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This report was prepared as an account of work sponsored by an agency of the United 
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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 

infkinge privately owed rights. Reference herein to any specific commercial product, 

process, or service by trade name, trade mark, 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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EXECUTIVE SUMMARY 

In the past decade, the emission of toxic elements from human activities has become 

a matter of great public concern. Hg, As, Se and Cd typically volatilize during a combustion 

process and are not easily caught with conventional air pollution control techniques. h 

addition, there is no pollution prevention technique available now or likely be available in 

the foreseeable future that can prevent the emission of these trace elements. These trace 

elements pose additional scientific challenge as they are present at only ppb levels in large 

gas streams. Mercury, in particular, has attracted significant attention due to its high 

volatility, toxicity and potential threat to human health. 

In the present research work, a non-thermal plasma dielectric barrier discharge 

technique has been used to oxidize Hgo(g) to HgO. The basic premise of this approach is 

that Hgo in vapor form camot be easily removed in an absorption tower whereas HgO as a 

particulate is amiable to water scrubbing. The work presented in this report consists of 

three steps: i) setting-up of an experimental apparatus to generate mercury vapors at a 

constant rate and modifflng the existing non-thermal plasma reactor system, ii) solving 

the analytical challenge for measuring mercury vapor concentration at ppb level, and iii) 

conducting experiments on mercury oxidation under plasma conditions to establish proof 

of concept, 

The mercury vapor generation unit has been installed and has the capacity to 

provide a steady flow of Hg vapors at desired concentrations. Measurement of Hg vapors 

in the outlet stream fiom the plasma reactor poses a challenge due to the interference to 

the Hg analyser sensor fi-om some of the plasma reaction products. Thus, gaseous 

samples require preconditioning before they are fed to the Hg analyzer which is designed 

for monitoring trace Hg vapors in the air. The preconditioning process is experimentally 

examined with respect to its effect on the reading of the Hg analyzer and it is found the 

impact is negligible under the operating conditions of this study. 

The first set of experiments are conducted to establish the proof of concept - 

oxidation of mercury in a non-thennal plasma barrier discharge system. The results show 
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that Hg vapors (concentration 0.061 rng/m3 (6 ppbv)) in a stream of 0.1% 0 2  and Nz can be 

effectively oxidized at the energy density of 114 J/L. Effect of energy density on Hg 

oxidation is also investigated. It is found that an energy jnput of 86 J/L produced the initial 

discharge, resulting in about 45% Hg oxidation. About 100% Hg oxidation is acheived at 

the energy density of 114 JL. The major components present in most flue gases include 0 2 ,  

€320 and COz in addition to the background gas N2. The effects of their presence in the 

gaseous sbeam on Hg oxidation in the plasma system have been studied in terms of Hg 

conversion into HgO. The experimental results show that HzO vapors alone have little effect 

on Hg conversion. C02 alone, however, help convert: Hg into HgO. Hg conversion of over 

80% can be achieved when present in a gas mixture of S% 02,2% H20 and 10% C02 in NZ 
balance. In addition, NO/NO2 effect on Hg oxidation has also been investigated. 

The proof of concept of mercury oxidation under plasma conditions has been 

established. This technique of controlling mercury in the flue gases from utility boilers has 

additional advantages. Barrier discharge technique is found to be effective for the 

oxidization of NO in flue gas into NO2 that can be removed as HNO3 acid in downstream 

process (fiom a previous DOE-sponsored study). SO2 can also be effectively oxidized 

and removed as HzS04 acid (from a previous DOE-sponsored study). The present study 

shows that all three pollutants, namely NO, SO1 and Hg can be simultaneously removed 

in one barrier discharge reactor followed by a wet scrubber system. This avoids the need 

of three techniques for the removal of major gaseous pollutants fiom coal-fired power 

plants. Acids in the product mixture can be separated as useful commercial products. 

A detailed investigation of Hg oxidation including kinetic study and cost analysis 

is proposed as the subject matter of a proposal for the Phase II of the University Coal 

Research Program. 

Personnel 

Principal Investigator Dr. V.R. Mathur 

Project Assistants Dr. Zongyuan Chen 
Mr. Deenal Mannava 
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Mercury Oxidization in Non-Thermal Plasma 
Barrier Discharge System 

Introduction 

The pronounced volatility of elemental mercury and some of its compounds, 

coupled with their extreme toxicity, makes these substances extremely hazardous. Repeated 

exposure to the levels exceeding the threshold limit value of mercury (50 pg/Nm3) may 

result in the chronic manifestations predominating digestive and nervous symptoms known 

as macurial parkinsonism[ 11. The Title m of the 1990 Clean Ar Act Amendments required 

the US, Environmental Protection Agency @PA) to study 189 hazardous air pollutants 

(HAPS). Two principal objectives of the study were emissions and a risk (to public health) 

assessment of the HAPS. Among the 189 HAPS, rner~ury has attracted special attention 

because of its increased levels in the environment, food chain transport and bioaccumulation 

of this species and its compounds, especially methyl mercury. The EPA report to Congress 

cites the largest emitters of mercury as coal-fired utilities, medical waste incinerators 

(MWIs), municipal waste combustors (MWCs), chlor-akali plants, copper and lead 

smelters, and cement manufacturers, These sowces are estimated to account for more than 

90% of dl anthropogenic mercury emissions. Utility boilers account for nearly 25% of the 

total anthropogenic emissions, of which more than 90% are attributed to coal-fired utility 

boilers [23. 

Most of the studies for mercury control in utility flue gas are in various stages of 

development[3-9]. Mercury speciation analysis results suggest that the proportions of the 

different Hg €oms in flue gases vary widely. Conventional adsorption techniques, such 

as sorbent injection, have long been studied to be potential methods for mercury control 

in utility flue gas, Most studies are focused on screening commercial activated carbons 

and other materials as sorbents. Activated carbons have the best potential as sorbents. 

These approaches have essentially reached their maximum potential. One of the most 

promising classes of new technologies for the treatment of this pollutant is the use of . 



non-thermal plasma to overcome some of the difficulties associated with current 

technologies. 

An electrical discharge is a phenomenon wherein free electrons are produced and 

accelerated under the influence of an electric field. Through collisions with molecules in 

the gas, electrons cause excitation, ionization, electron multiplication and formation of 

atoms and compounds that give an electrical discharge its unique chemical environment 

and makes it a p o w e h l  tool for chemical processing. Barrier discharge is such an 

electrical technique where electrical breakdowns can be classified as non-equilibrium 

discharge, also called non-thermal plasma. In this approach, a dielectric is placed 

between two electrodes allowing a barrier discharge to occur through which the gases are 

made to flow. This approach reduces the power consumption compared to other electrical 

techniques such as corona or E-beam discharge. 

The present study is to use a non-thermal plasma dielectric barrier discharge 

reactor to oxidize elemental mercury, Hgo to HgO. This plasma technique has been 

successfully applied in our lab at UNH to oxidize NO and SO2 to NO2 and SO3, 

respectively [lo-131. This technique is also found to oxidize stable compounds such as 

heons. There is some information in the literature that Hg and other compounds of 

mercury in the flue gas can be oxidized to HgO (in solid form) in non-thermal plasma 

reactors and removed in the particulate sludge. This study is in progress to establish proof 

of concept for the oxidation of mercury in a dielectric barrier discharge experimental 

apparatus with respect to other pollutants in flue gas fi-om Advanced Power Systems. If 

successful, this innovative process will be able to control the major pollutants such as Hg, 

NOx and SO2 in one integrated system. 

The task of this project includes design, installation and test of a benchtop system 

for mercury oxidation. Preliminary experiments have been conducted using this system 

and experimental results under controlled conditions are reported. 

2 



Description of Apparatus 

The experimental apparatus used in the present study consists of four sections. They 

are high-voltage power supply, DBD reactor, gas supply and analytical instrumentation 

sections as shown in order fiom top to bottom in Figure 1. 

High Voltage Oscilloscope Computer 
Power Supply Transformer 

--------- 

Analyzer 

--------- 

Figure 1. Schematic Diagram of Benchtop System 

Dielectric Barrier Discharge Reactor 

Shown in the center of Figure 1 is the schematic diagram of the dielectric barrier 

discharge @BD) reactor. The geometry of the DBD reactor is cylindrical. Two 

concentric stainless steel tubes serve as the electrodes as well as the pressure boundary as 

shown in Figure 2(a). A high voltage is applied across the two electrodes to initiate 

discharges with the outer electrode grounded for safety. The outer diameter (OD) of the 

central electrode is 3 mm, The inner diameter (ID) of the outer electrode is 23 m. 
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Outer Electrode 

Outer Barrier 

Gas Space 

Center Barrier 

Center Electrode 

(a) Concentric Cylinder Electrodes - End View (dimension: mm) 

............. ............ ............. ............ ............. ............ 

............. ............. ............ F ............ 

I I Outer Barrier ' coils 
Gas Met Gas Outlet 

(b) Dielectric Barrier Discharge Reactor 

Figure 2. Details of the DBD reactor 

h order to generate the microdischarges along the length of the electrodes, at least 

one piece of dielectric barrier is needed to cover either central or outer electrode. Quartz is 

selected as the dielectric barrier because of its outstapding dielectric strength, low dielectric 

loss, high volume resistivity, and good temperature stability as well as high resistance to 

chemicals. In the present study, two concentric quartz tubes are placed adjacent between the 
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central and outer electrodes as shown in Figure 2. The ID and OD of the central quartz tube 

are 4 and 6 mm, respectively. The ID and OD of the outer quartz tube are 18 and 22 m, 

respectively. The annulus between the pair of quark tubes is gas space where gas stream is 

passed through and dielech-ic barrier discharge occurs. The gap is 6 mm. 

The effective length of the DBD reaction space is the length that both electrodes 

cover and generate microdischarges along. It is 305 mm (12") as shown in Figwe 4,2(b). 

The reactor volume is 69 mm3 and the residence time is 3.8 seconds when the total flow rate 

of a gas stream is 1000 mm3(STp)/min. Two chambers are attached each to both ends of the 

concentric electrodes with high electrical insulation material Teflon placed between 

preventing discharge from occurring outside the discharge region and hurting the workers. 

The two chambers also serve as a mixing and stabilizing container for inlet gas and a mixing 

container for outlet gas, respectively. A view port is installed in the outlet chamber of the 

reactor in line with the central electrode to observe the discharge. 

The DBD reactor has been designed to run mostly at room temperatwe and 

atmospheric presswe. A copper tube fed with a fluid fkom a constant temperature bath is 

wrapped over outer surface of the outer electrode, providing a limited temperature control of 

the DBD reactor. In addition, the entire reactor could be placed in an electrical heating jack 

that could be heated up to 100 "C to prevent condensation in the inlet and outlet chambers. 

However, all the experiments are run below 100 "C because of the softening of the 

insulation material Teflon and other sealing materials above this temperature. 

High-Voltage Power Supply and Measurement 

Shown in the top section of Figme 1 is the kgh-voltage (EN) AC power supply 

system. It consists of two parts - HV generation and power measurement. The detailed 

description can be found elsewhere [ 131. 

HV Generation 

A Powertron 500s (variable 0-120 V and variable 20-20,000 Bz) power supply is 

used to power a Neeltran HV transformer (KVA 0.5, Frequency 60-10 k $1, primary 12OV, 

secondary 25,OOOV). A set of inductors (Stancor, two C-2687 and two C-2686 units 
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connected in series) is connected in parallel with the HV transformer to tune the circuit to 

the power supply. 

HV Power Measurement 

The high voltage supplied to the DBD reactor is monitored and measured by a 

Tektronix 2211 digital storage oscilloscope sampling at 20 MHz. The HV signal is first 

reduced with a Tektronix P6015 HV probe (1000~) in series with a Tektronix P6109 

probe (lox) before being fed to channel 1 of the oscilloscope. The current in the 

secondary circuit of the HV transformer is indirectly measured using a resistor of 50 !2 

(CP-10 Mexico 98208, 10% Dale, low) and a Tektronix P6027(1x) probe. This signal is 

fed to channel 2 of the oscilloscope. 

Power consumption in the DBD reactor is calculated using the voltage and current 

traces recorded and stored by the oscilloscope. By multiplying the corresponding current 

and voltage values at the same phase angle, a curve of point power is obtained and it is 

averaged to give the discharge power [14]. A computer is installed on line to read the values 

recorded by the oscilloscope and calculate the discharge power. 

Gas Supply 

The major components in the simulated inlet gas stream to the plasma reactor are 

nitrogen (N2), water vapor (HzO), carbon dioxide (C02) and oxygen ( 0 2 ) ,  together 

accounting over 99% by volume, NOx and SO2 are minor components present in the gas, 

typically in ppmv range. In this gas stream mercury vapor in the range of 2-5 ppbv are 

incorporated as and when required. 

Gas supply section is illustrated below the DBD reactor in Figure 1. Simulated flue 

gas is prepared using cylinders of nitrogen, air, carbon dioxide, NO in nitrogen, etc. 

Hastings model ST and 200H mass flow meters are used to measwe the flow rates of dry 

gases from each of the cylinders. Water vapor is added to the gas stream by passing the 

nitrogen stream through a copper bubbler containing water. The tubing used throughout the 

system is either stainless steel or Teflon to minimize the adsorption on the walls of NO or 
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any of the products fiom the DBD reactor. Heating tapes are used to preheat the gas stream 

and prevent condensation before it enters &e DBD reactor if experiments are conducted at 

temperatures above the room temperature, 

A mercury generation system is developed to provide trace mercury vapor of desired 

concentration. It consists of three stainless steel cylinders and a water bath with temperature 

xontrol within M.2 "C, The first cylinder contains liquid mercury. Nitrogen is passed over 

the liquid mercury. Saturated mercury vapor in nitrogen is carried through the following two 

equilibrium cylinders for achieving a constant concentration of mercury vapor in nitrogen 

stream (20 SCCM). This stream is mixed with the pure nitrogen stream of 2 SLM, diluting 

mercury concentration by 100 times. Typically, one tenth ofthe mixture is added to the gas 

stream prepared fiom gas cylinders. The rest is by-passed to the carbon trap. 

Analytical Instrumentation 

The analytical work is to measure concentrations of inlet and outlet gas streams. 

The flow system shown in Figure 1 allows to take samples fiom inlet and outlet gas streams 

fiom the DBD reactor. All gas samples are paxed through a moisture trap (glass tube 

packed with glass wool and cooled with a refrigerator) to catch HgO and minimize the water 

content before the gas streams are fed to malyhcal equipment. A furnace is installed 

downstream of the moisture trap to decompose ozone to minimize its effect on mercury 

analysis. Several commercial gas analyzers are used on-line. 

Mercury Vapor Analysis 

Sampling and analysis of mercury need considerable attention. A Jerome 43 I -X 

Mercury Analyzer (Arizona Instrument, Tempe, Anzona) is installed on line. This 

instrument detects only mercury and is unaffected by interference cornon to W 

analyzers. With its Gold Film Sensor, it can detect mercury in the range of 0.003 to 0.999 

mg/m3 (0.3-10 ppbv) in just 13 seconds. However, Hg analysis is affected in the presence 

of high concentration of several chemical compounds as discussed later. This difficulty 

can be avoided if an expensive instrument such as Sir Galahad I1 mercury analyzer is 

used (please see Appendix A). 
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NO/NOl/NOx - Analysis 

A Themo-Electron model 1 O A R  Chemiluminescent NO-NO2-NOx analyzer is 

used to measure the NO and NOx (NO and NO2 collectively referred as NOx). The principle 

of analysis used in the device is the reaction: NO + 0 3  + N02* + 0 2 .  The light emitted 

from the excited N02" is measured by a photomultipliex tube and NO concentration is 

determined. NO, concentration is measured by first passing the sample through a high 

temperature (650OC) stainless steel converter where NO2 (NzO4 or NzOs if any) is converted 

to NO, which is subsequently measured. The difference between NO and NOx readings is 

taken to be the concentration of NOz. 

02-CO2-CO Analysis 

A Nova model 375 portable combustion analyzer is used to measure the 0 2 ,  COz 

and CO concentrations in the gas stream. The 0 2  and CO analyses are performed using 

electrochemical cells while the C02 analysis is realized using an infrared cell. 

Humidity Analysis 

A Traceable Hygrometer (VWR) with probe is used to measure the humidity of 

the gas stream. The meter is of accuracy within k 2% for a relative humidity (RH) range 

of 40-80%. It also reads temperature of the gas stream. By referring to the saturated water 

vapor content at the measured temperature, the water vapor concentration of gas streams 

is calculated, 

Pre-Experimental Check for Safety and Data Accuracy 

Mercury handing is the main issue with respect to safety and data accuracy. 

Considerable care is exercised because of toxic nature of mercury. Leak check is conducted along 

the whole bentop system and mercury generation unit in particular. Carbon trap effectiveness is 

also checked for safe venting. A constant generation rate of mercury vapour IS essential to 
conduct proposed experiments. The apparatus is also checked for any loss due to mercury 

adsorption on surfaces of stainless steel and Teflon tubing. Any possible interference from the 

chemicals in the simulated gas stream on mercury measurement is also studied. 
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Leak Check 

Leak check is conducted with high-pressure nitrogen. The mercury generation unit is 

filled with N2 at 20 psig. It is found that there is little pressure drop in 12 hours. Helium is 

also used for leak check. No leak is detected. 

Carbon Trar, 

Shown in Figure 1 , the carbon trap is installed to adsorb any mercury vapor in the 

outlet gas streams before they are vented. Resisorb mercury vapor absorbent ( J.T, Baker 

Chemical Co.) is used. The composition is 5-25% iodine and 7 5 9 5 %  activated carbon. 

The product is designed €or mercury spill cleanup. 1581 grams of the absorbent are 

packed in a cylinder tube serving as a carbon trap. The outlet stream of the carbon trap is 

analyzed and no mercury is detected when the inlet stream contains mercury vapor of 

0.280 mg/rn3 at 2000 SCCM. 

Steady Generation of Mercury Vapor 

The mercury generation system iIlustrated in Figure 1 is used to provide a steady 

mercury vaporm2 stream. 2 cc liquid mercury (26 gram) is added to the first cylinder to 

maintain a relatively large surface area for better mercury evaporation. The water bath is 

maintained at 30 "C and 18.4 SCCM Nz is passed through the first cylinder with mercury. 

Ths stream containing mercury vapor is then mixed with the additional nitrogen stream of 2 

SLM, diluting mercury concentration by 100 times. Typically, one tenth of the mixture, i.e., 

100 SCCM is taken to mix with the 800 SCCM gas stream prepared from gas cylinders, 

resulting in a simulated gas mixwe with calculated mercury concentration o€ 0.0276 

rng/m3. The measured value is 0.028 mg/m3. The nearly perfect agreement between the 

calculated and measured data shows that the mercury generation system operates 

satisfactorily. 

Interferences of Chemicals in Mercurv Concentration Measurement 

The Jerome 431-X mercury vapor analyzer designed to monitor ambient air is 

used in the present study. The compounds present in flue gases such as 0 2 ,  NO and SO2 

and their plasma products such as 03 and NO2 may potentially interfere with mercury 
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measurements. Currently, the interference of 0 3  is studied. Other compounds will be used 

in next phase of this study to check their interferences with mercury measurements. 

The manufacturer claims that the gold film sensors used in the Jerome mercury 

vapor analyzers do not respond to compounds such as hydrocarbons, CO, COz, SO2 and 

water vapor, but it responds to NO2 and HZS. Therefore, a &ace is incorporated in the 

system for converting NO2 into NO. It may be noted that the concentrations of these 

compounds are very low, probably comparable to ambient levels. However, it was found 

that the gold film sensor responded to SO2 [15]. Two steps are necessary: to minimize 

chemical compound concentration and make quantitative measurement of the 

interference. 

When 3% 0 2  in Nz is passed through the DBD reactor at the energy level of 123 

J/L, the outlet gas shows a response of 0.600 mg/m' on the Hg analyser instead of zero. 

O3 formed in the plasma is thought: to be responsible for the unusual response, 0 3  effect 

is confirmed by measuring the outlet gas composition of an ozonator that also gives a 

large meter reading of up to 500 mg/rn3 instead of zero. When the outlet stream is passed 

through a furnace at 695 "C, the response is reduced significantly to 0.017 mg/m3 and the 

reading becomes stable. This small response is due to trace 0 3  left undecomposed. 

Experimental Results and Discussions 

Preliminary experiments are conducted on mercury oxidation in the DBD reactor 

under controlled conditions. Conversion of mercury vapor is measured in terms of inlet 

and outlet Hg vapor concentrations as follows: 

x 100 - Cinlet  - Coutlet Conversion (%) - 
' inlet 

Where: Cjnlet = Concentration of Met Hg vapor (mg/m3> 

cOuizel = Concentration of Outlet Hg vapor (mg/rn3) 
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Plasma: 17.2 kV (peak value) at 150 Hz 

. and room temperature 

Modet 49C Ozone Analyzer (Thermo 
EnVironmental Instruments) 

study because its concept is simple and direct. The frequency used is 150 Hz [E]. 

Ozone Formation in Barrier Discharge Reactor 

Ozone is thought to be a major intermediate compound that oxidizes mercury into 

HgO. A dry gas stream with 8% 02 in NZ is passed through the barrier discharge reactor 

maintained at 17.2 kV and 150 Hz. A model 49C ozone andyser (Them0 Environmental 

Instruments) is used to measure the ozone concentration in the outlet gas sh -em of the 

reactor, Total flow rate is 1000 SCCM. About 300 ppm of ozone is found under steady 

state (Figure 3). 

350 I 

"i/ 
0 4  I I I I 1 1 1 

0 I O  20 30 40 50 60 70 80 90 
Time, minutes 

Figure 3. Ozone Generation in Barrier Discharge Reactor 

Electron-impact decomposition of 0 2  undergoes at the plasma conditions: 

e-t-02 .B O + O + e  

Then ozone is formed as follows: 



It is worth mentioning that 0 3  formation could be suppressed when inlet gas 

mixture contains water vapors. 

Preconditioning of Gas Samples 

Ozone is found to cause a strong interference with the mercury analyser 

used in this study. A furnace at 680 "C is used to treat outlet gas samples to discompose 

ozone, possibly eliminating the ozone interference. Both thermodynamic analysis and 

experimental result given below show that mercury vapor does not react with oxygen to 

form HgU at 680 "C. In other word, the mercury vapor concentration in gas sample does 

not change in spite of passing through the h a c e  at 680 "C. A glass wool plug is 

provided in the inlet line to the heater to trap all HgO and prevents it ftom entering the 

heater. 

HgO(g) + 0 2  * 2 HgO (9 (4) 

At 680 OC, free energy change of this reaction is 

A G = + 9.37 kcal/mol 

and the equilibrium constant is 

K = 0.0071 

The reaction is spontaneous in the reverse direction, i.e., decomposition of HgO into Hg 

and 0 2 .  

An experiment is also conducted to investigate the effect of heater on mercury 

vapor. Figure 4 shows that mercury vapor is bypassed the plasma reactor and mixed with 

the plasma outlet gas stream containing no mercury. The gas mixture is passed through 

the heater at 680 "C and then analyzed with the Hg analyzer. Total flow rate is 1000 

SCCM. The Hg concentration in the inlet of the heater is 0.070 mg/m3 and the outlet Hg 

concentration of the heater is found to be the same (Figure 5) .  This shows that the heater 

does not affect Hg concentration, 

O.l0/o02 + j q p z L - + [ - )  
. 7 ng Hg jmin in N2 680°C 
(0.070 mg/m3) 

Figure 4. Schematic of Heating Effect on Hg Sampling 
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Figure 5. Effect of Heating on Hg /HgO at 680 "C 

Hg Oxidation with Low Concentration Ot 

Low concentration of 0.1 % 0 2  is used to minimize ozone formation in the plasma 

reactor and thus, its interference in mercury analyser. The concentration of Hg vapor in 

the outlet stream of the plasma reactor is measured and illustrated in the Figure 6. A N2- 

0 2  stream with 0.073 mg(Hg)/m3 is passed through the plasma reactor without power. 

When a voltage of 21.2 kV at 150 Hz is applied to the reactor, outlet Hg concentration 

drops to about 0 rng/m'. Etg concentration restores to the feed level of 0.073 mg/m3 when 

power is turned off. It is found that 0.1% 0 2  in the inlet N2 gas stream through the plasma 

is adequate to oxidize almost all mercury vapors. 

The following is proposed to be the main oxidation reactions in the plasma 

reactor: 

Hgo + 0 * HgO 
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Figure 6. Effect of 0.1% 02 on Hg Oxidation 

Effect of 0 2  Concentration on Mercury Conversion 

Effect of 0 2  on mercury oxidation is M e r  investigated by increasing 02 

concentration from less than 1 ppm to 0.1%. The Hg concentration is kept constant at 

0.068 mg/m3 in the inlet N2 stream. A voltage of 21.6 kV at 150 Hz is applied to the 

plasma reactor. The total gas flow rate is maintained at 1000 SCCM. Oxygen 

concentrations of lppm (present in Nz cylinder), 0.1%, 0.04% and 0.06% are used, 

Shown in Figure 7 are the outlet Hg concentrations and conversions as a function of input 

0 2  concentration. Hg conversion is about SO% at 0 2  concentration of 0.03-0.04%. As 0 2  

concentration is increased to 0.06%, Hg conversion reaches about 100%. 

Effect of Energy Density on Mercury Conversion 

Energy input is regarded as a key parameter for a barrier discharge reactor since it 

has a strong effect on reactions inside the reactor. A gas stream is passed through the 

plasma reactor with 0.061 mg/m3 Hg, 0.1% 02 and Nl balance. An energy input of 86 J/L 

produced the initial discharge, resulting in 45% Hg conversion (Figure 8). The Hg 

conversion is found to be about 100% at the energy density of 114 J/L. In general, a 

higher energy density results in a higher Hg conversion into HgO. 
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Effect of Water on Mercury Conversion 

A N2 stream with 1% HzO is passed though the plasma reactor at 22.4 kV (150 

Hz). 0.060 mg/m3 Hg is added to the strearn to investigate the effect of HzO on Hg 

conversion, The total flow rate is maintained at 1000 SCCM. Experimental results 

presented in Figwe 9 show that 1% water vapor alone has little effect on mercury 

oxidation because there are no 0 radicals available for the reaction. 
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Figure 9. Effect of Water on Hg Conversion 

Effect of Coexisting 0 2  and Water on Mercury Conversion 

The effect of coexisting 0 2  and H20 is investigated with a gas dxture of 8% 0 2 ,  

2% HzO and 0.040 mg/m3 Hg. The energy density is 240 JL. Figure 10 shows that the 

outlet Hg is measured to be 0.040 mg/m3 equal to inlet concentration before power is on. 

When power is turned on, the outlet Hg concentration is found to be zero. The outlet Hg 

concentration goes back to inlet level when power is off, This shows that element Hg can 

be almost fully oxidized in the presence of 0 2  and water vapors. Our experience is when 

moisture is about 2% or above in the inlet gases the response time of Hg analyzer slows 

down. However, the over-all results are not affected. As soon as power is turned off the 

Hg conversion to HgO stops and elemental Hg concentration reaches the ambient (inlet) 

concentration. 
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Effect of COz on Mercury Conversion 

A gas mixture of 10% COZ and N2 is passed through the plasma reactor to 

investigate the effect of COz on Hg conversion. High concentration (up to 700 ppm) of 

CO can be formed from COZ decomposition in the plasma reactor when inlet gas contains 

10% COz in Nz [ll], At the energy density of 300 J/L (21.2 kV and 150 Hz), 0.060 

mg/m3 Hg present in the 10% COz and Nz stream shows a conversion of almost 100% no 

matter whether 0.1% 0 2  is added to the inlet stream or not. Figure 11 shows the 

operating conditions and the results. The following reactions may accounts for the 100% 

Hg conversion: 

COZ + e + CO + 0 + e (6)  

0 + Hg + plasma + HgO (7) 

A N2 stream containing 1% CO is found to cause no interference in the mercury 

analysis. 

Effect of Coexisting 0 2 ,  H 2 0  and C02 on Mercury Conversion 

A gas mixture of 8%O2, 2% B20, 10% C02, 0.060 m g h 3  Hg and NZ is passed 

through the plasma reactor to investigate the effect of HzO on Hg conversion. With 
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plasma power of 240 J/L, outlet mercury concentration is found to be about 0.010 

mg/m3(Figure 12). Over 80% of inlet Hg is oxidized in the plasma reactor. It does show a 

little decrease in HgO conversion. 
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Effect of NO/N02 on Mercury Conversion 

The presence of hundreds ppm of Nom02 in the flue gases might have an effect 

on Hg oxidation. A gas mixture of Hg vapor and lOOppm NO in N2 is passed through the 

plasma to investigate the effect of NO on Hg conversion. The total flowrate is 1000 

SCCM. A much higher energy of 660 J/L is applied to the plasma reactor to decompose 

NO and prevent its interference in Hg analyzer. 100 ppm NO;! is also used hdividua1ly to 

study its effect on Hg oxidation under the same operating conditions. Shown in Figure 13 

is the Hg conversion as a h c t i o n  of inlet Hg concentration. With inlet NO concentration 

of 100 ppm, Hg conversion is increased fiom 45 to 75% as inlet Hg concentration is 

increased fiorn 0.042 to 0.106 mg/m3. However, a conversion of 81-86% is achieved for 

the inlet 100 ppm NO2 under the same operating conditions. More 0 radicals, produced 

via dissociation of NO2 rather than NO, are available for Hg oxidation resulting in higher 

Hg conversion (reactions 8 and 9). 

0 + Hg -t- plasma 3 HgO (9) 

--------- 100 I 

80 i 

o r  I I I I I 

0 0.02 0.04 0.06 0.08 0.1 0.12 
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Figure 1 3. Rg Conversion in the Presence of NO or NO2 as a Function of Met Hg 
Concentration 
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There is no literature information as to how NO/N02 react with Hg in a non- 

thermal plasma reactor in the absence of 0 2 .  Probably in our experiments, NO gets 

converted to NO2 and uses up 0 2  not leaving enough for Hg to oxidize. NO2 is a stable 

compound and may not react totally with Hg to form HgO. However, our recent 

experiments have shown that in the presence of 1000 ppm 02, elemental Hg is 100% 

converted to HgO in the presence of NON02. 

Cost Comparison 

FirstEnergy Services Corp. of Ohio and Powerspan Coy. of New Hampshire 

have jointly been making heavy investments in the commercialization of the barrier 

discharge plasma technology for NO, and SO2 removal. The cost estimates show that the 

cost of retrofitting a plasma system to a 300-500 MWe utility plant is about $200/kW, 

half as much compared to total retrofitting cost of currently available SCR (selective 

catalytic reduction) and FGD (flue gas desulfurization) processes for removing 90% NO, 

and SO2, respectively [ 16,17,18]. Similarly, the levelized cost is about one third. Details 

of the cost figures are treated as proprietary information. There are no cost numbers 

available for the simultaneous removal of Hg in.the plasma unit. It will not be out-of-line 

to state that Hg removal in the same equipment will not add significantly to the process 

cost. In contrast to the above cost saving, an estimated cost for mercury removal using 

activated carbon injection may exceed $3 million in annual carbon usage for a 500-MW 

coal-fired power plant. 

Conclusions 

Mercury Oxidation - Proof of Concept is Established 
9 Barrier discharge can be used to oxidize over 80% elemental mercury present in a 

simulated gas mixture of 8% 02,2% €€20,8% C02 and Nz. 

e The presence of N0/N02 favors Hg oxidation under the experimental conditions 

of this study. 
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* Power consumption is a key parameter in reactor performance and must be 

minimized for commercial operation. About 100% conversion of mercury to HgO 

has been achieved at the energy level of 114 J/L. 

Additional Advantages 

e Banier discharge is found to be effective for the oxidization of NO in flue gas 

into NO2 that can be removed as HNO3 acid in downstream process (from a 

previous DOE-sponsored study). 

SO1 can also be effectively oxidized and removed as H2S04 acid (from a previous 

DOE-sponsored study). . 

All three pollutants, namely NO, SO2 and Hg can be simultaneously removed in 

one barrier discharge reactor. This avoids the need of three techniques for the 

removal of major gaseous pollutants fiom coal-fired power plants. Acids in the 

mixture can be separated as useful commercial products. 

Research Plans for Phase H 
0 

0 

0 

0 

0 

0 

0 

Study the Hg oxidation in the presence of NO, NOz, ,502, 0 3 ,  H20, CO and COz 

in various combinations using a new Hg analyzer 

Modify the plasma reactor to operate at about 300 F, the temperature of flue 

gases fiom a utility boiler. 

Optimization of parameters for the plasma reactor including voltage, frequency, 

power, temperature and reactor configuration 

A new on-line Sir Galahad I1 Mercury Analyzer (PS Analytical, U K )  is needed 

for Rg speciation 

Since 0 3  plays an important role in the oxidation of NO, SO2 and Hg, the non- 

thermal plasma reactor system should be equipped with an on-line ozone analyzer 

Study of kinetics of Hg oxidation 

Defailed economic analysis 
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E 

Instruments for Mercury Measurements 

Please see Appendix A. 
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c 

e 

Response: 
12 seconds 

Appendix A 

Instruments for Mercury Analysis Available in the Market 

Instrument 

xome 43 I-X Mercury 
rapor analyzer 
4nzona Instrument, 
'empe, Arizona) 

OOA Mercury 
malyzer (Buck 
hientific, East 
Jorwalk, CT) 

Fir Galahad Ii Mercury 
halyzer Ips 
inalyhcal, UK) 

klercury Stack Monitor 
SM-3 (Mercury 
[nstrurnents GmbH, 
Sermany) 

25 3 7A Mercury Vapor 
Analyzer (Tekran hc., 
Ontario, Canada) 

Principle of Operation 

dercury vapor attaches to 
;old film and alter the 
;old film resistance. A 
fieatstone Bridge 
Zircuit is adopted to 
neasure the resistance 
:hange. 
4 gold wool is used to 
:olIect mercury vapor via 
malgamation. The wool 
1s heated to release 
mercury vapor to an 
3bsorption cell where the 
253.7 nm mercury lines 
srnitted by the lamp are 
absorbed by vapors in 
cell 
Atomic fluorescence 
spectrometry (AFS) 
Argon is used as carrier 
gas 

Cold vapor atomic 
absorption spectroscopy 
(CVAAS) 

Preconcentration by 
amalgamation onto 
patented pure gold 
collector carkidges. 
Thermal desorption of thi 
captured mercury in an 
inert gas environment. 
Detection via CVAFS. 
Two cartridge runs in 
turn. 

Sensitivity I Species 
& can be 

lensitivity : 

tesponse : 
I minutes 

Pdm3 

Sensitivity: 
1. lpicogram 

Jensitivity : 
10 PPt 
Response: 
:BO seconds 

Sensitivity: 
c0.1 ng/m3 
Response: 
2.5 hinutes 

Igo vapor 

Hgo vapor 
Pg2+ 
reduced to 
@*I 

Hgo vapor 
as well as 
bound 
f o m  of 
Hg like 
HgCL 
E$, HgS 
and parti. 
mercury 
HgO 

Effect of 
nterfering 
Zhernicals 

qo interfer. 
with other 
Zases 

N/A 

N/A 

cost 
$ 

,400 

,000 
Y 

,650 

,185 
- 

15,000 
llUS 
'0,000 
or a 
:on& 
iystem 
\7,666 

NIA 
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