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INTRODUCTION

The Nation's large supply of high sulfur coal and increasingly stringent emission regulation led to priority
development of advanced innovative processes for treating pollutants in flue gases from coal combustion. The
principal pollutants in flue gases, sulfur oxides (S0,,503) and nitrogen oxides (NOy) cause acid rain. Thus, the
Department of Energy's Clean Coal Program is funding projects to commercialize technologies that minimize
emission of sulfur and nitrogen oxides at power plants. The emerging technologies should be applicable to coal-
fired combustors in the electric utility, industrial and commercial sectors. The technologies should also achieve
high degrees of reliability and have low operating and capital costs. The status of flue gas cleanup technology is
summarized in the folowing sections. '

Flue gas cleanup technology provides emission control of sulfur dioxide, nitrogen oxides, and particulate
matter (PM) in combustion of coal using two generic categories of processes: One category, dry sorbent injection,
uses dry sorbents such as limestone injected directly into the combustion zone or downstream of a coal- fired boiler,
to capture sulfur dioxide insitu. In this strategy, a low-NOy combustion environment is usually maintained to aid
capture. The second category, post combustion gas cleanup, uses sorbents in a slurry, aqueous liquor, or dry
powder injected into the combustion gas leaving coal-fired boilers to effect post combustion capture of SO,.
Processes in both categories employ various approaches to control emission of particulate matter (PM).

In the last 10 to 20 years, a wide variety of dry sorbent injection and post combustion gas cleanup systems
(1-12) have evolved. A representative system for dry sorbent injection is the Limestone Injection Multistage Burner
(LIMB) used at utility power- generating stations in existing pulverized coal-fired (PC) boilers firing run-of-mine
(ROM) coal. The boilers are equipped with conventional particulate matter (PM) controls (typically an electrostatic
precipitator). The LIMB system injects dry alkali metal limestone or hydrated lime into the furnace operating with
low-NOy combustion environment achieved through modifications of the burner assembly or combustion operating
conditions. LIMB is an emerging technology undergoing research and development at the bench, pilot, prototype,
and demonstration plant levels. The thrust of ongoing research is to identify factors that govern performance to
optimize removal efficiency. '

Numerous activities by both private and public sectors to improve emission control systems are
summarized as follows: ‘

1. Research for control of particulate matter (PM) is focussed on performance improvement and
optimization: Due to concern for health risks from trace element and inhalable particulate matter,
emphasis is placed on the removal of submicron-sized particles.






2. Research in existing flue gas desulfurization (FGD) systems is focused on the use of organic acids or
magnesium salts to enhance SO, removal efficiency and reagent utilization. Results indicate that a
removal efficiency of 95 % can be achieved at reduced operating costs.

3. Research in existing and new FGD systems is to reduce fresh water consumption and clean-up of waste
water discharges since these requirements may improve siting and operational problems at coal power
plants.

4, A promising low-cost FGD option for SO, control is dry injection of sorbent in flue gas before the fabric

filter. This process has been demonstrated by the Electric Power Research Institute (EPRI) at full-scale
and is applicable to both new and existing low-sulfur coal power plants. Additional research is proceeding
on high-sulfur coal applications for use with electrostatic precipitators, for improved waste fixation and
disposal, for system optimization and for use of lower-cost alternate reagents.

5. Advanced limestone/gypsum FGD processes are being developed for application which produce
marketable gypsum by forced oxidation of the spent slurry.
6. For post-combustion control of NO,, selective catalytic and selective non-catalytic reduction systems are

the most advanced. Pilot- scale systems of these two technologies have been successfully tested on coal-
fired power plants. However, these processes are more expensive than modification of burners for low
NO, emission. Major improvements are needed in the process control subsystems, extension of catalyst
life, elimination of ammonia leakage, and reduction in overall cost.

Long term research efforts are focused on advanced SO, control, combined SO,/ NOy control and PM
removal. The primary emphasis in advanced SO, control technologies is placed on reagent regeneration and
saleable product processes to eliminate or minimize solid waste disposal problems.

Biological desulfurization of coal is a pretreatment method that attempts to remove both pyritic and
organic sulfur in coal before combustion. In the past, several laboratory studies have been reported to remove sulfur
from coal using microorganisms (13-18). Two main microorganisms that have been studied are Thiobacillus
Serroxidans, a mesophilic (10°C-37°C) bacterium isolated from acid mine drainage, and Swulfolobus
acidocaldarius, a thermophillic (55°C-80°C) bacterium. Both organisms aerobically oxidize pyritic sulfur,
primarily FeS,, and organic sulfur to soluble sulfates. Atlantic Research Corporation, Virginia (19) developed a
unique microorganism (CBI) capable of removing a portion of the organic sulfur from coal. CBI primarily attacked
thiophenic sulfur in coal, removing the sulfur as a water soluble sulfate. In laboratory batch and bench-scale
continuous systems, CBI removed up to 47% of the organic sulfur. The sulfur removal depended on coal type,
particle size and surface properties. Attia and Elzeky (20) used thiobacillus ferrooxidans bacteria to selectively
modify the pyrite surface chemical behavior to improve pyrite sedimentation in the flotation of coal. They studied
the effects of variables (bacterial conditioning time, concentration of bacterial cells, pH, temperature and nutrient
solution) on the flotation behavior of pyrite and coal suspensions. Their results indicated that about 40% reduction
in the pyrite content of coal was achieved with bacterial pre-conditioning of less than 15 minutes, while coal
flotation was unaffected.

METHODOLOGY

Current sulfur and nitrogen oxide control approaches for contaminated gas streams such as stack
gases have limitations and are relatively expensive, Practical methods for removal of carbon dioxide are not
available. In this paper, the controlled use of biotransformation to remove these oxide pollutants from
contaminated gases involves complex biooxidation and bioreduction of the oxides in appropriate bioreactors,
ultimately to elemental sulfur, nitrogen gas and biomass. Two separate bioreactor experiments were conducted to
investigate the application of biological reactors for removal of sulfur dioxide, nitrogen oxides and carbon dioxide
from stack gases.

Biofilter Studies

An experimental biofilter was operated for 5 months to study biological removal of sulfur dioxide,
nitrogen oxides and carbon dioxide from stack gases. A 2-inch diameter stainless-steel tube was used to construct
the biofilter and ceramic straight-passage monolith with 100 cells/square inch, obtained from Corning Glass, Inc.,
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NY, was used as the support media. The height of the biofilter was 3 feet. Stack gas, with flowrate that was varied
in the range 1-2 liters/minute, was introduced at the top of the biofilter. The recycled OECD nutrients (21) were
also trickled down the biofilter cocurrent with the flow of the stack gas. 30 mg of Thiobacillus (obtained from
ATCC culture bank and grown in specialized culture reactors) was suspended in 0.5 liters of OECD nutrients and
recirculated through the biofilter to seed the ceramic media with the desired organisms. About 16 gms of the
culture was attached after 2 hours of recirculation of the suspended culture through the biofilter.

Stack gas, with the following composition: Carbon dioxide (41.56%), Nitrogen (50%), Oxygen (8%),
Sulfur dioxide (0.4%), nitrogen oxides (0.04%), was introduced at the top of the biofiiter at an initial flowrate of 1
liter/minute, which resulted in a 2-minute gas phase empty-bed residence time. OECD nutrients with the following
composition: (21): KHyPOy4 (85 mg/L)), KoHPOy (217.5 mg/L)), NagHPO,4.2H,O (334 mg/L), NH4Cl (25 mg/L),
MgS0O4.7THyO (22.5 mg/L), CaCly (27.5 mg/L) and FeCl3.6H;0 (0.25 mg/L), MnSO4.HyO (0.0399 mg/L),
H3BO;3 (0.0572 mg/L), ZnSO,4.7H5O (0.0428 mg/L), (NHy)6M0o7054 (0.0347 mg/L), FeCl3 EDTA (0.1 mg/L),
and yeast extract (0.15 mg/L) were also introduced at the top of the biofilter at a flowrate of 4 liters/day. The
biofilter was operated at ambient temperature of 25°C.

Suspended Culture Bioreactor

A bioreactor experiment was conducted to evaluate SO7/NOy removal from stack gases by suspended
culture bacteria. The design and operating conditions for the bioreactor have been summarized in Table 1. Stack
gas, consisting of carbon dioxide, nitrogen, sulfur dioxide, nitrogen oxides and oxygen was bubbled at a rate of 1.5
liters per minute through the bioreactor. The bioreactor, a 4-inch diameter glass column, 3 feet tall, was filled with
2 feet of deionized distilled water and 20 gms of activated sludge as seed. There was no further addition of
activated sludge to the reactor. The reactor was mixed by the incoming stack gas flow. The reactor detention time
was 4 minutes for the gas stream. The reactor detention time has not been optimized.

The incoming gas stream and the exiting gas stream compositions (refer to Table 1) were analyzed by a
sulfur dioxide and nitrogen oxides Beckman Analyzer. OECD nutrient media was batch fed daily to the reactor
(0.2 liters) and an equivalent amount of liquid was withdrawn (Table 1) from the reactor. The exit gas was also

analyzed using a gas chromatograph.
RESULTS
Biofilter Studies

Complete removal of sulfur and nitrogen oxides was observed in this experiment. No oxygen or hydrogen
sulfide was present in the exit gas stream. The carbon dioxide composition was reduced to 32.4%, from an initial
feed gas composition of 41.56%. The composition of nitrate in the exit liquid stream was 12 ppm and sulfate
composition was 10 ppm. Free sulfur was obtained from the liquid stream. The amount of free sulfur, quantitated
by filtering and weighing, closely agreed with the complete conversion of sulfur dioxide to sulfur.

The biofilter consisted of two distinct zones: (1) oxidation zone, in which the sulfur dioxide and nitrogen
oxides were converted abiotically and biologically to sulfate and nitrate in the liquid phase; and (2) reduction zone,
in which the sulfate and nitrate were converted to hydrogen sulfide, sulfur and nitrogen gas. The hydrogen sulfide
formed also reacted with sulfur dioxide in the gas phase to form sulfur, which exited with the nutrient liquid flow.

The following are the possible reactions occuring in the oxidation and reduction zones:

Oxidation zone: Biological reactions
Bacteria

1/20p + HyO + SOy --=--eemmmv > S04~ + 2HT
Bacteria
1/205 + HyO + NO -weeeeeeeee-> NO3™ + 2HY
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Bacteria
1/209 + HyO + 2NOj =--moeemmmes > INO3~ + 2H'

Sulfur dioxide is also oxidized to sulfate abiotically.

Reduction zone: Biological reactions

Bacteria

SO42‘ + OIganic Source ---s-w----- > HyS + alkalinity
Bacteria ‘

NO3™ + organic source ---e------- > 1/2 Ny + alkalinity
Bacteria

SO4~ + organic source -----======-- > 80 + alkalinity

With nutrient recycle, the alkalinity (HCO3") produced in the bioreduction zone neutralizes the acidity
produced due to the formation of sulfate and nitrate in the oxidation zone. Waste activated sludge was
continuously added to the biofilter and primarily served as the organic source for the bioconversion of sulfate to
hydrogen sulfide. The steady-state pH of the exit nutrient stream was 9.2. The majority of the carbon dioxide in
the gas stream was absorbed by the bicarbonate to form carbonate, The HyS produced in the reduction zone
combined with sulfur dioxide (SO5) in the gas phase to form free elemental sulfur.

2H,S + SO, > 380 + 2H,0

The major problem encountered in this experiment was the senstivity of the exit gas composition to inlet
stack gas flowrate. If the stack gas flowrate was abruptly changed even by a small amount, the conversion of sulfur
dioxide would immediately drop and then again achieve 100% conversion after a period of 2-3 hours. For
example, at a stack gas flowrate of 1.2 liters/minute, immediately after being changed from a steady-state flow of 1
liter/minute, the conversion of sulfur dioxide immediately dropped from a steady-state value of 100% to 85%,; i.c.,
15% of the incoming sulfur dioxide was observed in the exit gas stream. Nitrogen oxides were also observed in the
exit gas stream, although their composition was very low due to low inlet composition. However, if the biofilter
was operated for about 3 hours at a steady-state stack gas flowrate of 1.2 liters/minute, then the sulfur dioxide and
nitrogen oxide conversion again reached a steady-state value of 100%.

The instability of the biofilter process to changes in stack gas flowrate was mainly due to disruption of the
oxidation-reduction zones, due to penetration of oxygen, present in stack gas, into the reduction zone. However,
after the reactor had been operated for some time, usually a few hours, bacterial growth responded to restore the
balance of the oxidation-reduction zones, thereby again attaining complete conversion of the sulfur and nitrogen
oxides to sulfur and nitrogen gas.

Suspended Cuiture Bioreactor

After acclimation, complete removal of sulfur dioxide, nitrogen oxides and oxygen was observed in the
bioreactor for a period of two months. 30% of incoming carbon dioxide was removed in the bioreactor. The reactor
pH remained at near neutral values. The chemoautotrophic sulfate reducing bacteria also use carbon dioxide from
the stack gas to support biomass development. Thus CO, conversion to biomass and alkalinity (HCO3") also
occurs in the process. Chemoautotrophic bacteria function over a wide range of temperature from normal ambient
to high temperatures nearing the boiling point of water. Temperature optimization of the processes have not been
attempted. About 25% of the sulfur (SO,) entering the reactor was released as HS in the exit gas. The carbon
dioxide in the exit liquid was determined by acidification and measurement of CO, evolution. The bulk of the
carbon dioxide removed from the stack gas was converted to carbonate in the liquid phase. The biomass produced
by chemoautotrophic sulfate reducing bacteria supplied some of the organic material needed for sulfate reduction.
Waste activated sludge was added to the reactor and primarily served as the organic source for sulfate reduction.
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Analysis of the 0.2 liter aqueous stream from the bioreactor revealed that the nitrate/nitrite composition
during the two month study varied between 50-120 ppm, the suifate concentration was steady at 180 ppm.
Qualitatively, particulate sulfur was present in the biomass.

The naturally adapted organisms and the water in the bioreactor support the following complex reactions:

Dissolution and Oxidation in Water:

SOz + H20 ==> H2303

250, + 2H50 + 1/20y ------> HySO4 + HySO3
HyS03 + 1/209 ----> HyS04

2NO + Oy === > 2NO,

2NO; + HyO -----> HNO, + HNO3

COy + HyO ==> HyCO3

Bioreduction:
Bacteria
CH3CO0"™ + SO4%- ; > Hy0 + CO, + HCO3" + $2-
Bacteria
3CH3C00" +4803% > 3Hy0 + 3CO, +3HCO3™ + 482
2H' + §2- > H,S
SO42' + 2HT +3H)S -meeemmecmeeneen > 4S8 + 4Hy0

Nitrite and nitrate ions are also biologically reduced to nitrogen gas. The alkalinity (HCO3") produced by
the reduction neutralizes the acids produced in the oxidation reactions and by the dissolution of the gases in the
water of the bioreactor. The steady-state pH in the bioreactor was 9.0.

Sulfur, biomass, sulfate and nitrate ions are removed from the reactor in the effluent aqueous stream. The
small residuals of soluble sulfate and nitrate ions may be separated from the particulate sulfur and biomass in the
stream. With or without separation, the soluble sulfate and nitrate ions may be reduced in a second reactor using
waste organic sources, such as sewage sludge.

CONCLUSIONS

Biological conversion of sulfur dioxide and nitrogen oxides in stack gases is possible using either
immobilized biofilms or suspended culture reactors. Complete conversion of sulfur and nitrogen oxides are
achieved in the reactors with the final products being sulfur and nitrogen gas, respectively. Detailed reactions
explaining the experimental data have been presented in this paper. Biotransformation of stack gas contaminants
offers an alternative approach to manage combustion of high sulfur coal, without requiring landfilling or disposal
of sludge.
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Table 1. Design and Operating Conditions of the Suspended Culture Bioreactor

Diameter of reactor 4 inches

Height of liquid in reactor 24 inches

Amount of activated sludge

added at start of experiment 20 gms

Gas phase retention time 4 minutes

Inlet Gas flowrate 1.5 liters per minute

Outlet Gas flowrate 1.2 liter per day

Inlet Gas Composition: Carbon dioxide 41.56%
Nitrogen 50.00%
Oxygen 8.00%
Sulfur dioxide 0.40%
Nitrogen oxides 0.04%

Exit gas composition: Carbon dioxide 36.4%
Nitrogen 62.6%
Moisture 0.88%
Hydrogen sulfide 0.12%
Sulfur oxides 0.00%
Nitrogen oxides 0.00%

Reactor temperature and pH 27°C; 9.0

Amount of nutrient media

fed daily to reactor 0.2 liters (OECD composition)

Amount of reactor liquid

withdrawn daily 0.2 liters

Exit liquid composition

(average) nitrate/nitrite 100 ppm

sulfate 180 ppm
free sulfur present
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