh -- -- -- -- 
Spent -- -- 102.7 113.1 

CeO2-TiO2 
Fresh -- -- -- -- 
Spent -- -- 105.1 118.5 

10 wt% MnOx/CeO2-TiO2 
Fresh 642.9 654.8 -- -- 
Spent 642.9 654.7 102.0 106.2 

20 wt% MnOx/CeO2-TiO2 
Fresh 642.7 653.8 -- -- 
Spent 642.4 653.9 101.6 105.7 

The percentage of 
the u''' peaks for 
the fresh samples 
before mercury 
absorption are 
presented in Table 
VI.5. In pure ceria 
the value appeared 
to be 14.02%, is 
good agreement 
with the literature 
reports. In ceria-
titania the value is 
13.9%, which 
suggests that 
incorporation of 
Ti4+ into the cubic 

 

 

Table VI.5. 
Summary of UIII percentages and surface atomic ratios for fresh and 
spent adsorbents. 

 
 % UIII Ti/Ce Ce/Mn Ti/Mn 

CeO2 
Fresh 14.02 -- -- -- 
Spent 12.33 -- -- -- 

CeO2-TiO2 
Fresh 13.9 0.154 -- -- 
Spent 7.97 1.896 

  

10 wt% MnOx-CeO2-TiO2 
Fresh 12.65 0.781 2.37 1.851 
Spent 11.43 1.844 1.782 3.286 

20 wt% MnOx-CeO2-TiO2 
Fresh 11.93 0.578 2.079 1.201 

Spent 10.74 2.036 1.337 2.723 
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ceria lattice results in the formation of only small amounts of Ce3+. After impregnation with 10 
and 20 wt% MnOx this value dropped to 12.65% and 11.93% respectively, indicating that MnOx 
impregnation enhances Ce3+ formation in the ceria-titania samples.   

 
To investigate changes in the materials due 
to mercury absorption, XPS measurements 
were performed on spent samples. Figures 
VI.13 - VI.17 show the O 1s, Ti 2p, Ce 3d, 
Mn 2p and Hg 4f core level spectra; the 
corresponding binding energy values are 
presented in Table VI.4. As can be seen in 
Figure VI.13, mercury adsorption on these 
materials results in extensive broadening of 
the O1s peak. This broadening indicates that 
the oxygen is not easily accessible at the 
surface due to the adsorption of mercury on 
the surface. 
 
The Ti 2p spectra of fresh samples 
investigated in this study are presented in 
Figure VI.14. The intensity of the Ti 2p 

peaks increased in spent (mercury-loaded) materials. These results suggest the surface 
enrichment of titanium due to mercury adsorption. In other words, titania did not adsorb any Hg 
and it remained on the surface, whereas both ceria and manganese oxide surfaces were covered 
by the mercury. The atomic ratios presented later support this observation.  
 

Similarly, the intensity of Mn 2p peaks 
(Figure VI.15) decreased in spent materials 
compared to fresh materials due to 
adsorption of mercury on the surface. 
Interestingly, no shift in the peak position 
was observed for Mn 2p spectra after 
mercury adsorption. This observation 
confirms that manganese does not form 
compounds with the mercury; it remains in 
the Mn4+ oxidation state.  

 
Ce 3d spectra for the spent are shown in 
Figure VI.16. After mercury absorption, the 
Ce 3d spectra of pure ceria exhibit 
contributions from both the Ce3+ and the 
Ce4+ oxidation states. This change is 
attributed to the formation of HgO on the 
surface of the ceria; the Hg 4f spectra are 
discussed below. Since mercury was loaded 
onto the solid from the gas phase in the 
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Figure VI.13: O1s XPS spectra of MnOx/CeO2-
TiO2 materials after mercury absorption.  
 

 
Figure VI.14: Ti 2p XPS spectra of 
MnOx/CeO2-TiO2 materials after mercury 
absorption.  
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absence of gas-phase oxygen and potential gas-phase oxygen donors, the investigators propose 
that mercury adsorbs on the ceria surface and reacts with lattice oxygen to form HgO and 
reducing some of the Ce4+ initially present to Ce3+. The Hg 4f spectra presented below are 
consistent this hypothesis. For ceria-titania, the percentage of the u''' peak decreased from 13.93 
to 7.97 (Table VI.5) after mercury adsorption, again suggesting that ceria-titania reacts with 
adsorbed mercury to form HgO and reduce a portion of the cerium. The data in Table VI.5 also 

indicate that more HgO was formed in ceria-
titania than in pure ceria. This greater 
formation of HgO can be attributed to 
distortion of the O2- sub lattice due to the 
incorporation titanium in to the cubic ceria 
lattice in the ceria-titania mixed oxide. This 
distortion permits a higher mobility of the 
lattice oxygen, effectively making the lattice 
oxygen more available. This hypothesis is 
consistent with literature reports the oxygen 
storage capacity of ceria-titania is much 
higher than that pure ceria [Reddy et al., 
2005]. On the other hand, for the 10 and 20 
wt% MnOx/CeO2-TiO2 samples the 
percentage of u''' peak decreased from 12.65 
to 11.43 and 11.93 to 10.74, respectively. 
These results suggest that in the MnOx 
impregnated samples most of the mercury 
adsorption takes place on the MnOx.  
 

The Hg 4f spectra of all the spent materials are presented in Figure VI.17. The Hg 4f spectra of 
pure ceria exhibit contributions from two components. The peak at lower binding energy is due 
to the elemental mercury, while the peak at higher binding energy is due to HgO. The peak due 
to the HgO is larger for ceria-titania than for pure ceria, due to the formation of more HgO in 
ceria-titania as explained above. The Hg 4f spectra for MnOx impregnated samples exhibits only 
peaks due to the elemental mercury. The Hg 4f spectra results agree well with the Ce 3d spectra 
results. The atomic ratios of Ti/Ce, Ce/Mn, and Ti/Mn before and after mercury adsorption are 
presented in Table VI.5. Impregnation with MnOx decreases the atomic ratios of Ce/Ti and 
Ti/Mn due to the formation MnO2 over the surface. The atomic ratios of Ti/Ce and Ti/Mn 
increased the after the mercury adsorption; these results confirm the surface enrichment of titania 
during mercury adsorption. On the other hand, the atomic ratio of Ce/Mn decreased after 
mercury adsorption.       
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Figure VI.15: Mn 2p XPS spectra of 
MnOx/CeO2-TiO2 materials after mercury 
absorption.  
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Figure VI.16: Ce 3d XPS spectra of MnOx/CeO2-TiO2 materials after mercury absorption.  
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Figure VI.17: Hg 4f XPS spectra of MnOx/CeO2-TiO2 materials after mercury absorption.  
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VII. Ceria Modified Manganese Oxide/Titania Materials for Simultaneous Removal of 

Elemental Mercury and NO from Flue Gas 

 

[A portion of the material from this chapter was presented at the 2010 AIChE 
National Meeting, Session 573] 

 

VII.1 Introduction 

 
The ultimate goal of the current project is the integrated removal of NOx with carbon monoxide 
as reductant and capture of mercury in a low temperature selective catalytic and adsorptive 
reactor.  Previous chapters describe the development of prototype LTSCR catalysts prototype 
mercury adsorbents; in particular, MnOx/TiO2 was found to be both an effective LTSCR catalyst 
and an effective mercury adsorbent.  This material was, however, susceptible to poisoning by 
sulfur dioxide.  A second set of prototype LTSCR catalysts, MnOx/CeO2-TiO2, were developed 
and found to be effective mercury adsorbents.  Mercury adsorption tests showed that the 
supported MnOx in these catalysts was also susceptible to sulfur dioxide poisoning; however, the 
CeO2-TiO2 support retained significant mercury capacity even in the presence of sulfur dioxide. 
This chapter reports on the application of the CeO2-TiO2-based materials for simultaneous 
removal of gas-phase Hg0 and NO. 
 
VII.2 Materials and Methods 
 
VII.2.1. Fixed-Bead Adsorption 
 
Fixed-bed adsorption tests were completed using the apparatus described in previous chapters. 
The majority of the tests were completed at an adsorption temperature of 175°C at a gas hourly 
space velocity (GHSV) of 102000 h-1. Gas phases included one or more of the following 
pollutants: 40 ppbv Hg0, 400 ppm NO, and 400 ppm CO; sources these materials are detailed in 
Chapter IV.  The balance of the gas phase was nitrogen.  The inlet and outlet gas streams were 
analyzed for mercury as described in Chapter IV.  The inlet and outlet gas streams were analyzed 
for nitrogen oxides as described in section VII.2.2 below. 
 
Prior to the removal tests reported here, empty-column tests were performed to determine if there 
was any removal of Hg0 or NO due to adsorption on the apparatus.  No such removal was 
observed; consequently, removals of Hg0 and NO reported below can be attributed to the 
materials being tested. Three materials were tested: CeO2-TiO2, 20 wt% MnOx/TiO2, and 20 
wt% MnOx/CeO2-TiO2; these materials were prepared as described in Chapters II and VI. 
 
VII.2.2. Nitrogen Oxide Measurement 
 
A major challenge in performing the combined NO/Hg0 capture experiments is determination of 
the NO concentration. The SCR studies described in previous chapters used a 
chemiluminescence detector to quantify gas-phase concentrations. However, the investigators 
had concerns regarding the introduction of mercury into the chemiluminscence detector; 
consequently, EPA Method 7E [US EPA, 2010] for determination of NOx emissions was 
adapted for use in this project.  In this method, NOx is captured in liquid-filled impingers; the 
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impinger liquid is then analyzed to determine the amount of NOx captured. This method uses a 
different impinger solution than that used for mercury determinations. 
 
Impinger Solution. The absorbing solution was prepared by dissolving 25 g of pure white phenol 
solid in 150 mL concentrated sulfuric acid on a steam bath.  After the solution cooled, 75 mL 
fuming sulfuric acid (15 to 18 percent by weight free sulfur trioxide) were added. The solution 
was then heated to 100°C and held for 2 hours. After preparation, the solution was stored in a 
dark, stoppered bottle. 
 
Gas Sampling. Gas sampling for NO quantitation was performed using the same impingers used 
for mercury quantitation; the entire gas stream leaving the column flowed through an impinger 
containing 25 ml of the absorbing solution for 0.5 hour.   
 
Processing of Impinger Solutions. After sample collection, impinger solutions were analyzed as 
follows. After gas contacting was complete, the impinger was aged for a minimum of two hours, 
after which it was shaken for 2 minutes.  The contents of the impinger were then transferred to a 
50 mL volumetric flask; the impinger was rinsed twice with 5 mL H2O and the rinse was also 
transferred to the volumetric flask. The pH was then adjusted to 9-12 by dropwise addition of 1N 
NaOH, and the solution was diluted to the mark with water. A 25 mL aliquot of the diluted 
solution was evaporated to dryness. 2 mL of a phenoldisulfonic acid solution was added to the 
dried residue, along with 1 mL water and 4 drops of H2SO4. The solution was then heated for 3 
minutess. After cooling, 20 mL of water were added and the pH was adjusted to 10 using 
concentrated ammonium hydroxide.  The mixture was transferred into a 100 mL volumetric flask 
and diluted to volume.  The concentration of the resulting solution was read using UV 
spectroscopy, based on an absorbance peak that appears in the 400-420 nm range.  The method 
was calibrated using standard solutions prepared with KNO3. 
 
VII.3 Results and Discussion 
 
VII.3.1 Single-Component Tests 
 
Prior to the combined removal tests, single-component tests were completed. Removal of 
elemental mercury is described in detail in Chapter VI; for convenience, these results are 
included in Table VII.1.  Results for removal of NO from 400 ppm NO + 400 ppm CO in the 
absence of Hg0 are summarized in Table VII.1. The CeO2-TiO2 support removed 680 mg NO/g 
support, the 20 wt% MnOx/TiO2 material removed 820 mg NO/g, and 20 wt% MnOx/CeO2-
TiO2 removed 1120 mg NO/g.  Since, as reported in Chapter VI, NO+CO interfere with the 
adsorption of Hg0 on all three of these materials, it is not surprising to observe that there is 
significant interaction of NO, CO, or both with the MnOx- and CeO2-containing materials. The 
observed removal of NO is also consistent with the SCR reaction mechanism proposed in 
Chapters II and III. 
 
VII.3.2 Simultaneous Removal of Hg

0
 and NO 

 
Effluent concentration histories for the simultaneous removal of Hg0 and NO at 175°C are shown 
in Figure VII.1 (CeO2-TiO2), Figure VII.2 (20 wt% MnOx/TiO2), and Figure VII.3 (20 wt%  
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Table VII.1. 
Hg0 and NO capacities of CeO2-TiO2, 20 wt% MnOx/TiO2, and 20 wt% 
MnOx/CeO2-TiO2 in single-component and simultaneous fixed-bed removal tests. 
GHSV = 102 000 h-1. 
  20 wt% MnOx/ 

CeO2-TiO2 
 

20 wt% MnOx/ 
TiO2 

 CeO2-TiO2 

 Hg0 
mg/g 

NOx 
mg/g 

 
Hg0 

mg/g 
NOx 
mg/g 

 
Hg0 

mg/g 
NOx 
mg/g 

40 ppbv Hg0 175°C 37 ---  17 ---  5.2 --- 

400 ppm NO 
400 ppm CO 

175°C --- 1116  --- 824  --- 676 

400 ppm NO 
400 ppm CO 
40  ppbv Hg0 

175°C 9.4 997  3.4 661  3.8 664 

400 ppm NO 
400 ppm CO 
40  ppbv Hg0 

200°C 6.3 706  6.6 847  3.3 845 

400 ppm NO 
40  ppbv Hg0 

175°C 8.6 1521  6.6 1402  3.8 746 

MnOx/CeO2-TiO2); the Hg0 and NO 
removals observed in these tests are 
included in Table VII.1. Mercury 
removals were consistent with the results 
reported in Chapter VI. NO removals 
were less than those observed in the 
absence of Hg0; the CeO2-TiO2, support 
removed 670 mg NO/g support, the 20 
wt% MnOx/TiO2 material removed 660 
mg NO/g, and 20 wt% MnOx/CeO2-TiO2 
removed 1000 mg NO/g. 
 
The preferred temperature for SCR using 
CO as a reductant and MnOx/TiO2 as a 
catalyst is 200°C, slightly higher than the 
175°C used for the mercury adsorption 
trials and the combined removal tests 
described immediately above.  An 
additional set of combined removal tests 
was completed at 200°C to assess the 
impact of this higher temperature.  It is 

difficult to draw clear conclusions about trends with temperature from the results of these 200°C 
tests, included in Table VII.1.  It appears that the increased temperature might improve the NO 
removal at the cost of reduced Hg0 removal, consistent with NO removal by reaction and Hg0 

 
Figure VII.1. Effluent concentration histories for  
fixed-bed simulaneous removal of Hg0 and NO 
using CeO2-TiO2. T=175°C, GHSV=102,000 h-1, 
Inlet gas composition = 40 ppbv Hg0, 400 ppm 
NO, 400 ppm CO, balance N2. 
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removal by chemisorption. The data do demonstrate that simultaneous removal of Hg0 and NO at 
200°C is possible. 
 

The majority of tests done in this study 
used an equimolar mixture of NO and CO, 
based on the intended use of CO as a 
reductant in SCR operation. The proposed 
mechanism for SCR operation using the 
metal oxide materials involves 
independent adsorption of NO and CO on 
a catalyst surface; it is assumed that this 
adsorption is the mechanism by which 
NO+CO interferes with mercury capture.  
To explore this possibility further, a set of 
simultaneous capture tests were completed 
at 175°C using a gas phase that contained 
40 ppbv Hg0, 400 ppm NO, and no CO. 
Results of these tests are included in Table 
VII.1. Surprisingly, NO removal increased 
significantly in the absence of CO, with 
little change in the observed Hg0 capacity. 
 
VII.3.3 Mechanistic Implications 
 
The data presented in sections VII.3.1-
VII.3.2 above raise interesting questions 
about the mechanism by which NO is 
removed from the gas phase.  Consider the 
behavior observed for CeO2-TiO2.  For 
this material, the observed elemental 
mercury removal at 175°C in the presence 
of NO is ~ 4 mg Hg0/g, completely 
consistent with mercury adsorption 
capacities reported elsewhere in this 
report. However, the same material 
removed ~ 670 mg NO/g under the same 
conditions.  This high removal argues 
against adsorptive capture of NO; the fully 
loaded adsorbent would be approximately 
40 wt% NO, and if the captured NO were 
restricted to the pore volume of the 
adsorbent, the density of the fluid in the 
pores would be approximately 1.6 g cm-3. 
 
One can also envision a mechanism in 
which NO reacts with either the cerium or 

 
Figure VII.2. Effluent concentration histories for  
fixed-bed simulaneous removal of Hg0 and NO 
NO using 20 wt% MnOx/TiO2. T=175°C, 
GHSV=102,000 h-1, Inlet gas composition = 40 
ppbv Hg0, 400 ppm NO, 400 ppm CO, balance 
N2. 
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Figure VII.3. Effluent concentration histories for  
fixed-bed simulaneous removal of Hg0 and NO 
NO using 20 wt% MnOx/CeO2-TiO2. T=175°C, 
GHSV=102,000 h-1, Inlet gas composition = 40 
ppbv Hg0, 400 ppm NO, 400 ppm CO, balance 
N2. 
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manganese in the solid matrix, and so becomes chemically incorporated into the matrix.  Since 
the material under consideration is 50 wt% CeO2 and 50 wt% TiO2, each gram of the material 
consists of 0.0029 gram-moles of CeO2 and 0.0063 gram-moles of TiO2. If 670 mg NO (0.0233 
gram-moles of NO) combine with this material, the molar ratio of N to Ce will be approximately 
8. This high apparent loading of N argues against incorporation of N into the solid matrix. By 
comparison, 4 mg Hg0/g results in a mercury loading of 0.007 moles Hg/mole Ce, which is 
stoichiometrically feasible. 
 
Similar calculations can be completed for 20 wt% MnOx/TiO2 and 20 wt% MnOx/CeO2-TiO2, 
leading to similar conclusions.  The data suggest that NO is in fact reduced by the three materials 
studied here.  It is not surprising that the MnOx-containing materials would show catalytic 
activity, but the high activity of the CeO2-TiO2 support was unexpected. 
 
The increase in catalytic activity in the absence of CO was also unexpected.  This result suggests 
that CO and NO compete for the some of the same surface binding sites and that under the 
conditions studied the reduction of NO does not use CO as a reductant. However, the reduction 
of NO to elemental N2 and O2 is thermodynamically favored under the conditions studied, and 
the absence of oxygen in the inlet gas also serves to drive the reduction reaction. 
 
The reaction mechanism proposed in Chapter III includes the following reactions: 
 

NO + S → NO*       (2) 
NO* + S → N* + O*       (3) 
N* + N* → N2 + 2S       (4) 
O* + O* → O2 + 2S       (11) 

 
These reaction steps provide a catalytic pathway for spontaneous SCR of NO in an oxygen-
deficient environment.  It is possible that the presence of significant amounts of oxygen in the 
flue gas will be sufficient to inhibit reaction (11); this possibility remains an open issue at the 
conclusion of this project. 
 
VII.4 Conclusions 
 
The combined removal of Hg0 and NO was studied at 175°C and 200°C using idealized gas 
phases that included only Hg0, NO, CO, and N2. The results of this study indicate the combined 
removal of Hg0 and NO can be obtained. The presence of Hg0 reduces the total amount of NO 
removed, and the presence of NO or NO+CO reduces the total amount of Hg0 removed. Mercury 
capacities are consistent with adsorption, while NO removal appears to be the result of catalytic 
reduction. Remarkably, this catalytic reduction of NO is observed even in the absence of CO. 
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VIII. Economic Analysis 
 
The capital and operating costs of the LTSCAR concept have been estimated and reviewed based 
on the optimal conditions generated from the bench- and pilot-scale experiments and have been 
compared to those for other post combustion technologies, including SCR and activated carbon 
injection.   
 
VIII.1 Approach 
 
The integrated removal tests described in Chapter VII indicate that at a GHSV of approximately 
100,000 h-1, initial NOx removals of approximately 40% were obtained using the CeO2-TiO2 
materials at 175°C at 400 ppm NOx. However, regardless of the presence of mercury in the 
reactor feed, catalytic activity steadily declined in each experiment over a period of 
approximately 12 hours. Consequently, it was judged to be premature to consider these materials 
as SCR catalysts ready for deployment in an LTSCAR. 
 
However, all of the CeO2-TiO2 materials developed in this study have significant mercury 
capacity (3-5 mg Hg0 g-1) at warm-gas conditions (175-200°C), even in the presence of NO, CO, 
and SO2. The nanostructured chelating adsorbents developed in this study have even higher 
capacities. Consequently, capital and operating cost scenarios were explored for three possible 
deployments of these materials as mercury adsorbents: 
 
Case 1: Construction of a separate adsorption unit using CeO2-TiO2 materials fabricated in forms 
similar to those used in current SCR catalysts. 
 
Case 2: Construction of separate fixed-bed adsorbers packed with nanostructured chelating 
adsorbents. 
 
Case 3: Integration of Hg capture chemistry based on CeO2-TiO2 materials into conventional 
SCR catalysts. 
 
Each case is discussed separately below. 
 
VIII.2 Case 1: Separate CeO2-TiO2 Adsorption Unit 
 
Current SCR catalysts are based on the use of a high-surface-area ceramic support that has been 
engineered for low pressure drop in flue gas applications. One of the findings presented in the 
sections above is that CeO2-TiO2 support can be used as a mercury adsorbent. Thus, the process 
option envisions fabrication of a CeO2-TiO2 that could be deployed in equipment similar to the 
equipment currently used for SCR. No ammonia or CO addition systems would be needed for 
this purely adsorptive application. Key design and economic assumptions are summarized in 
Table VIII.1. Four plant sizes were considered: 100 MW, 250 MW, 300 MW, and 500 MW. 
 
Initial capital outlays ranged from $9.9 MM ($99/kW for the 100 MW plant) to $29.2 MM 
($58/kW for the 500 MW plant). These initial investments are significantly larger than typical 
investments for either activated carbon injection (ACI), which requires $8-10/kW, or oxidation 
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technologies, which require $2-4/kW [NESCAUM, 2010]. The estimated initial capital 
investment in this study is likely to be extremely conservative; the adsorption unit was sized and 
costed as an SCR unit with no ammonia feed and is likely oversized and more complex than 
what is needed for a purely adsorptive unit. 
 
Annual costs for each case are summarized in Table VIII.2. Total annual costs ranged from 
$8,000/lb Hg to $11,200/lb Hg (1.3-1.8 mills/kWh). These costs, which include capital recovery, 
compare favorably with the reported costs for ACI ($18,000/lb Hg - $50,000/lb Hg or 1-3.5 
mills/kWh) and oxidation technologies ($15,000/lb Hg or 1.5 mills/kWh) [NESCAUM, 2010].  
The annual costs are driven strongly by capital recovery costs, which, as noted above, are likely 
significantly overestimated. The second most significant cost driver is for the adsorbent, which 
in this case is not too expensive ($5/lb) but has a low capacity.  In this configuration, adsorber 
design appears to be the critical factor driving mercury capture cost. 
 
VIII.3 Case 2: Separate Fixed-Bed Adsorber Using Nanostructured Chelating Adsorbent 
 
In Case 2, which was developed in cooperation with the Ohio Coal Development Office (grants 
OCRC4-06-03-A3.7 and subsequent) a traditional adsorber design was used. Key assumptions 
are summarized in Table VIII.3. A single fixed-bed adsorber for a coal-fired power plant will 
have an extremely large footprint due to the low superficial gas velocity required for good 
adsorber performance an acceptable pressure drop. Consequently, the adsorber diameter was 
fixed at 25 ft and the optimum gas velocity was determined to minimize the mercury capture cost 
in $/lb Hg. This velocity was then related to a power generation capacity to establish costs on a 
power generation bases. The optimum gas throughput was found to be about 2500 ACFS; at this 
point, the pressure drop across the adsorbent bed was approximately 3.5 in wc. 
 
The initial capital outlay was estimated to be $5.0/kW for this case; a single 25 ft bed can 
process the flue gas from 40 MW of generation capacity. This initial investment is competitive 
with typical investments for ACI ($8-10/kW) and oxidation technologies ($2-4/kW) 
[NESCAUM, 2010]. It is possible that the capital outlay is underestimated for larger plants in 
which interconnecting ductwork might be significantly more complex, especially in retrofit 
situations. 
 
The annual costs for this case are summarized in Table VIII.4. The total annual costs is estimated 
to be $3,000/lb Hg (0.4 mills/kWh), which compares favorably with the reported costs for ACI 
($18,000/lb Hg - $50,000/lb Hg or 1-3.5 mills/kWh) and oxidation technologies ($15,000/lb Hg 
or 1.5 mills/kWh) [NESCAUM, 2010].  The annual costs for Case 2 are driven strongly by the 
cost for electricity; the second most significant cost driver is for the adsorbent, which in this case 
is moderately expensive ($42/lb) but has a high capacity. In this configuration, adsorber design 
to minimize pressure drop and reduction of adsorbent costs provide a significant opportunity to 
improve process economics. 
 
VIII.4 Case 3: Integration of Hg Capture Into Conventional SCR Catalyst 
 
This is the most speculative scenario considered. The observed mercury capacity of the CeO2-
TiO2 support is weakly temperature-dependent, so it is possible that the support retains some 



Final Scientific Report 

 

68 
 

mercury capacity at the temperatures typically used in current SCR operations. If this is the case, 
it should be possible to integrate mercury capacity directly into the SCR catalyst by replacing 
TiO2 with CeO2-TiO2. In this case, there is no incremental capital cost to integrate mercury 
capture into the SCR unit. An incremental operating cost will be incurred due to increased 
catalyst cost; in the analysis below, it is assumed that the unit catalyst cost increases by 50% due 
to the change in support. In addition, the spent catalyst will include 0.2% mercury and might be 
considered hazardous due to the mercury content. To account for this possibility, a catalyst 
disposal cost of $500/ton was included.  
 
Assuming the CeO2-TiO2 support retains 2 mg/g mercury capacity at SCR conditions, a single 
catalyst layer in a typical SCR unit [EPA, 2002] should have enough capacity to capture the 
mercury emitted over the course of a single year, a two-layer unit with annual replacement of a 
single catalyst layer would be sufficient to capture the emitted mercury. Under these 
assumptions, the annual cost for this case will be $1,400/lb Hg or 0.23 mills/kWh, making this 
speculative arrangement an attractive option compared to ACI and oxidation technologies. The 
potential benefits of this scenario – minimal capital investment and low mercury capture cost – 
justify additional study of the high-temperature mercury capacity of CeO2-TiO2. 
 
VIII.5 Conclusions 

The materials developed and characterized in this project can be used to capture mercury at 
annualized costs competitive with activated carbon injection and oxidation technologies. 
Deployment of CeO2-TiO2 support strictly as a mercury adsorbent involves much larger capital 
investment than competing technologies; the use of a nanostructured chelating adsorbent in a 
traditional fixed bed arrangement has significantly lower capital requirements. If the mercury 
capacity of the CeO2-TiO2 support can be retained at traditional SCR conditions, the most 
economically attractive option is modification of the SCR catalyst support to integrate the 
mercury capture and SCR operations. 
 
Table VIII.1. Design and economic assumptions Case I, deployment of CeO2-TiO2 as a mercury 
adsorbent. 
Adsorbent inventory Sufficient for one year continuous operation  
Pressure drop 1” wc per layer + 3” in ducting [EPA, 2002] 
Superficial velocity 16 ft/s [EPA, 2002] 
Mercury capacity 3 mg/g  
Flue gas rate 3590 CFM at 325°F  
Mercury concentration 20 µg/DSCM  
Uncontrolled NOx  20 lb/ton coal [EPA, 1995] 
Coal Heating Value 12,500 Btu/lb  
Net Plant Heat Rate 9.5 MMBTU/MWh [EPA, 2002] 
Project lifetime 20 years  
Interest rate 7%  
Electricity cost $0.06/kWh  
Adsorbent cost $240/ft3 or approximately $5/lb [EPA, 2002] 
Capital costs  [EPA, 2002] 
Cost factors  [EPA, 2002] 
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Table VIII.2. Cost estimates for Case 1 (adsorber design analogous to traditional SCR design). 
Plant Capacity 100 MW 250 MW 300 MW 500 MW 
Total Capital, $MM $9.89 $18.27 $20.67 $29.21 
                         $/kW $98.9 $73.1 $68.9 $58.4 
Total Annual Cost 
   Capital Recovery, $/lb Hg 59.9% $6,732 54.0% $4,977 52.8% $4,691 49.4% $3,978 
   Adsorbent, $/lb Hg 23.0% $2,590 28.1% $2,590 29.2% $2,590 32.2% $2,590 
   Maintenance, $/lb Hg 9.5% $1,070 8.6% $791 8.4% $745 7.8% $632 
   Power, $/lb Hg 7.6% $853 9.3% $853 9.6% $853 10.6% $853 
   Total Cost, $/lb Hg $11,244 $9,211 $8,879 $8,053 
   Total Cost, mills/kWh 1.78 1.46 1.41 1.27 

 
 
Table VIII.3. Key design and economic assumptions for Case 2, deployment of 25 wt% 
[bmim]Cl-MPTS silica as a mercury adsorbent in standard fixed-bed operation 
Adsorbent inventory Sufficient for one year continuous operation 

Bed depth at least 10x particle diameter 
 

Pressure drop Pressure drop in bed from Ergun equation 
Pressure drop in ducting assumed optimum 
velocity 

 

Superficial velocity 16 ft/s [EPA 2002] 
Adsorber diameter 25 ft  
Mercury capacity 50 mg/g  
Flue gas rate 3590 CFM at 325°F  
Mercury concentration 20 µg/DSCM  
Coal Heating Value 12,500 Btu/lb  
Net Plant Heat Rate 9.5 MMBTU/MWh [EPA 2002] 
Project lifetime 20 years  
Interest rate 7%  
Electricity cost $0.06/kWh  
Adsorbent cost $42/lb  
Capital costs  [EPA 2002] 
Cost factors  [EPA 2002] 
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Table VIII.4. Cost estimates for Case 2 (traditional fixed-bed 
adsorber design) and Case 3 (integration of mercury capture 
capacity into traditional SCR catalyst). 
Total Capital, $/kW $5.04 $0.00 
Total Annual Cost 
   Capital Recovery, $/lb Hg 19.7% $575 0.0% $0 
   Adsorbent, $/lb Hg 28.7% $840 90.4% $1,295 
   Other, $/lb Hg 19.1% $560 9.6% $138 
   Power, $/lb Hg 35.2% $949 0.0% $0 
   Total Cost, $/lb Hg $2,924 $1,433 
   Total Cost, mills/kWh 0.42 0.23 
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IX. Conclusions 
 
Coal will likely continue to be a dominant component of power generation in the foreseeable 
future, both in the US and globally. This project addresses the issue of environmental compliance 
for two important pollutants: NOx and mercury. Integration of emission control units for these 
pollutants is enormously attractive, since compliance with new regulations can be achieved with 
a minimal retrofit footprint and at a reduced cost. The overall goal of this project was to advance 
the development of a novel, integrated system for the simultaneous removal of NOx and mercury. 
The system envisioned is a Low Temperature Selective Catalytic and Adsorptive Reactor 
(LTSCAR) in which NOx removal is achieved in a traditional SCR mode but at low temperature, 
and, uniquely, using carbon monoxide as a reductant. The capture of mercury is integrated into 
the same process unit. Such an arrangement would reduce mercury removal costs significantly, 
and provide improved control for the ultimate disposal of mercury. The specific objectives for 
this project are: (1) Tailoring existing bi-metallic catalysts for low temperature NOx removal 
with carbon monoxide as reductant; (2) The development of the above catalyst(s) for extended 
tolerance to SO2 and H2O; (3) Tailoring a novel existing adsorbent for the capture of Hg0 and 
Hg2+ at high capacity in a LTSCAR; (4) A study of speciation of Hg in the LTSCAR; and (5) 
Performance evaluations of the LTSCAR in simulated coal-fired utility flue gases.  
 
IX.1 Adsorbents for Simultaneous Capture of Elemental and Oxidized Mercury 
 
One approach to implementing a LTSCAR is to integrate separate catalyst and adsorbent 
materials in the same unit, either in mixed or sequential beds. Following this approach, a key 
problem is simultaneous capture of elemental and oxidized mercury. Since capture of elemental 
mercury is more challenging that capture of oxidized mercury, work in this project was focused 
on finding adsorbents with high elemental mercury capacities. Nanostructured chelating 
adsorbents were the core technology used in this approach; in these adsorbents, chelating groups 
are grafted on to the adsorbent surface. The chelating groups tightly bind adsorbed mercury. To 
provide an appropriate chemical environment for the chelation reaction, the adsorbent is coated 
with a room temperature ionic liquid (RTIL). 
 
The chemistry of the RTIL is a critical factor in the performance of the nanostructured chelating 
adsorbent. Six different RTILs were successfully synthesized and found to be thermally stable 
above 160°C, the target temperature of the application for fixed-bed adsorption of mercury from 
the gas phase. It was also discovered that changing the anion of the RTILs from non-halogen to 
chlorine dramatically decreases the thermal stability of the RTIL, reducing the allowable 
operating temperature by at least 125°C. This observation is consistent with literature reports.  
 
The capture of elemental mercury using these RTILs does not appear to involve oxidation of the 
mercury by the RTIL. The formation of a complex between Hg0 and ions in RTIL might be the 
capture mechanism for elemental mercury. The higher oxidized mercury capacities of RTILs 
with a chlorine anion are believed to be due to the facilitated dissociation of HgCl2 with these 
RTILs. The higher hydrogen-bond basicity and dipolarity of these Cl- based RTILs are probably 
the characteristics underlying the improved HgCl2 dissociation.   
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1-butyl-3-methyl-imidazolium chloride ([bmim]Cl) is a promising candidate RTIL for the 
simultaneous removal of oxidized and elemental mercury. 25 wt% [bmim]Cl coated MPTS-silica 
has a mercury capacities of at least 38 mg Hg2+/g adsorbent and a 10 mg Hg0/g elemental 
mercury saturation capacity in separate fixed-bed adsorption experiments at 160°C. 
 
IX.2 Integration of Mercury Capture and NOx Removal 

 
Comparison of activities among selected promoted transition metal oxides (Cu, Ni, Fe, Mn, Cr) 
indicates that titania supported manganese oxide show promising NO reduction activity in the 
presence of oxygen at a temperature of 200°C. It is remarkable to note that the SCR activity of 
10 wt% MnOx/TiO2 catalyst is increased and quite stable in the presence of oxygen. In the 
present study, NO+CO reaction leading to the formation of N2 and CO2 is highly selective over 
MnOx/TiO2 catalyst even in the presence of oxygen. Characterization results revealed that the 
high surface area, the redox nature of the catalyst and manganese oxide phase play an important 
role in achieving high activity for CO+NO reaction. This procedure can be applied to stationary 
and/or mobile sources of NOx. 
 
In situ FTIR studies of this catalytic system showed that the observed behavior of MnOx/TiO2 
catalyst is consistent with the following reaction mechanism, where S� is a surface site and * 
indicates an adsorbed species: 
 
 

CO � S� � CO� (1) 

 
NO � S� � NO� (2) 

 
NO� � S� � N� � O� (3) 

 
N� � N� �N
 � 2S� (4) 

 
NO� � N� �N
O

� � S� (5) 

 
N
O

� � CO� �N
 � CO
 � 2S� (6) 
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 � 2S� (7) 
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 � O
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N
O
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O� � O� �O
 � 2S� (11) 

 
The effectiveness of MnOx/TiO2 catalysts for LTSCR, in combination with the reported 
elemental mercury adsorption capacity of some metal oxides, suggests that the MnOx/TiO2 
catalysts may be effective adsorbents for vapor phase mercury.  A preliminary test of this 
hypothesis was completed by measuring, in fixed-bed adsorption trials, the elemental mercury 
capacity of both fresh catalyst and catalyst that had been previously used for LTSCR using CO 
as the reductant. It was found in a control experiment that the titania support had negligible 
mercury capacity. Using gas phases consisting of nitrogen and, optionally, water vapor, the 10 
wt% MnOx/TiO2 catalyst had an elemental mercury capacity up to 17 mg Hg0/g adsorbent at 



Final Scientific Report 

 

73 
 

temperatures of 175 - 200°C. However, the presence of 100 ppm SO2 dramatically reduced the 
elemental mercury capacity of the catalyst. XPS investigations of fresh and mercury-loaded 
catalyst suggest that elemental mercury capture occurs via the following mechanism: 
 
 

Hg�g� � S� � Hg� (12) 

 
Hg� �  MnO
 �HgO� �MnO (13) 

 
HgO� �  MnO
 �HgMnO� (14) 

 
It appears that the captured mercury is incorporated into the non-stoichiometric MnOx lattice. 
The influence of sulfur dioxide is attributed to the formation of surface manganese sulfate 
species. 
 
To address the problem of sulfur dioxide tolerance, the effects of incorporating ceria into the 
support were investigated. A series of prototype catalysts were studied: CeO2, CeO2-TiO2, 20 
wt% MnOx/TiO2, and 20 wt% MnOx/CeO2-TiO2. Initial fixed-bed elemental mercury capture 
tests were completed at 175°C using a gas phase that included only nitrogen and elemental 
mercury. The measured mercury capacities followed the trend  20 wt% MnOx/CeO2-TiO2 (37 
mg Hg0/g) > 20 wt% MnOx/TiO2 (> 17 mg Hg0/g) > CeO2-TiO2, (8.5 mg Hg0/g) > CeO2, (3.0 
mg Hg0/g). These results show that both the ceria-titania support and the manganese oxide layer 
have significant elemental mercury capacity, and that the incorporation of titania into the ceria 
lattice structure increases elemental mercury capacity. When 100 pppm SO2 was added to the gas 
phase, the elemental mercury capacity of the ceria-titania materials dropped to 5.6-6.5 mg Hg0/g, 
suggesting that the influence of sulfur dioxide is due principally to interactions with the 
manganese oxide surface layer. The ceria-titania support was relatively insensitive to the 
presence of sulfur dioxide in the gas phase. The inclusion of 400 ppm NO and 400 ppm CO had 
an effect similar to that observed for 100 ppm SO2, with observed mercury capacities of 5.2-6.4 
mg Hg0/g. Interestingly, when the gas phase included all three of these pollutants (100 ppm SO2, 
400 ppm NO, and 400 ppm CO), the observed mercury capacity was still in the range of 4.2-5.4 
mg Hg0/g. Since the elemental mercury capture behavior of ceria-titania is insensitive to the 
presence of key pollutants, the use of this material for the simultaneous capture of elemental and 
oxidized mercury was tested. In fixed-bed tests at 175°C using pure nitrogen as a carrier gas, 
ceria-titania captured 8.0 mg Hg0/g and 9.1 mg Hg2+/g.  This result indicates that ceria-titania is 
a promising adsorbent material for the simultaneous capture of elemental and oxidized mercury 
under warm-gas conditions.  XPS studies of all four materials before and after exposure to 
elemental mercury suggest that the primary mechanism for mercury capture by the support 
material is oxidation of the mercury by Ce(IV), accompanied by reduction of cerium to Ce(III). 
 
IX.3 Tests of Simultaneous Removal of Mercury and NOx 
 
Since the ultimate goal of the current project is the integrated removal of NOx with carbon 
monoxide as reductant and capture of mercury in a low temperature selective catalytic and 
adsorptive reactor, the ceria-titania-based materials were tested for the simultaneous removal of 
gas-phase Hg0 and NO. In the absence of mercury, the CeO2-TiO2, support removed 680 mg 
NO/g, the 20 wt% MnOx/TiO2 material removed 820 mg NO/g, and 20 wt% MnOx/CeO2-TiO2 
removed 1120 mg NO/g.  Since NO+CO interfere somewhat with the adsorption of Hg0 on all 
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three of these materials, this result is not surprising; the observed removal of NO is also 
consistent with the SCR reaction mechanism presented above. In tests for the simultaneous 
removal of mercury and NO, NO removals were less than those observed in the absence of Hg0; 
the CeO2-TiO2, support removed 670 mg NO/g, the 20 wt% MnOx/TiO2 material removed 660 
mg NO/g, and 20 wt% MnOx/CeO2-TiO2 removed 1000 mg NO/g. Interestingly, NO removal 
capacity in the absence of CO was greater than that observed for equimolar NO and CO; the 
CeO2-TiO2, support removed 750 mg NO/g support, the 20 wt% MnOx/TiO2 material removed 
1402 mg NO/g, and 20 wt% MnOx/CeO2-TiO2 removed 1520 mg NO/g. The observed NO 
removals are too large to be the result of either adsorption or chemical incorporation into the 
solid phase, and so are attributed to catalytic reduction of NO through steps (2), (3), (4), and (11) 
of the reaction mechanism presented above. 
 
IX.4 Final Comments 
 
The work completed in this project demonstrates 
1. The use of CO as a reductant in LTSCR is technically feasible. In direct tests of 

LTSCR using CO as a reductant, high NOx removals were obtained using 10 wt% 
MnOx/TiO2 and 20 wt% MnOx/TiO2. 

2. The simultaneous warm-gas capture of elemental and oxidized mercury is 

technically feasible. Materials have been developed that have reasonable capacities for 
elemental and oxidized mercury, [bmim]Cl-MPTS-Silica, CeO2-TiO2, MnOx/CeO2-TiO2. 
These materials tightly bind mercury, either by chelation or by incorporation into the 
ceria-titania lattice structure. Simultaneous warm-gas capture of elemental and oxidized 
mercury was demonstrated for CeO2-TiO2.  

3. Integrated removal of mercury and NOx is technically feasible. Integrated removal 
was demonstrated using CeO2-TiO2-based materials. 

4. Mercury removal using either CeO2-TiO2 or nanostructured chelating adsorbents is 

likely to be economically competitive with activated carbon injection and oxidation 

technologies. Process economics favor integration of the SCR and mercury capture 
operations. 

5. Integration of mercury capture capability into existing SCR catalysts has the 

potential for significant reduction in mercury capture costs. Actual mercury 
capacities for CeO2-TiO2 at conventional SCR conditions are needed to assess this result 
more comprehensively. 

6. Ceria-titania materials have improved SO2 tolerance, but this SO2 tolerance does 

not extend to MnOx surface layers. 
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