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Abstract 

Molybdenum (Mo)-vanadium (V)-based selective catalytic reduction (SCR) catalyst 

synthesized by the sequential impregnation of Mo and W followed by V was investigated for 

simultaneous elemental mercury (Hg(0)) oxidation and nitrogen oxide (NO) reduction in an 

existing SCR unit with respect to different TiO2 phases, calcination temperatures, flue gas 

constituents, gas velocities, and reaction temperatures.  Anatase phase TiO2 and the calcination 

temperatures of 400 and 500 °C resulted in ~69% Hg(0) oxidation at 10 ppmv HCl and 350°C.  

The high calcination temperature of 700 °C resulted in TiO2 phase transformation from anatase to 

rutile and agglomeration.  The modified SCR catalyst prepared with the impregnation sequence of 

Mo and W followed by V using anatase TiO2 and calcination temperature 500 °C showed ~99% 
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Hg(0) oxidation and 87% NO reduction conversions at an NH3/NO molar ratio of 0.9 under 350 

°C and 5,000 hr-1 space velocity in typical  sub-bituminous and lignite coal simulated flue gases.  

The effects of these parameters and conditions were further investigated using various 

characterization techniques including BET, TEM, XRD, NH3 TPD and XAFS.   

Keywords: mercury oxidation, nitrogen oxide reduction, SCR catalyst, calcination temperature, 

and bimetallic catalyst. 

 

1. Introduction 

Coal-fired power plants are considered to be responsible for over 30% (>44 tonnes) 

mercury emissions from all kinds of anthropogenic sources every year in the United States.[1]  

There exist three different types of mercury in coal combustion exhaust gas including particulate-

bound (Hgp), oxidized (Hg2+), and elemental (Hg0).[2]  Hgp and Hg2+ can be easily separated using 

current conventional air pollution control systems, such as baghouse filter, electrostatic 

precipitator (ESP) and wet flue gas desulfurization (FGD).[3]  Nevertheless, it is very challenging 

to separate Hg0 species because it is highly volatile, very low in concentrations, and nearly 

insoluble in water.  The Mercury and Air Toxics Standards (MATS) rule issued in 2012 the 

mercury emissions limits of 1.2 and 0.015 lb/TBtu (or 0.013 and 0.0002 lb/GWh) from existing 

and new coal-fired power plants, respectively.  These regulation limits for existing and new coal-

fired power plants are equivalent to ~90+ and ~99+% on a monthly rolling average basis, 

respectively.  Therefore, the separation of Hg0 is imperative to successfully comply with the current 

stringent regulations. 

Existing mercury control technologies in the market include sorbent injection, fuel 

additives, selective catalytic reduction (SCR) optimization, and Hg2+ separation from wet FGD 
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system.  Sorbent injection uses raw or chemically-modified activated carbon to collect Hg0 and 

Hg2+.[2-4]  However, the cost is expensive.[5]  Fuel additives including chlorine and bromine salts 

can be added to the power plant boiler to improve the Hg0 oxidation capability.[6-8]  However, it 

generally requires high halogen addition and can also cause a corrosion problem in the air preheater.  

Previous studies demonstrated that ~15% to 68% of Hg0 vapor could be converted into Hg2+ form 

over SCR catalyst with HCl.[9-11]  Currently, SCR units and wet FGD systems have been 

equipped in most coal-fired power plants.  The number of SCR and wet FGD unit installations has 

increased due to the Cross State Air Pollution Rule (CSAPR) regulating NOx and SO2 emissions 

more stringently from fossil fuel-fired power plants in 27 states from 2012 in the United States.   

The Hg0 to Hg2+ conversion over the SCR unit provides an opportunity to capture Hg2+ in a 

downstream wet FGD system to lower both mercury and NOx emissions. 

V2O5-WO3 or V2O5-MoO3 supported on TiO2 are widely used as commercial SCR catalysts 

to reduce NOx.[12-14]  Previous studies on Hg0 oxidation over V2O5-WO3/TiO2 reported limited 

Hg(0) oxidation capability under the condition of low HCl concentrations in sub-bituminous and 

lignite coal combustion flue gases.[9, 15, 16]  To enhance the Hg0 oxidation capability under low 

HCl concentrations, additional active metals such as Mn, Ce, Ru, Cu, and Fe have been attempted 

to optimize conventional SCR catalyst formulas.[17-24]  However, all the above modified 

catalysts need additional equipment installations or changes in different operating temperatures.  

A few studies have been taken to explore Hg0 oxidation over V2O5-MoO3/TiO2.  A V2O5(5%)-

MoO3(5%)/TiO2 catalyst synthesized using a sol-gel technique reported an up to 28% 

improvement in Hg0 oxidation activity relative to an in-house V2O5(5%)/TiO2 catalyst under 6%(v) 

O2 and no HCl at 350 ºC.[25]  A previous study using V2O5(5%)-MoO3(5%)/TiO2 reported that 

HCl and NO gases could positively affect Hg0 oxidation activity while H2O, SO2, and NH3 gases 
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showed an inhibitory effect.[26]  The Hg(0) oxidation activity of the catalyst was higher than that 

of a fresh commercial SCR catalyst (V2O5(3.30%)-WO3(2.27%)/TiO2) regardless of NH3 under 

actual flue gas conditions.[27] 

Our previous study reported that the modified SCR catalyst prepared using the 

impregnation sequence of Mo and W followed by V exhibited ~69% Hg0 oxidation activity at 10 

ppmv HCl and 350 °C.[28]  Meanwhile, the NO reduction activity was ~80% with respect to 

various metal loadings and impregnation sequences.  The objective of this study is to examine the 

simultaneous Hg(0) oxidation and NO reduction in terms of different TiO2 phases, calcination 

temperatures, flue gas constituents, gas velocities, and reaction temperatures over our Mo-V-based 

SCR catalyst.  Different characterization techniques were employed to understand potential 

relationships between the different preparation conditions and catalytic activities.  The study 

results can provide fundamental understanding and scientific insights for simultaneous mercury 

and NOx emissions control in an existing SCR system. 

2.  Experimental 

2.1. Catalyst synthesis 

In this work, our Mo-V-based SCR catalyst was synthesized using incipient wetness 

impregnation with different TiO2 supports and calcination temperatures.[29]  It is the most widely 

cited method for supported metal oxide catalysts due to its simplicity and the ease of scalability.[30]  

Anatase TiO2 (DT-51, from Cristal), mixed anatase/rutile TiO2 (P25, from Sigma Aldrich) and 

rutile TiO2 (STR-100W, from Sakai Chemical) were selected as the catalyst supports, respectively.  

Four different temperatures 400, 500, 600 and 700 °C were chosen as the calcination temperatures, 

respectively.  The detailed synthesis procedures are shown in our previous publication.[28]  The 

previous work demonstrated that the Mo-V-based SCR catalyst containing 0.5 wt.% V2O5, 7 wt.% 
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MoO3 and 3 wt.% WO3 with the impregnation sequence of Mo and W followed by V (i.e. 

MoO3(7)+WO3(3)→V2O5(0.5)/TiO2) had the best activity.  Therefore, the same impregnation 

sequence and loading percentages of the metals have been used to prepare the modified SCR 

catalyst samples with different TiO2 supports and calcination temperatures.  The synthesized 

samples were designated as MoO3+WO3→V2O5/TiO2 A B, where A and B represented TiO2 

support and calcination temperature, respectively.  Co-impregnation method was utilized to 

synthesize V-based conventional SCR catalyst with 0.5 wt.% V2O5 and 9 wt.% WO3.  This sample 

was denoted as V2O5+WO/TiO2 DT-51 CT500.  The pelletized catalyst was employed to conduct 

the catalytic activity test.  The powdered catalyst was employed to carry out characterization 

analysis after grinding the pelletized catalyst.    

2.2. Activity tests 

The catalytic activity tests of the Mo-V-based SCR catalyst in terms of different TiO2 

supports and calcination temperatures were conducted in a fixed-bed reactor system as illustrated 

in Fig. 1 to evaluate their Hg0 oxidation and NO reduction efficiencies.  Hg0 vapor was brought 

into the system by introducing 100 ml/min N2 through a mercury permeation tube (VICI Metronics) 

located in a calibration gas generator oven (Dynacalibrator, VICI Metronics) and ~15 ppbv Hg(0) 

was used as a typical inlet concentration.  All of the simulated flue gas constituents regulated 

through mass flow controllers were produced using gas cylinders and specified in Results and 

Discussions part.  Water vapor was fed into the system through controlling the temperature of a 

water bubbler.  The total flow rate of the simulated coal combustion flue gas was fixed at 1 L/min.  

Typically, a quartz reactor with a 16 mm inner diameter containing ~1.72 g of catalyst pellets was 

used to conduct the activity tests.  The quartz reactor was placed in the center of a vertical oven 

equipped with a temperature controller.  These tests were run under a gas hourly space velocity 
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(GHSV) of 40,000 hr-1 at 350 ºC to examine the catalytic activities of Hg(0) oxidation and NO 

reduction in terms of different TiO2 supports and calcination temperatures.[16]  When the effect 

of GHSV on the activities was investigated, a different catalyst amount was used to set the GHSV 

inside the reactor.   

During all the catalytic activity tests, a cold vapor atomic absorption spectrophotometer 

(CVAAS, Model 400A, Buck Scientific Inc.) combined with Ontario Hydro Method was used to 

measure mercury concentrations at the inlet and outlet of the system.  Two different impinger 

solutions: 1 M KCl and 4%(w/v) KMnO4/10%(v/v) H2SO4 were employed to collect oxidized 

mercury and Hg0 vapor, respectively.  A Micro Emission Analyzer (Model 500, Enerac LLC) was 

employed to determine NO inlet and outlet concentrations.  The activities of Hg0 oxidation and 

NO reduction were calculated based on the inlet and outlet Hg(0) and NO concentrations as shown 

below. 

 (1) 

 (2) 

2.3. Catalyst characterization 

The Brunauer-Emmett-Teller (BET) surface area, pore volume and pore diameter of the 

Mo-V-based SCR catalysts were determined at 77 K by nitrogen adsorption using Micromeritics 

ASAP 2020.  The catalyst morphology was analyzed using a FEI CM 20 transmission electron 

microscope (TEM).  Isopropyl alcohol (IPA) was utilized to spread the ground catalyst to ensure 

that the catalyst powder was uniformly dispersed over a copper grid for TEM analysis.  
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The X-ray powder diffraction (XRD) analysis was conducted under an X’Pert Pro MPD 

X-ray diffractometer to measure the crystalline structure of the samples.  The XRD diffractometer 

was equipped with Cu Kα radiation (λ=0.1543 nm).  The ground catalyst powder was packed into 

a sample holder.  The sample was scanned under a step time of 0.5 s in a range of 10° to 60° (2θ) 

with a step size of 0.02°. 

Temperature-programmed desorption of NH3 (NH3-TPD) was conducted using AutoChem 

2910 to determine the surface acidity of the sequentially modified SCR catalysts on different 

substrates.  In a typical pretreatment process, ~100 mg catalyst was heated up to 500 °C with a 

ramp rate of 20 °C/min and held at this temperature for 1 hr under 20 ml/min He.  Then, the sample 

was cooled down to room temperature and saturated with 4% NH3 balanced with He at 30 ml/min 

for 30 min.  At the end of the saturation procedure, pure He at 20 ml/min was used to flush over 

the sample for 30 min to remove weakly adsorbed NH3.  The thermal conductivity detector (TCD) 

signal was recorded while heating the sample up to 500 °C at a ramp rate of 15 °C /min in pure He 

for NH3 desorption.   

X-ray absorption near-edge structure (XANES) spectroscopy was conducted at Argonne 

National Laboratory (ANL, Chicago, IL).  The data were taken on the 20-BM-B Beamline from 

the Advanced Photon Source (APS) with a Si (111) monochromator.  The energy scale was 

calibrated at 5,465 eV by a V metal foil.  Three different vanadium references containing V2O5, 

VO2 and V2O3 were used to carry out the energy scale calibration.  These references were finely 

pulverized using a mortar and evenly dispersed over Kapton tape.  Then the folded tape was 

analyzed under transmission mode.  Each sample was run at least three times to enhance the signal-

to-noise ratio.  Since the V concentration on synthesized SCR catalysts was low and the 

interference between V and Ti, a larger amount of sample was packed in a sample holder.  To 
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analyze V in fresh modified SCR catalysts with different TiO2 supports and calcination 

temperatures, these modified SCR samples were finely pulverized using a mortar and put into a 

Teflon holder.  Then, the samples were tested in fluorescence mode.  Each sample was run at least 

8 scans to enhance the signal-to-noise ratio.   

3. Results and Discussions  

3.1. Effects of Preparation Parameters on Activities of Hg0 oxidation and NO reduction  

3.1.1. Effects of TiO2 supports  

TiO2 is a widely used substrate resistant to metal sulfate formation in coal combustion flue 

gas containing SO2.  TiO2-based catalysts are stable and has a resistance to sulfation in the SCR 

process.[31, 32]  To explore the effects of different TiO2 phases on simultaneous Hg0 oxidation 

and NO reduction, the three different TiO2 supports of anatase DT-51, 75 wt.% anatase/25 wt.% 

rutile P25, and rutile STR-100W were selected.   

The activities of simultaneous Hg0 oxidation and NO reduction over the Mo-V-based SCR 

catalysts with different TiO2 phases were tested under a simulated lignite and sub-bituminous coal 

combustion flue gas condition and the activity results are exhibited in Fig. 2.  For Hg(0) oxidation, 

among these three catalysts, anatase TiO2 DT-51 supported Mo-V-based SCR catalyst exhibited 

the highest Hg0 oxidation activity (~53% at 5 ppmv HCl and ~69% at 10 ppmv HCl) and NO 

reduction activity (~80%).  When P25 was employed as a support, Hg0 oxidation activity decreased 

to ~32% at 5 ppmv HCl and ~56% at 10 ppmv HCl, respectively.  In the meantime, the NO 

reduction activity was kept the same at ~80% for both supports.  When rutile STR-100W was used, 

the catalyst almost lost its Hg0 oxidation ability and also showed the significantly decreased NO 

reduction activity of ~49%.  This result shows that anatase phase TiO2 should be used as a support 

for simultaneous Hg0 and NO removal.   
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3.1.2. Effects of calcination temperatures  

Calcination temperature is an important factor during SCR catalyst preparation.  Because 

calcination temperature can affect phase transformation and active metal dispersion, it can 

influence SCR catalyst activity.[33-35]  To probe the effect of calcination temperatures on 

simultaneous Hg0 oxidation and NO reduction, four different calcination temperatures were 

selected.  The activities of simultaneous Hg0 oxidation and NO reduction over the Mo-V-based 

SCR catalysts with different calcination temperatures were tested under a simulated flue gas and 

the test results are exhibited in Fig. 3.  For Hg0 oxidation, when the calcination temperatures were 

400 and 500 °C, it showed the highest Hg0 oxidation activity (~53% at 5 ppmv HCl and ~69% at 

10 ppmv HCl).  With calcination temperature increasing to 600 °C, the Hg0 oxidation conversion 

was reduced to 39% at 5 ppmv HCl and 55% at 10 ppmv HCl, respectively.  Once the calcination 

temperature was enhanced to 700 °C, the modified catalyst almost lost the capability to oxidize 

Hg0.  For NO reduction, all of the catalysts showed the comparable NO reduction activity of ~80% 

at all calcination temperatures except at 700 °C showing the lowest NO reduction activity of ~54%.  

Therefore, lower temperature of 400 or 500 °C would be an optimal calcination temperature for 

synthesizing the Mo-V-based SCR catalyst.  The effects of calcination temperatures were studied 

using multiple characterization techniques in Section 3.3. 

3.2. Effects of experimental conditions on activities of Hg(0) oxidation and NO reduction 

The activities of MoO3+WO3→V2O5/TiO2 DT-51 CT500 prepared using anatase TiO2 DT-

51 as the support and 500 °C as the calcination temperature were investigated in terms of  flue gas 

constituents, gas velocities, and reaction temperatures using a fixed-bed reactor system.   

3.2.1. Effect of O2 



Page 10 of 48 
 

O2 plays a significant part during the catalytic process.  The effects of O2 on simultaneous 

Hg0 oxidation and NO reduction are shown in Fig.4.  With an O2 concentration increasing from 3 

to 9%(v), Hg0 oxidation activity enhanced from 69% to 81%.  It demonstrated that O2 was crucial 

to Hg0 oxidation and had a positive effect.  This result clearly shows that O2 is required for Hg0 

oxidation.  However, considering a typical range of ~3-6% O2 concentrations existing in coal 

combustion flue gas, the impact of O2 concentration was not significant.  Meanwhile, NO reduction 

activity was ~80% with respect to different O2 concentrations.    

3.2.2. Effect of SO2  

When SO2 concentration was raised from 200 to 2,000 ppmv, the catalytic activities of Hg0 

oxidation and NO reduction did not significantly change as shown in Fig.5.  This means that the 

modified SCR catalyst is very robust and can be used in a wide range of SO2 concentrations.  

3.2.3. Effect of molar ratio of NH3 to NO  

NH3/NO molar ratio is an important factor affecting Hg0 oxidation and NO reduction 

activities because NH3 can competitively adsorb with HCl.  A ratio between 0 and 1.1 is used in 

the field to minimize an NH3 slip of <5 ppm to avoid the formation of ammonium sulfate.[36, 37]  

The effects of NH3/NO molar ratio on the simultaneous removal activities of Hg0 and NO over 

MoO3+WO3→V2O5/TiO2 DT-51 CT500 catalyst were tested under a simulated flue gas and the 

test results are exhibited in Fig. 6.  When an NH3/NO molar ratio increased over the range of 0.3 

to 0.9, the Hg0 oxidation activity was almost constant or slightly decreased from 73% to 69% (Fig. 

6 (a)).  However, with a further increase from 0.9 to 1.1, the Hg0 oxidation activity significantly 

started to decrease from 69% to 59%.  On the other hand, as NH3/NO molar ratio increased from 

0 to 1.1, the NO reduction activity almost linearly enhanced from 0 to 95%.  The NO reduction 



Page 11 of 48 
 

activity is found to be almost primarily dependent on the NH3/NO molar ratio and to be insensitive 

to the rest of the parameters studied above. 

3.2.4. Effect of GHSV 

  The effects of GHSV on the simultaneous removal activities of Hg0 and NO over 

MoO3+WO3→V2O5/TiO2 DT-51 CT500 catalyst were tested under the same combustion flue gas 

conditions and the test results are exhibited in Fig. 7.  With a decrease in the GHSV from 40,000 

hr-1 to 5,000 hr-1, the Hg0 oxidation activities enhanced from 53% to 93% at 5 ppmv HCl and from 

69% to 99% at 10 ppmv HCl under the flue gas conditions.  On the other hand, the NO reduction 

activities slightly increased from ~80% to 87% over a range of 5-10 ppmv HCl.  It shows that the 

space velocity has an obvious impact on Hg0 oxidation.  

3.2.5. Effect of temperature 

 A typical operating temperature window of the SCR unit is between 300-400 °C in coal-

fired power plants.  The activities of simultaneous Hg0 oxidation and NO reduction over the Mo-

V-based SCR catalyst were tested between 300 and 400 °C and the test results are exhibited in Fig. 

8.  With an increase in temperature from 300 °C to 400 °C, Hg0 oxidation activities was reduced 

from 81% to 38%.  It indicated that in the typical SCR operating temperature window, lower 

temperature was beneficial to oxidize Hg0.  Meantime, the NO reduction activities of this Mo-V-

based SCR catalyst was quite constant at ~80% within the same temperature range.  An in-house 

V-based SCR catalyst V2O5+WO3/TiO2 DT-51 CT500 was also evaluated to compare with the 

Mo-V-based SCR catalyst.  The conventional V-based SCR catalyst showed lower Hg0 oxidation 

activities within a typical SCR operating temperature window between 300 and 400 °C.  The 

activities difference in Hg0 oxidation for these two catalyst samples decreased with an increase in 

temperature.  Lower temperature could facilitate more HCl adsorption onto the catalyst surface 
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and thus Hg0 oxidation could be kinetically limited by HCl adsorption.[24]  The conventional V-

based SCR catalyst also showed a comparable NO reduction activity at ~80%.   

3.3. Characterization 

3.3.1. BET   

Since the activities were significantly different with respect to different TiO2 supports and 

calcination temperatures, the BET surface area, pore volume and average pore diameter were 

examined by nitrogen adsorption-desorption isotherms as listed in Table 1.  The catalyst samples 

with different TiO2 supports showed slightly lower surface areas and pore volumes after doping 

metals.  The loadings of V, Mo and W metals only insignificantly vary the surface areas and pore 

values of the Mo-V-based SCR catalysts with different TiO2 supports.  These BET surface area 

and pore volume values were still in the range of 36-120 m2/g and 0.17-0.31 cm3/g of typical SCR 

catalysts, respectively.[11, 15, 38]    

The SCR catalyst sample prepared onto P25 had a surface area lower than that onto DT-

51.  The SCR catalyst sample onto rutile STR-100W had surface area, pore volume and size 

comparable to that onto anatase DT-51 although its activities were much lower (Fig. 2).  Therefore, 

anatase phase TiO2 was selected as a support for our Mo-V-based SCR catalyst.   

When the calcination temperature of the samples onto anatase DT-51 was 400 and 500 ºC, 

the surface areas, pore volumes, and pore sizes were not significantly reduced.  With the 

calcination temperature increasing to 600 ºC, they started to significantly decrease.  At the 

calcination temperature of 700 ºC, they were almost close to zero.  These results lead to additional 

examinations by images and X-ray-based techniques.   

3.3.2. TEM 
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The images of TEM from the raw TiO2 supports and Mo-V-based SCR catalysts based on 

different TiO2 supports are shown in Fig. 9.  After doping onto the support, the modified SCR 

catalyst samples retained almost the same physical structure as the raw supports, which was 

consistent with BET results.  From the TEM images, some grain particles were found from the 

catalyst surfaces for all the three modified SCR catalysts (b, d, f).  Since the loading quantity of V 

or W metals were rather lower than those needed to generate the theoretical monolayers, these 

grain particles are most likely derived from Mo as observed from previous studies.[28, 39, 40]   

The TEM images of raw anatase DT-51 TiO2 support and Mo-V-based SCR catalysts in 

terms of different calcination temperatures are exhibited in Fig. 10.  The Mo-V-based SCR 

catalysts showed the morphological structure similar to the raw TiO2 support when the calcination 

temperature was 400, 500 or 600 °C.  The only difference was visible grain particles formed over 

the samples.  With the calcination temperature increasing to 700 °C, the TiO2 support particle 

dimension dramatically increased from ~30 nm to ~180 nm.  Meanwhile, the small grain particles 

on the catalyst surface disappeared, suggesting that the calcination temperature of 700 °C led to 

the agglomeration of the support and the active metals.  This is consistent with the very low surface 

area and pore volume of the sample prepared at 700 °C.  The poor catalytic activities are very 

likely attributed to this agglomeration phenomenon taking place at 700 °C. 

3.3.3. XRD 

The XRD patterns of the raw TiO2 (anatase DT-51, 75% anatase/25% rutile P25, and rutile 

STR-100W) supports and the catalyst samples synthesized at 500 °C are exhibited in Fig. 11.  All 

the TiO2 supports demonstrated their XRD patterns consistent with the information provided from 

the manufacture.  All of the Mo-V-based SCR catalysts did not show any visible peaks for the 
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active metals, suggesting that they were likely in the amorphous phase or evenly spread over the 

TiO2 support beyond the detection limit of XRD technique.[12]  

The XRD patterns of the Mo-V-based SCR catalysts prepared on the anatase DT-51 TiO2 

support with respect to different calcination temperatures are exhibited in Fig. 12.  For the Mo-V-

based SCR catalysts synthesized at 400, 500 and 600 °C, no visible peaks for V2O5, MoO3, and 

WO3 were detected, suggesting the amorphous phase or uniform dispersion.  Nevertheless, with 

the calcination temperature increasing to 700 ºC, the peaks at 27º, 36º, 41º, 44º, 54º and 57º 

belonging to the rutile phase were visible, indicating the transition from the anatase to rutile phase 

happened due to the high calcination temperature.[33-35]  The phase transformation from anatase 

to rutile seems to lead to the major activities difference shown in Fig. 3.  A peak at 23º was from 

MoO3.  At 700 ºC, small MoO3 grain particles agglomerated into larger sizes, which was detectable 

by XRD.  This could also lead to a negative impact on Hg0 oxidation and NO reduction. 

3.3.4. NH3 TPD 

The adsorption of NH3 onto the catalyst surface is an important step during SCR process.  

Therefore, the surface acidity of the samples with different substrates was investigated using NH3-

TPD as shown in Fig. 13.  For all of the three modified SCR catalysts with different TiO2 supports, 

they all started to desorb NH3 from ~60 °C.  As temperature increased, the NH3 desorption peak 

reached a maximum and then gradually decreased.  Overall, the desorption of NH3 occurred with 

a broad shape within a wide temperature range of ~60-450 °C.  It indicated that several adsorbed 

NH3 species with different thermal stability were present on the catalyst surface.   

For the MoO3+WO3→V2O5/TiO2 STR-100W CT500 catalyst, it showed ~0.18 mmol 

desorbed NH3/g catalyst with a maximum NH3 desorption peak at ~168 °C.  However, the NH3 

species adsorbed onto the one with STR-100W was thermally unstable within a typical SCR 
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operating temperature range of ~300-400 °C and only a slight amount of NH3 was desorbed in this 

temperature range.  When DT-51 was used, a broader NH3 desorption spectrum at higher 

temperatures was obtained.  A total amount of NH3 desorbed increased to ~0.23 mmol/g catalyst.  

More importantly, the sample showed higher thermal stability for adsorbed NH3 between 300 and 

400 °C, which could be used to reduce gaseous NO in the typical SCR operating temperature range.  

When P25 TiO2 with 75% anatase and 25% rutile phases was used, the desorption spectrum 

showed a characteristic between anatase DT-51 and rutile STR-100W substrates with an estimated 

amount of NH3 desorbed of ~0.18 mmol/g catalyst.  More specifically, the desorbed amount of 

NH3 at 350 °C were in the order of MoO3+WO3→V2O5/TiO2 DT-51 CT500 > 

MoO3+WO3→V2O5/TiO2 P25 CT500 > MoO3+WO3→V2O5/TiO2 STR-100W CT500.    These 

results are consistent with our NO reduction performance differences shown in Fig. 2.   

3.3.5. XANES  

Previous studies reported inconsistent results for V oxidation state changes using X-ray 

photoelectron spectroscopy (XPS) with respect to different calcination temperature.[41-44]  In this 

study, XANES was employed to investigate the oxidation states and speciations of V from the 

fresh catalyst samples on different TiO2 supports.  Due to the interference between V and Ti, 0.5 

wt.% V2O5 used in the Mo-V-based SCR formula was too low to conduct XAFS characterization.  

Therefore, V2O5 loading was raised from 0.5 to 2 wt.%.  Fig. 14 exhibits V K-edge XANES spectra 

of the Mo-V-based SCR catalyst in terms of different TiO2 supports with 2 wt.% V2O5 and 

vanadium oxide references .  All the fresh catalyst samples had distinct pre-edge peaks, but the 

post-edge part was not differentiable.  A comparison of the spectra of the catalyst samples with 

those of the V2O3, VO2 and V2O5 standard samples suggests that the oxidation state of vanadium 

oxide consists of V5+ and V4+.   
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To quantify the V oxidation states in the Mo-V-based SCR catalysts, linear combination 

fitting (LCF) analysis was employed.  The derivative XANES spectra and LCF results are 

exhibited in Fig. 15, and the quantitative speciation data acquired are summarized in Table 2.  The 

spectrum of the V2O3 standard with V3+ was completely deviated from those of the catalyst 

samples during the LCF analysis, and thus the V2O3 standard was ruled out from the analysis.  

When the MoO3+WO3→V2O5/TiO2 DT-51 CT500 spectrum (Fig. 15(a)) was fitted with those of 

the references, the vanadium oxides could comprise 53.1% V5+ and 46.9% V4+.  When P25 and 

STR-100W were chosen as the supports, the content of V5+ slightly decreased to 49.3% and 47.1%, 

respectively.  It seems that TiO2 supports could not lead to significant differences on vanadium 

oxidation state.  The significant Hg0 oxidation and NO reduction activity differences may not be 

derived from the vanadium oxidation state change with respect to different TiO2 supports.   

Fig. 16 exhibits V K-edge XANES spectra of the Mo-V-based SCR catalyst samples based 

on different calcination temperatures with 2 wt.% V2O5 and vanadium oxide references.  LCF was 

employed to quantify the V oxidation states from the fresh Mo-V-based SCR catalysts with 

different calcination temperatures.  The derivative XANES spectra and LCF results are shown in 

Fig. 17, and the quantitative speciation data acquired are summarized in Table 3.  The analysis for 

the MoO3+WO3→V2O5/TiO2 DT-51 CT 400 °C sample (Fig. 17(a)) showed 52.2% V5+ and 47.8% 

V4+.  When the calcination temperature increased to 500 °C, the content of V5+ slightly increased 

to 53.1%.  However, as the calcination temperatures increased to 600 °C and 700 °C, the content 

of V5+ dramatically decreased to 43.9% and 34.3%, respectively.  This is in agreement with the 

catalytic activity differences (Fig. 3).  As the calcination temperature increased from 400 or 500 °C 

to 600 °C, the Hg0 oxidation activities decreased from ~53% to ~39% at 5 ppmv HCl and from 

~69% to ~55% at 10 ppmv HCl.  When the calcination temperature was 700 °C, the catalyst almost 
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completely lost its Hg0 oxidation activity and decreased NO reduction activity from ~80% to ~54%.  

During the Hg0 oxidation and NO reduction process, V5+ was reduced to V4+ based on our previous 

proposed mechanism.[28]  Low V5+/V4+ ratio correlates with low catalytic activity with an increase 

in calcination temperature.  In addition to the physical agglomeration (Fig. 10) and the anatase to 

rutile phase change in TiO2 (Fig. 12) under different calcination temperatures, the significant 

activity difference could also be attributed to a change in the V oxidation state.  Throughout this 

study, rutile-phase TiO2 was found to degrade both Hg0 oxidation and NO reduction activities.  

Previous studies reported that degraded NO reduction activity of V-based SCR catalyst over the 

rutile phase is very likely attributed to crystallographic misfit between V2O5 and rutile TiO2.[45-

48]  Although low V5+/V4+ ratio can help account for the degraded activities over rutile TiO2, it is 

not currently well understood about the role of rutile TiO2.   

4. Conclusions 

In this study, the effects of preparation parameters including TiO2 supports and calcination 

temperatures for Mo-V-based SCR catalysts on simultaneous Hg0 oxidation and NO reduction 

were systematically investigated for the first time.  Among different TiO2 supports (anatase DT-

51, mixed anatase/rutile phase P25 and rutile STR-100W) and four different calcination 

temperatures (400, 500, 600 and 700 °C), a combination of anatase phase TiO2 and the calcination 

temperatures of 400 °C  and 500 °C showed the best activities of simultaneous Hg0 oxidation and 

NO reduction.  When rutile phase or the high calcination temperature of 700 °C was used to prepare 

the Mo-V-based SCR catalyst, the catalyst lost almost its capability to oxidize Hg0 and decreased 

NO reduction activity by ~30%.  Different TiO2 phase showed noticeable differences in the 

morphology.  The calcination temperature of 700 °C could lead to the TiO2 phase transformation 
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from anatase to rutile and the agglomeration of active metals with TiO2.  The content of V5+ 

decreased with an increase in rutile TiO2 content or calcination temperature.   

Our Mo-V-based SCR catalyst using anatase TiO2 as the support and 500 °C as the 

calcination temperature preferred lower reaction temperature in a typical SCR operating 

temperature of 300-400 °C.  It showed good SO2 resistance in a wide range tested up to 2,000 

ppmv SO2 under a simulated sub-bituminous and lignite coal combustion flue gas.  O2 had a 

positive impact on Hg0 oxidation and NH3 had a negative effect on Hg(0) oxidation.  With the 

molar ratio of NH3/NO in a range of 0 to 1.1, the Hg0 oxidation activity decreased and NO 

reduction activity increased.  An increase in GHSV could significantly enhance Hg0 oxidation, but 

slightly improve NO reduction.  When the low space velocity of 5,000 hr-1 was used, the Hg0 

oxidation activity could achieve up to 99% under a typical sub-bituminous and lignite coal 

combustion flue gas condition.  Compared to an in-house conventional V-based SCR catalyst, our 

Mo-V-based SCR catalyst showed much higher Hg0 oxidation activity and comparable NO 

reduction activity.  It has the potential to meet the stringent regulations for mercury and NO 

emissions in coal combustion flue gas using Mo-V-based SCR catalyst in an existing SCR unit.  
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Table captions 

Table 1. BET surface area, pore volume and average pore diameter measurements for Mo-V-based 

SCR catalysts. 

Table 2. LCF results for vanadium species of Mo-V-based SCR catalysts with different TiO2 

supports. 

Table 3. LCF results for vanadium species of Mo-V-based SCR catalysts with respect to different 

calcination temperatures. 
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Table 1. BET surface area, pore volume and average pore diameter measurements for Mo-V-
based SCR catalysts. 

Catalyst 
BET 

surface 
area (m2/g) 

Pore 
volume 
(cm3/g) 

Average pore 
diameter 

(nm) 

TiO2 (DT-51)* 72 0.38 20.2 

TiO2 (P25) 51 0.31 24.8 

TiO2 (STR-100W) 67 0.37 22.4 

MoO3+WO3→V2O5/TiO2 DT-51 CT500*  65 0.26 15.7 

MoO3+WO3→V2O5/TiO2 P25 CT500 42 0.27 26.2 

MoO3+WO3→V2O5/TiO2 STR-100W CT500 62 0.33 27.7 

MoO3+WO3→V2O5/TiO2 DT-51 CT400 69 0.25 14.3 

MoO3+WO3→V2O5/TiO2 DT-51 CT600 48 0.21 17.7 

MoO3+WO3→V2O5/TiO2 DT-51 CT700 5 0.01 8.9 

Note: *[28];  CT: calcination temperature 
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Table 2. LCF results for vanadium species of Mo-V-based SCR catalysts with different TiO2 

supports. 

Samples V2O5  
(V5+) (%) 

VO2  
(V4+) (%) 

Ratio of V5+ to 
V4+ 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT500* 53.1 ± 2.0 46.9 ± 2.0 1.13 

Fresh MoO3+WO3→V2O5/TiO2 P25 CT500  49.3 ± 2.2 50.7 ± 2.2 0.97 

Fresh MoO3+WO3→V2O5/TiO2 STR-100W CT500 47.1 ± 2.3 52.9 ± 2.3 0.89 

Note: *[28] 
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Table 3. LCF fitting results for vanadium species of Mo-V-based SCR catalysts with respect to 

different calcination temperatures. 

Samples V2O5  
(V5+) (%) 

VO2  
(V4+) (%) 

Ratio of V5+to 
V4+ 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT400  52.2 ± 2.8 47.8 ± 2.8 1.09 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT500 53.1 ± 2.0 46.9 ± 2.0 1.13 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT600 43.9 ± 2.6 56.1 ± 2.6 0.78 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT700 34.3 ± 1.8 65.7 ± 1.8 0.52 
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Figure captions 

Fig. 1. Schematic of lab-scale fixed-bed reactor set-up. 

Fig. 2. Activity test results of Mo-V-based SCR catalysts for Hg0 oxidation (a) and NO reduction 

(b) in terms of different TiO2 supports (DT-51*, P25 and STR-100W).  Experimental conditions: 

15 ppbv Hg0, 300 ppmv NO, 270 ppmv NH3 (molar ratio of NH3 to NO=0.9), 200 ppmv SO2, 

3%(v) O2, 10%(v) H2O, 12%(v) CO2 balanced with N2 at T=350 °C and GHSV=40,000 hr-1.  Note: 

*[28]. 

Fig. 3. Activity test results of Mo-V-based SCR catalysts for Hg0 oxidation (a) and NO reduction 

(b) in terms of different calcination temperatures (400, 500, 600 and 700 °C) .  Experimental 

conditions: 15 ppbv Hg0, 300 ppmv NO, 270 ppmv NH3 (molar ratio of NH3 to NO=0.9), 200 

ppmv SO2, 3%(v) O2, 10%(v) H2O, 12%(v) CO2 balanced with N2 at T=350 °C and GHSV=40,000 

hr-1. 

Fig. 4. Effect of O2 on simultaneous Hg0 oxidation (a) and NO reduction (b) over Mo-V-based 

SCR catalyst MoO3+WO3→V2O5/TiO2 DT-51 CT500.  Experimental conditions: 15 ppbv Hg0, 

300 ppmv NO, 270 ppmv NH3 (molar ratio of NH3 to NO=0.9), 200 ppmv SO2, 10 ppmv HCl, 

10%(v) H2O, 12%(v) CO2 balanced with N2 at T=350 ºC and GHSV=40,000 hr-1. 

Fig. 5. Effect of SO2 on simultaneous Hg0 oxidation (a) and NO reduction (b) over 

MoO3+WO3→V2O5/TiO2 DT-51 CT500.  Experimental conditions: 15 ppbv Hg0, 300 ppmv NO, 

270 ppmv NH3 (molar ratio of NH3 to NO=0.9), 3%(v) O2, 10 ppmv HCl, 10%(v) H2O, 12%(v) 

CO2 balanced with N2 at T=350 ºC and GHSV=40,000 hr-1. 

Fig. 6. Effect of NH3/NO molar ratios on simultaneous Hg0 oxidation (a) and NO reduction (b) 

over MoO3+WO3→V2O5/TiO2 DT-51 CT500.  Experimental conditions: 15 ppbv Hg0, 300 ppmv 
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NO, 200 ppmv SO2, 3%(v) O2, 10 ppmv HCl, 10%(v) H2O, 12%(v) CO2 balanced with N2 at 

T=350 ºC and GHSV=40,000 hr-1. 

Fig. 7. Effect of GHSV on simultaneous Hg0 oxidation (a) and NO reduction (b) over 

MoO3+WO3→V2O5/TiO2 DT-51 CT500.  Experimental conditions: 15 ppbv Hg0, 300 ppmv NO, 

270 ppmv NH3 (molar ratio of NH3 to NO=0.9), 200 ppmv SO2, 3%(v) O2, 10%(v) H2O, 12%(v) 

CO2 balanced with N2 at T=350 ºC.  

Fig. 8. Effect of reaction temperatures on simultaneous Hg0 oxidation (a) and NO reduction (b) 

over Mo-V-based SCR catalyst MoO3+WO3→V2O5/TiO2 DT-51 CT500 and V2O5+WO3/TiO2 

DT-51 CT500.  Experimental conditions: 15 ppbv Hg0, 300 ppmv NO, 270 ppmv NH3 (molar ratio 

of NH3 to NO=0.9), 200 ppmv SO2, 3%(v) O2, 10 ppmv HCl, 10%(v) H2O, 12%(v) CO2 balanced 

with N2 and GHSV=40,000 hr-1. 

Fig. 9. TEM images of Mo-V-based SCR catalysts in terms of different TiO2 supports: (a) TiO2 

(DT-51)*; (b) MoO3+WO3→V2O5/TiO2 DT-51 CT500*; (c) TiO2 (P25); (d) 

MoO3+WO3→V2O5/TiO2 P25 CT500; (e) TiO2 (STR-100W); (f) MoO3+WO3→V2O5/TiO2 STR-

100W CT500.  Scale bars: 20 nm.  Note: *[28].   

Fig. 10. TEM images of Mo-V-based SCR catalysts in terms of different calcination temperatures: 

(a) TiO2 (DT-51); (b) MoO3+WO3→V2O5/TiO2 DT-51 CT400; (c) MoO3+WO3→V2O5/TiO2 DT-

51 CT500; (d) MoO3+WO3→V2O5/TiO2 DT-51 CT600; (e) MoO3+WO3→V2O5/TiO2 DT-51 

CT700; (f) MoO3+WO3→V2O5/TiO2 DT-51 CT700.  All the scale bars are 20 nm except for (e) 

with 200 nm. 

Fig. 11. XRD patterns of Mo-V-based SCR catalysts on different TiO2 supports calcined at 500 °C: 

(a) Anatase TiO2 DT-51*; (b) Anatase/rutile TiO2 P25; (c) Rutile TiO2 STR-100W; (d) 
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MoO3+WO3→V2O5/TiO2 DT-51 CT500*; (e) MoO3+WO3→V2O5/TiO2 P25 CT500; (f) 

MoO3+WO3→V2O5/TiO2 STR-100W CT500.  Note: *[28].   

Fig. 12. XRD patterns of MoO3+WO3→V2O5/TiO2 DT-51 with respect to different calcination 

temperatures: (a) Anatase TiO2 DT-51; (b) Rutile TiO2 STR-100W; (c) MoO3+WO3→V2O5/TiO2 

DT-51 CT400; (d) MoO3+WO3→V2O5/TiO2 DT-51 CT500; (e) MoO3+WO3→V2O5/TiO2 DT-51 

CT600; (f) MoO3+WO3→V2O5/TiO2 DT-51 CT700. 

Fig. 13. NH3-TPD spectra of Mo-V-based SCR catalysts with different TiO2 supports (DT-51, P25 

and STR-100W). 

Fig. 14. Vanadium K-edge XANES spectra of Mo-V-based SCR catalyst samples with different 

TiO2 supports (DT-51*, P25 and STR-100W) and standard reference vanadium oxide samples.  

Note: *[28].   

Fig. 15. LCF results for vanadium species of Mo-V-based 

 SCR catalysts with different TiO2 supports: (a) Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT500*; 

(b) Fresh MoO3+WO3→V2O5/TiO2 P25 CT500; (c) Fresh MoO3+WO3→V2O5/TiO2 STR-100W 

CT500.  Note: *[28].   

Fig. 16. Vanadium K-edge XANES spectra of Mo-V-based SCR catalyst samples with respect to 

different calcination temperatures (400, 500, 600 and 700 ºC) and standard reference vanadium 

oxide samples. 

Fig. 17. LCF results for vanadium species of Mo-V-based SCR catalysts with respect to different 

calcination temperatures: (a) Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT400;  (b) Fresh 
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MoO3+WO3→V2O5/TiO2 DT-51 CT500;  (c) Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT600;  (d) 

Fresh MoO3+WO3→V2O5/TiO2 DT-51 CT700. 
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Fig. 6.  
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Fig. 7.  
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Fig. 8.  
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Fig. 9.  
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Fig. 10.  
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Fig. 11.  
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Fig. 12.  
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Fig. 13.  
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Fig. 14.  
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Fig. 15.  

 

 

 

 

 

 

 



Page 47 of 48 
 

 

 

 

Fig. 16.  
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Fig. 17.  

 


