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Abstract:
One of the most difficult problems in air pollution control is that of reducing nitric oxide emmissions.
Nitric oxide is emitted into the atmosphere where it is then oxidized to NO2. The reduction of NO with
NH3 over a catalyst is a process which is beginning to be used in some industrial applications.
However, the use of NH3 is undesirable because of the many other industrial applications for it.

This research was concerned with using the metal sulfides BaS,CaS, SrS and FeS mixed with the
chemical promoters NaF, FeCl2, NiCl2, CoCl2 and Fe203 to reduce NO in an oxidizing atmosphere.

To determine if the chemical promoters reacted with NO, they were placed on the weighing pan of a
Cahn R-100 continuous recording electrobalance.

The weight change was then recorded when the promoter was exposed to a gas stream containing 2.5%
NO and 97.5% He. The only promoters showing a weight change were: CoCl2 and Fe203 gained
weight at 300°C and CoCl2 lost weight at 400°C.

The reaction rates of the metal sulfide mixtures were determined using the electrobalance at 400°C and
300°C. These were determined with a gas having a composition of 2.5% NO and 97.5% He. At 400°C
the fastest reaction rate was 3.155 x 10-6 moles of NO reacted per minute per gram of mixture for the
BaS/FeCl2 mixture. The FeS/FeCl2 and BaS/CoCl2 mixtures showed weight losses at 400&;C. At
300°C the fastest rate was 4.69 x 10-6 moles of NO reacted per minute per gram of FeS/FeClg mixture.

The metal sulfide promoter mixtures and metal sulfides were tested in a fixed packed bed reactor to
determine how well they would remove NO from a simulated flue gas. The simulated flue gas
composition was 1000 ppm NO, 1% O2, 18% CO2 and the balance N2. The effluent gas was analyzed
for NO using a Thermo Electron Corp. Chemiluminescent N0-N0 Analyzer. A simulated flue gas flow
rate of 100 ml/minute was used.

The capacities at 400°C ranged from 0 grams of NO/gram of CaS for unpromoted CaS to .0372 grams
of NO/gram of FeS for the FeS/FeClg mixture. The four largest capacities were FeS/FeCl2, .0372
grams of NO/gram FeS; SrS/NaF, .0317 grams of NO/gram SrS; CaS/NaF, .0186 grams of NO/gram
CaS and BaS/FeCl2, .0l68 grams of NO/gram of BaS. The capacity for FeS/FeClg mixture at 300°C
was .0020 grams of NO/gram of FeS.

It was determined that the presence of CO2, SO2 and H2O in the simulated flue gas had no effect on
the amount of NO removed by CaS at 500, 600 and 700°C. The presence of CO2 and SO2 in the
simulated flue gas did not effect the removal of NO by the CaS/NaF mixture at 400°C. The presence of
H2O in the simulated flue gas was shown to reduce the amount of NO removed by the CaS/NaF,
SrS/NaF and FeS/FeClg mixtures at 400°C. The higher the concentration of O2 the lower the NO
removal capacity. 
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ABSTRACT

One of the most difficult problems in air pollution control is that 
of reducing nitric oxide emmissions. Nitric oxide is emitted into the 
atmosphere where it is then oxidized to NOp. The reduction of NO with 
NH over' a 'catalyst is a process which, is. beginning to be used in some 
industrial applications. However, the use of NH is undesirable because 
of the many other industrial applications for it.

This research was concerned with using the metal sulfides BaS,CaS, 
SrS and FeS mixed with the chemical promoters NaF, FeClg, NiClg, CoClg 
and FegO to reduce NO' in an oxidizing atmosphere. '

To determine if the chemical promoters reacted with NO, they were 
placed on the weighing pan of a Cahn R-100 continuous recording electro­
balance. The weight change was then recorded when the promoter was ex­
posed to a gas stream containing 2.5% NO and 97-5% He. The only promot­
ers showing a weight change were: CoClp and Fe 0 gained weight at
3000C and CoClg lost weight.at UOO0C. 3

The reaction rates of the metal sulfide mixtures were determined 
using the electrobalance at UOO0C and 300°C. These were determined with 
a gas having a composition of 2.5% NO and 97.5% He. At UOO0C the fast­
est reaction rate was 3.155 x 10~6 moles of NO reacted per minute per 
gram of mixture for the BaS/FeClg mixture. The FeS/FeClg and BaS/CoClg 
mixtures showed weight losses at U-OO0C. At 300°C the fastest rate was 
U.69 x 10-6 moles of NO reacted per minute per gram of FeS/FeClg mix­
ture.

The metal sulfide promoter mixtures and metal sulfides were tested 
in a fixed packed bed reactor to determine how well they would, remove . 
NO from a simulated flue gas. The simulated flue gas composition was 
1000 ppm NO, 1% Og, l8% COg and the balance Ng. The effluent gas was 
analyzed for NO using a Thermo Electron Corp. Chemiluminescent N0-N0 
Analyzer. A simulated.flue gas flow rate of 100 ml/minute was used.
The capacities at UOO0C ranged from 0. grams of NO/gram of CaS for un­
promoted CaS to .0372 grams of NO/gram of FeS for the FeS/FeClg mixture. 
The four largest capacities were FeS/FeClp, .0372 grams of NO/gram FeS; 
SrS/NaF, .0317 grams of NO/gram SrS; CaS/NaF, .0186 grams of NO/gram 
CaS and BaS/FeClp, .0l68 grams of NO/gram of BaS. The capacity for 
FeS/FeClg mixture at SOO0C was .0020 grams of NO/gram of FeS.

It was determined that the presence of COg, SOg and H O  in the sim­
ulated flue gas had no effect on the amount of NO removed by CaS at 500, 
600- and 700°C. The presence of CO and SO in the simulated flue gas 
did not effect the removal of NO by the CaS/NaF mixture at U00°C. The 
presence of-HpO in the simulated flue gas was shown to reduce the amount 
of NO removed by the CaS/NaF, SrS/NaF and FeS/FeClg mixtures at U00°C. 
The higher the concentration of 0o the lower the NO removal capacity.



INTRODUCTION

NO^ may be the,moat vexing single pollutant in terms of finding 

an effective and cost efficient method of controlling Its release. 

Several decades of scientists have been challenged by the difficulty 

of finding either a way to prevent the formation of NO or a way to 

render it a non-pollutant after its formation. The most common oxides 

of nitrogen are NO (nitric oxide), NO^ (nitrogen dioxide) and N^O 

(nitrous oxide). NgO is an anesthetic, NO is not considered an 

irritant, but NO is slowly oxidized in the atmosphere to NO^ and NO^ 

is considered to be poisonous.

Nitric oxide is formed in several ways. It has been found that 

the NO formed in the combustion of fuels can occur by two principal 

mechanisms: high temperature oxidation of molecular nitrogen in the

combustion air to yield thermal NO, and conversion of chemically bound 

nitrogen in the fuel to yield fuel nitric oxide (Lachapelle et'al., 

1976). The equilibrium concentration of NO with Ng and Og is.about 

25,000 ppm at IlUOO0P but the equilibrium concentration is only .001 ppm 
at TO0F (Peters, 1971).

NOri is formed in a somewhat different manner. At UUOO0P the kine- 2
tics of the Ng, Og, NOg and NO reactions are such that only 5 to 10% of 

the NOx formed is NOg with most of the rest being NO (Bartok et al., 

1971). At TO0F the equilibrium between NOg, Og, and NO highly favors . 

NOg. Thus, in exhaust gases most of the NOx is NO while at equilibrium 

most of the NO is converted to NOg.
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At W O O 0F the formation of NO from Ng and O^ is very fast, while- 

at 70°F the decomposition of NO to Ng and O^ is very slow. In 1917 an 

experiment was begun in which several containers of NO were sealed with 

various catalysts at ordinary temperatures. When the containers were 

opened in 1958 the decomposition of NO to N^ and O^ had proceeded so 

slowly that there was no N^ detected (Shelef and Kummer, 1971)• There 

is no thermodynamic hinderance to the thermal decomposition of.nitric 

oxide, which is virtually complete to nitrogen and oxygen at tempera- ■ 

tures below IOOO0K. In the case of most reduction reactions the thermo­

dynamic relations are even more favorable than for the thermal decomp­

osition. Therefore, kinetics must be important in NO reduction and 

decomposition because experimentation has shown the reduction and de- ' 

composition of NO to be very slow at temperatures below IOOO0K (Shelef 

and Kummer, 1971)•

NOg is the most toxic of the oxides of nitrogen. Low levels of 

NOg have been shown to cause damage to plants, animals and humans. . A 

concentration of 100 ppm for a few minutes can be very damaging to a 

persons health. A six month study in Chattanooga, Terin. showed that 

concentrations of NOg of .06 to .11 ppm caused increased respiratory 
illnesses. Plants begin to show leaf damage at concentrations of 

10-15 ppm in one hour and at concentrations of I ppm in W  hours.' Also, 

continuous exposure to concentrations of .25 ppm NO have been shown 

to reduce citrus crop yields (Pollution Control Technology, 1973).
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WOg is not only- dangerous in itself, it has teen shown that ITOg tends - 

.to.promote,the formation of such, compounds as formaldehyde, acrolein 

and a group of plant poisons Cperoxyacyl nitrates) (LaMantia and Field, ■ • 

1969). Visually, NOg pollution may he identified by the reddish brown 

hue it gives to the atmosphere.

In 1976 it was estimated that 20 million tons of NO /year would be
■ x

released into the atmosphere (Bartok et al.., 1971). Stationary sources'

generally account for 60% of the amount of NO released. . Some of these.

sources are: power plants using coal, oil'and gas;.industrial boiling

incinerators; home heating systems and home'applicances. Chemical

plants where NO is produced or used and where-metallurgical or high

temperature processes are used are also stationary sources (LaMantia

and Field, 1969)• The NO emitted in the United States from stationaryx
sources in 1972 is listed as follows (Mason and -Shimizu,- 197^)•

■ SOURCE ESTIMATED N0XEMISSI0NS
,■ tons/year_______

Utility Boiler 5,670,000 
Reciprocating I.C.. Engine 2,189,000 
Industrial Boilers 2,108,000 
Commercial/Residentl-al Heating 826,000; 
Industrial Process Heating 390,,000 
Gas Turbines 291,000 
Nbncombubtion- . 11+9,000' 
Incineration ; ' 1+1 + 000

-TOTAL. ' 11,665,000

The average United States urban concentration of NQ^ in the air



is 20-25 times the natural atmospheric.condition (Hopper and Yaws, 1974). 

The EPA has set the emission standard for coal fired steam generators 

at .70 Ih/10° Btu of heat input. This is approximately 600 ppm (Walter 

and Goodwin, 1974).

Oxides of nitrogen are second only to SO^ emissions in amount of 

pollutants released every year. Given the large amounts of HO^ being 

released each year and the toxic effect of on humans, animals and 

plants it is important that effective and economical means of control­

ling NOx emissions be developed. The present methods of controlling 

NO^ emissions fall into two categories: (l) chemical reduction, decomp­

osition or physical removal and (2) combustion modification to minimize 
the formation of nitric oxides (LaMantia and Field, 1969). Current 

research is directed toward improving these methods, to make them more 

efficient and more economical.

4



II. - REVIEW OF CURRENT NO^ CONTROL METHODS 
A. Combustion Modification

There are many ways in which combustion modification can be. used 

to reduce nitrogen oxide emissions. Low excess air is one of the most 

promising and widely applicable combustion modification techniques' for 

reducing nitrogen oxide emissions. By reducing oxygen availability at 

the burners both thermal and fuel nitric oxide can be reduced. When 

the technique is employed, the lowest practical excess air. levels are 

■ generally dictated by a need to limit products of incomplete combustion 

or to prevent operating, problems such as boiler vibration, slugging 

and fireside corrosion,(Lachapell et al., 1976). Low excess air can 

reduce nitric oxide emissions from 30 to 50$ (Pershing et al., 1975);

(Crawfdrd et al., 1975).

Flue gas recirculation is also a combustion modification technique 

employed. Its effect in reducing nitrogen oxide is two fold; the flame 

zone temperature is reduced by the recirculating flue gases, and the 

concentration of oxygen available for nitric oxide production is re- ■ 

duced. This modification can be expensive due to the need for a high 

temperature fan and- additional duct work (Lachapelle et al., 1976). . 

Flue gas recirculation can reduce nitric Oxide emissions as much as 

3.0$ (Pershing et al., 1975) (Henry et al., 1975);

Water or steam injection reduces thermal nitric oxide because it 

reduces the flame temperature. Installation costs are low; however, 

water injection will impose an efficiency penalty (Lachapelle et'al.,'
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1976);(Blakeslee and Burbach, 1975). Staged combustion has also been 

shown to reduce nitric oxide emission (.Armento and Sage, 1975). In 

staged combustion the burners may be staggered fuel rich and either ' 

fuel lean or air only. This modification is applicable-to all fuels, 

especially coal. However, load reduction can result and there may be 

fireside corrosion problems (Lachapelle et al., 1976).

■ Reduced air preheat temperature lowers combustion zone peak-temp­

eratures and reduces thermal nitric oxide emissions (Pershing et al., 

1975) (Armento and Sage, 1975)•

Load reduction causes a decrease in combustion intensity and peak 

temperatures which causes a reduction in the amount of thermal nitric 

oxide produced ■ (Armento and Sage, 1975)(Blakeslee and Burbach, .1975)• 

This modification is not consistent with today's energy needs. Progress 

has been made in reducing nitric oxide emission through improved burner 

design. Several promising low nitric oxide (150 to 300 ppm) burner 

configurations for use in wall fired pulverized, coal boilers have been ' 

identified. Scale-up criteria must still be developed (Lachapelle et 

'al. , 1976). Rocketdyne Division of Rockwell International is develop­

ing an optimum distillate, oil burner for residential and commercial 

applications. The design has reduced NO .levels from 50 to 65$ of those - 
from conventional burners and, is capable of smoke free operation in 

10%. excess air (Dickerson and' Okuda, 197^) •
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Stack, gases from oil and coal-fired power plants are known .to be 

major sources of NO^ (Bartok. et al., 1969). A significant fraction of 

the' NO derives from the reaction of nitrogen with oxygen at high temp­

eratures. This NO production can be greatly reduced by combustion 

modification (Bartok et. al. , 1969). It has been shown, however, 

(Pershing et al., 1975; Turner et al., 1972) that the NO deriving from • 

the nitrogen content of the fuel is still well above desirable limits 

in spite of combustion modification. The high nitrogen content of coal 

makes its use undesirable in this respect. The need to develop process­

es to control NO^ emissions is thus clearly established.

B. Chemical Reduction, Decomposition or Physical Removal

TRW Systems has conducted a technical and economic assessment of

various catalytic schemes for nitrogen oxide control for stationary

power plants (La'chapelle et al. , 1976). Oh a laboratory scale with

simulated flue gas, catalytic reduction of nitric oxide was studied over
— l "Ia range of space velocities from 5000 hr to 20,000 hr (standard 

temperature and pressure) and temperatures from 200°C to U50°C. Approx­

imately forty-five catalysts were screened to determine nonselective 

nitric oxide reduction with hydrogen and carbon monoxide and selective 

reduction with ammonia, hydrogen and carbon monoxide. Identified as ■ 

being the most promising for selective reduction with ammonia are iron- 

chromium, vanadium, copper-lead, molybdenum and platinum catalysts. 

Parametric studies have obtained nitric oxide conversion of about 60 to
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90%.with ammonia stoichiometry about 1.0., temperature iOQ°.C,'space ye- . 

locities of 5 i000. to.20.,000. hr" , and inlet nitric oxide concentrations 

of 250 to 1000.ppm CLachapelle et al., 1976). Ammonia has been the only 

reductant purported to show true selectivity for the heterogeneous re- ' 

.duction of nitric oxide to nitrogen in the presence of excess oxygen. 

Mitsubishi Petrochemical Co., Ltd. and Hitachi Ltd. (Toyko, Japan) have 

developed a metal oxide catalyst which when used with ammonia can reduce 

nitric oxide emissions from.industrial plants. The nitric oxide is 

changed with the ammonia to water and nitrogen. This process, works ef­

ficiently at 250-300°C and removes over 90% of the nitric oxide.- This 

process meets Japan's NCh standard's which are much Stiffer than those of 

the United States (Environ. Sci. & Tech. , 1975).. Hitachi Ltd. has also 

developed a catalyst which can decompose NO^ in stack gases at tempera­

tures of about IOO0C. This decomposition is done with a catalyst of 

activated carbon pellets treated with ammonium chloride, bromide or 

iodide and packed in a column. Ammonium bromide is the most effective

of the three halides, and gave 80% NO removal at IOO0C .and 97% removal.
x

at 130°C. .Over several months of tests, ho.change in. NO removal or 

release of bromine was observed. The output gas is nitrogen and water 

vapor. ' The same catalyst removes Stî  at a high rate, with ammonium . 

sulfate as a product. High oxygen and low water vapor concentrations 

increase the reaction rate (Environ. Sci, & Tech.,. 1975)•

Iron oxide supported on alumina is a promising catalyst/absorbent '
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for use in the simultaneous removal of NO^ and 80__ from power plant 

stack gases. A dry-contacting process is under development WLch. would 

operate under net reducing conditions at temperatures of 370°C to J^Q0C. 

Iron, oxide is, converted to the ferrous state, NO is reduced to N^ or 

.NH^, and SO^ is removed as ferrous sulfide or sulfate. Regeneration 

with air produces SOg and reforms Fe^O^ (Clay and Lynn, 1975).

A dual "bed catalyst system for the simultaneous reduction of SO •. 

and 'NO has been developed by Sood and Kettrell (197^)• The reactions: '

CO + NO ---c. CO +.1/2 Ng

2C0 + SOg — > 2C0g + 1/2 S2

CO + 1/2 Sg -- $> COS

" 2C0S + SOg ---> 3/2 Sg + ,2COg

are considered to. take place in this system. To get 90% removal stoic­

hiometric quantities are necessary and the catalyst bed temperature, must 

be controlled very carefully.

■ At Montana State University, Evoniuk (1978) has developed a process 

using mixtures of alkalai carbonates and transition metal oxides to 

absorb dilute concentrations of NO (800 ppm to 10,000 ppm). The NO is 

then desorbed in a concentrated stream.

Shell Oil Company has developed a flue gas desulfurization process 

using a fixed bed reactor of. unusual - design. This design eliminates ■
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high pressure drops, plugging and acceptor contamination hy the fly ash. 

The acceptor is copper supported on alumina, and contamination of the 

acceptor with, particulate is avoided by causing the flue gas to flow 

alongside the acceptor mass rather than through it. In this arrange­

ment, the gas passes through open channels with the result that the 

pressure drop is low and particulate does not accumulate in the accept­

or. The acceptor is contained by gauze in a large number of flat, thin ■ 

layers with passages in between for the flue gas; the sulfur dioxide 

in the flue gas reaches the acceptor by diffusion (Groenendaal eh al., 

1976). This reactor design may be of use with metal sulfides in con­

trolling NO^ emissions.

Earlier in this section several processes were discussed for re­

ducing NO emissions. Most of these have not passed the laboratory 

scale of development. Some of these processes appear to be nearing 

industrial application. Those reducing the NO using NH^ over a catalyst 

appear to be promising. The major disadvantage of NH^ reduction pro- ■ 

cesses is that if some of the NH is not reacted and is released, it
U

becomes an air pollutant. Reduction using NH^ is used quite a bit in 

Japan on an industrial scale; however, NH^ is an expensive reactant. .

In 1972 it was estimated that 11,665,000 tons of NO^ were emitted from ■ 
stationary sources (Mason and Shimizu, 197^). If this were all reduced 

using NH^, 2,87^,000 tons of NH^ would be required. This represents 

18.9% of the 1972 production of NH^ (U.S. Bureau of the Census, 197*0 •
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is in great demand as a raw material for many industries. There­

fore, if an alternate. method of reducing NO could he developed it would 

probably be economically advantageous. A new and better method is need­

ed for NOx control. The reduction of NO using metal sulfides may pro- ■ 

vide this method.

C. Reduction With-Metal Sulfides

It was shown by White (1973) initially that metal sulfides will ■ 

reduce nitric oxide. Complete reduction was attained over a temperature 

range of ^OO0C to 800°C. The metal sulfides used were aluminum sulfide, 

antimony trisulfide, barium sulfide, cadmium sulfide, calcium sulfide, 

cupric sulfide, cuprous sulfide, ferric sulfide, lead sulfide, molybde­

num disulfide, strontium sulfide, sulfurated potash, tungsten disulfide 

and zinc sulfide. Of these, White recommended barium sulfide, bismuth 

sulfide, cadmium sulfide, calcium sulfide, cuprous sulfide, ferric sul­

fide, molybdenum disulfide, strontium sulfide and zinc sulfide.for 

further study. White also successfully lowered the temperature for the 

reduction of NO by the addition of various chemicals; the temperature 

range was lowered to 400°C to 5000C . The most promising additives were 

K^FeFg, K^FeFg/NaCl and NaF. It was also shown that NO would be reduced 

in the presence of O^ and that the presence of water vapor did not ap­

pear to deter the reduction of NO. White also determined that in the 

reduction of NO with calcium sulfide, the solid product was at least
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80 weight percent calcium sulfate.

Erickson (197̂ ).- studied the reduction of HO using CaS impregnated 

on high surface area supports. The results of the support material 

tests showed that Harshaw 1602 1/8 .inch pellets of alumina and silica 
gave good reduction of NO without forming any undesirable products such 

as. HgS or SOg. Nalco 2910-B 1/8 inch pellets of mostly alumina.gave 

good reduction of NO, but caused the formation, of some HS .  Alcoa T-/lC.

1/4: inch to 8 mesh tabular alumina gave very poor reduction of NO, but 

no HgS or SOg was formed. Linde TM-O-IllU 1/8 inch molecular sieves, . 

which are synthetic crystalline metal alumina-silicates with Na' as the 

metal in this case, gave good reduction of NO, but it caused the forma­

tion of S0o.C.
In testing NiS as a reducing agent, Erickson found that SOg was 

produced along with the reduction of NO. In working with contaminants 

in the NO gas.stream, it was found by Erickson that HgO produced small 

amounts of HgS and decreased the reduction of NO. The presence of Hg . 

seemed to increase the reductions of NO by CaS but caused the formation 

of HgS. Natural gas also produced HgS but did not seem to effect the 

reduction of CaS. He also found that Og and COg did not effect the 

reduction of CaS..

McIntyre (1974) used a continuous recording electrobalance in 

studying the reaction .

'CaS(s) + 4N0(g) ---> CaSO^ ('s) + 2Ng.(g)
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and found that the global rates for the reaction of CaB.on high' alumina

I
Harshax pellets increased from .25 x ICT at 390°C to .45. x ICj moles

of CaSO^ formed per hour per gram of pellet at.4930C. Linde molecular
—4’sieves gave greater average rates. Rates varied between .32 x 10 and

.64 x 10 ^ moles CaSO^ formed per hour per gram of pellet for three

.temperatures between 392° and 438°C. The pellets impregnated with CaS

were approximately 5 wt.% CaS. McIntyre also determined that at 440°C

and with a flow rate ranging from .12 std. cm per second to 3.8 std.
3cm per second external film diffusion was not important for the reac­

tion using Harshaw pellets. It was also shown by McIntyre that the rate 

of reaction of CaS with is greater than the rate of reaction of CaS 

with HO. The reaction rates of the two following reactions:

■ MeS + 4N0 ---> MeSOli. + 2Ng

. MeS + 20^ ---> MeSO^

were determined by Hodgson (1975) using a Cahn R-IOO continuous record­

ing electrobalance. The rates of reaction of NO with metal sulfides 

were determined using a gas with a composition of 2.5$ NO and 97-5% He. 

The rate of reaction of O^ with metal sulfides was determined using a 

gas mixture with, a composition of 2.5% O^ and 97.5% He. In general, the 

rate of reaction of the metal sulfide with oxygen was faster that with 

NO for all temperatures tested. Over the temperature range of 300°C to 

500°C the reaction rates with NO ranged from no reaction for ZnS .at 400°C



and 500°C- and no reaction for Cu5S at 5QO9C to 5.48 jc 1Q~^ moles of NO

reacted per.minute.per. gram of FeS at 500°C. The reaction rates of 0 ; ' 2 
ranged' from no reaction with. CaS and BaS at SOO0C to 7.49 x .10™^ moles ■

of Og reacted per minute per gram of BaS at 500°C. Based on this study,

it was recommended.that BaS, FeS^ SrS and CaS be studied further to see

if they might provide a method to reduce NO emissions..x



III. PURPOSE OF-RESEARCH

• The purpose of this research is to further investigate the possibi­

lity that metal sulfides, in this, case BaS, CaS, SrS and FeS, with 

various chemical promoters may provide an economical and efficient- solu­

tion to the RO^. emissions problem.

Specifically this study is concerned with:

- (l) The ability of powdered metal sulfides (BaS, CaS, SrS ,.and

FeS) mixed with various chemical promoters (RaF, RiCl5 , CoCl5 ,

' • ■■ FeCl5 and Fe5Og) and placed in a fixed packed bed to remove
RO from a simulated flue gas.

(2) The effect of temperature on the ability of these mixtures

to remove RO .x
(3) The effect the presence of C0o , SO and H O  in the simulated 

flue gas will have on the amount of RO removed.

(4) The possibility of using a metal sulfide impregnated on a 

high surface area support to remove Rb.



IV. APPARATUS

Figure I shows, a' schematic diagram of the apparatus used with the 

tubular reactor.. Four rotameters were Used to mix the feed gas stream.

A typical coal fired steam generating plant flue gas stream composition 

was used. The feed gas was usually 1000 ppm WO, Î - O0 , 18% CO0 and the ' 

remainder, was W^. A reactor bypass was included so that the feed stream 

WOx composition could be determined directly with the analyzer. The 

feed gas was. fed into the top of a 5/8 inch diameter stainless steel 

pipe reactor. The reactor is shown in Figure 2. The reactor consisted 

of two sections; the top 8 inches were packed with stainless steel rings 

and functioned as a gas preheat section. It. Was connected to the bottom 

section by a 1.1/2 inch piece of 1/2 inch inside diameter stainless. 

steel pipe.' The bottom section was 11 1/2 inches long and. contained 

a porous stainless steel disk about one inch from the top of the bottom 

section. The packed bed was placed, on this disk. Directly under the 

disk was a 1/4 inch outside diameter stainless steel thermowell into 

which an iron-constantan thermocouple was placed. The gas.entered-the 

top of the reactor and left the bottom. . A glass wool filter, and a heat 

exchanger were placed directly after the reactor to prevent any of the 

powdered sulfide.from escaping and to cool the gas stream. The gas 

stream then passed to the analyzer which was a Thermo Electron Corpora­

tion Model 10A. Self Contained Chemiluminescent WO-WOx Analyzer. "

A rotameter was also provided.that would bleed air or W^ directly

into the analyzer. ' This was to dilute the WO if its concentration was .x
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greater than 10,000. ppm or to provide sufficient flow through, the anal­

yzer to allow it to function properly. Septum ports were provided be­

fore and after the reactor so that the 0o and CO0 concentrations couldC. C.

be determined using a gas chromatograph, with, a ,thermal conductivity 

detector (Aerograph 200). A 1/8 inch o.d. stainless steel column at 

IOO0C packed with 13X molecular sieve packing was used to analyze for 

the Og and a l/8 inch o.d. stainless steel column packed with Waters 

Associates Por Pak Q-S packing was used to determine the COg concentra­

tion.

The reactor was heated by a cylindrical stainless steel block 

which was 18 inches long and had a 3 inch outside diameter and a 15/l6 
inch inside diameter. The block was wrapped by two 6 foot segments of 

ceramic beaded nichrome wire (l ohm/foot resistance).

When flat plates were used in the reactor a metal bellows pump ' 

was placed in a recycle line between the outlet and inlet of the reac­

tor. The recycle rate used was 130:1. -

Figure 3 is a schematic diagram of the apparatus used to study 

the reaction rates. The balance mechanism is a Cahn R-100 continuous 

recording electrobalance. This, device is used to measure the weight 

of a sample continuously as it hangs suspended from one arm of the 

balance in the reactor. The R-100 electrobalance has a 100 gram 

capacity for sample container and weight. Tare capacity is 100 grams 

mechanically and 50 milligrams with the coarse zero. The electro-
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balance has three electrical weight suppression ranges- capable of 

electronically taring.as little as 10 micrograms or as much as 10 grams.

The readability of the electrobalance is .5 micrograms and it has 

six weight ranges: 10 grams, I gram, 100 milligrams, I milligram and 

100 micrograms full chart scale. An automatic range expander auto­

matically brings the chart pen back to zero up to ten times.when a 

weight change takes the weight outside of the recorder weight range.

The precision of the instrument is ± 10 ^ of the meter and recorder
-6 -krange and ± 10 of load and the accuracy is ± 5 x 10 of mass sup­

pression range for absolute weighings. The maximum weight change is 

10 grams increase or decrease.

The system shown in Figure 3 normally operates with feed gas pass­

ing through a rotameter and entering the bottom of the reactor. Exhaust 

gases leave just above the reactor and are, vented to hood. A helium 

line is run into the glass bell housing the balance mechanism to keep 

the bell purged of exhaust gases. During startup the valve arrangement 

makes it possible to pass helium through the reactor as well as over ■ 

the balance mechanism.

.The reactor is enclosed in a Lindberg 5^331 hinged tube furnace 

during normal operation. It can be removed to.allow access to the 

reactor tube before and after a run. It is controlled by a Teco TC-1000 

proportional temperature controller (not shown).

The reactor cross-section ..is shown in Figure 4. The powdered
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metal sulfide promoter mixture rests on a 39mm diameter circular stain­

less steel'pan suspended t>y. a .Imm nickel wire from the balance arm.

The reactor is a 57mm . diameter, 840mm long Flothru Vycor- tube with a 

ground glass joint at the bottom and a ground, glass ball joint at the 

top.

Attached to the bottom joint of the reactor is a'glass' connector, • 

and in this connector is mounted a porous glass plate. Two thermo- ■ 

couples are cemented with epoxy into .a hole in the side of the glass 

connector and extend up the Vycor tube to a point just below the 

support pan. One thermocouple wire is attached to a proportional con­

troller and the other is attached to a temperature recorder. The tube 

is filled with 40 mesh Ottawa sand to preheat the feed.gas. The gas is 

fed into the' bottom of the reactor, passes over the powdered mixture■ 

and is exhausted out the top.



V. PROCEDURE •

The feed, stream was. made-hjr mixing .05# NO in N , with...pure 0o , CO0 
and N .' The flow rates' of these gases were determined hjr four rota- ■ 

meters. At the start of each run this mixture was "by-passed' past the 

reactor and fed directly into the analyzer until a steady feed NO con-
X .

centration was recorded. To determine if any NO was being converted to 

NO^ in the feed line,.the NO and NO analyzer readings for the feed gas 

were compared. The fact that there was no difference in.the readings' 

showed that NO was not being converted to NO^ before it entered the 

reactor.

■ In order to place or replace the packed bed in the reactor the top 

section was removed from the bottom section. Then 2 ml of 40 mesh Ot- ■ 

tawa sand was placed on the porous disk,. On top of the Ottawa sand, was- 

placed the powdered sulfide or the powdered sulfide promoter mixture.

The reactor was gently tapped to settle the bed, then the top portion 

Was attached and the reactor was placed in the heater. For runs made 

at a constant temperature the reactor was heated to the desired temp­

erature and after a steady temperature had been reached the feed gas 

was fed through the reactor and then to the analyzer. The NO •exit ■ 

concentration was Continuously recorded on a •Sargent-Welch .(model SRG) 

chart recorder. Immediately at the beginning of each run the reactor 

inlet and outlet and COg concentrations were determined using the 

gas. chromatograph. At various times during the run the reactor inlet

and outlet 0 and C0o concentrations were again determined. When the 2 2 -
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outlet HOx concentration reached a level nearly equal to that of the

beginning feed HO concentration, the reactor was again by^passed and x .
the gas stream was fed directly to the analyzer.' At this time the- final 

HO feed concentration was determined. The reactor was then removed
X

from the heater, the .product removed and new material was placed in the

reactor. Some of the products were kept for sulfate ion analysis using

the barium sulfate test (Walton, 1963).

Because the flow rate through the reactor- (100 ml/minute) was not

sufficient to allow the analyzer to function properly, air was fed into

the analyzer at the point at which the-sample gas entered the analyzer.

The flow rate-of this air'stream was 425 ml/minute. Of course this

caused the exit concentration to be recorded as less than.it actually

was;'however by analyzing the feed stream in the chemiluminescent.

analyzer the analyzer reading corresponding to a HOx concentration of.

1000 ppm could be determined. This reading was used as the basis for

determining the reactor exit HO concentration during a.'run.' By multi-
x

plying 1000 ppm times.the ratio of the exit HO analyzer reading to thex
1000 ppm analyzed reading the actual,reactor exit HOx concentration was 
determined. Hot only was. the analyzer accuracy increased because the- 

sample flow rate was 525 ml/minute; but, the chart recorder" was able to 

be read with greater accuracy. A full scale setting of 250 ppm was used 

instead of a setting of 1000 ppm. For the 250 ppm full scale setting , 

each division on the chart paper was 2.5. ;ppm" whereas for a full scale
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setting of 1000.ppm each division was 10 ppm. The principal inaccuracy. • 

is that the feed concentration is determined by the.flow rates of the 

individual gas constituents. These flow fates are determined using 

rotameters which were accurate to +_10%. The rotameters were calibrated 

using a bubble tube and a stop watch. A feed composition of 1000 ppm 

NO was obtained by using a flow rate of 20 ml/minute of 0.5% NO, 99.5%

Ng gas and a total flow rate for the other gas constituents of 80 ml/
minute.' This gave a total simulated flue gas flow rate of 100 ml/minute

■
and a NO concentration of 1000 ppm.

Water runs were made by bubbling the N0 stream through water before
. - ■ ■ ■ ■ . ■ ' ' ■it was mixed with the other constituents of the simulated flue gas.

For testing the high surface area, support materials, an amount of . 

the support material was put into a muffle' oven at 400°C. for 2k hours, 

then.placed in a desiccator to cool.. This drove off any adsorbed gases 

or HgO that may have been picked up by the support.. A few pellets were , 

weighed and soaked in water overnight to determine the amount of solu- • 

tion that could be absorbed. Then a solution of calcium.nitrate (as 

Ca(NO) " W 0O ) and H O  was prepared so that the pellets would be 5%.
.' 3 ' . . . ' ' .. " ; /

CaS by weight. The support material was then soaked in this solution 

for 24 hours. The excess solution was stripped off and the support : 

material was placed into the muffle oven at 400°C for 24 hours.. This 

evaporated the water and converted the CaNO to CaO. ■ For each run, two .
■i «3 '

milliliters of pellets were placed in the reactor and a stream of pure .

J
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HgS was fed through the reactor for 2b hours at 400°C to convert the 

CaO to QaS. Then the simulated flue gas was fed into the reactor and. 

the amount of NO removed was recorded. ■_

For measuring the rates of reactions of the various metal sulfide 

promoter mixtures, each mixture was prepared by intimately mixing 20%. 

by weight promoter together with the metal sulfide using a mortar and 

pestle. Eight tenths of a gram of the powdered mixture was evenly- 

distributed on the weighing pah and placed in the reactor and attached 

to the Cahn Electrobalance. After the weighing pan had been placed in 

the reactor, the reactor was heated to the operating temperature. A 

stream of pure' helium .was passed through the purge line in' the bell 

and another stream of pure helium was passed.through the reactor while 

heating the. reactor and until no further weight change was recorded.

Next, the feed gas mixture was fed into the reactor at-a rate of
O , • •

.2125 std. cni per. second. The feed gas composition, was 2.5% NO and 

97< 5%■He. ■ The reaction was then allowed to proceed for at least one 

hour or until it was possible to determine the rate of reaction, from •. 

the continuously recorded weight increase.



VI. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Reaction Rates

The reaction-rates of calcium sulfide, barium sulfide,.strontium 

sulfide and ferric sulfide mixed with various promoters were determined 

using the R-100. Cahn continuously recording electrobalance. First the 

promoters, which were NaF, NiCl^, FeCl2 * CoCl2 and Fe^D^, were tested 
for reactivity on the electrobalance at 300 and -IiOO0C. Table I shows 

the weight changes that occurred.when the various promoter materials 

were contacted with the.2.5$ NO gas stream. In general, these materials 

showed no weight changes at 300 or IiOO0C. The exceptions were CoCIaC.
at 300 and 400°C and Fe2O^ at- 300°G. Table II gives the reaction rates 
of the metal sulfides mixed with the promoters at 400°C. All mixtures 

were 20 wt.$' promoter. The reaction rates that were the fastest were 

those of the FeS/NaF, BaS/FeCl2 and CaS/Fe^O^ mixtures.' Table III 

gives the reaction rates of the metal sulfide promoter mixtures at 

300°C. The fastest rate was the FeS/FeClg mixtures. This was a dramatic 

change from the UOO0C rate. 'At UOO0Cthe FeS/FeCl2 mixture lost 
weight when contacted with the NOL Reisz et al. (19.57) showed that NO. 

would rapidly oxidize FeS' giving Ng and £>0'. It may be that this takes 

place at U00°C giving a negative weight change. White (1974) ha,s also

documented the formation of S0o when FeS is reacted with NO. The other
. ' 2

difference between the reaction rates at 3Q0°C and UOO0C is■seen with 

the BaS/FeClg mixture. The weight change of the BaS/FeClg mixture goes 

from a negative weight change at 300°C to a very positive weight change
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TABLE I

A SUMMARY OF THE WEIGHT CHANGE FOR THE

VARIOUS CHEMICAL PROMOTERS REACTING WITH NO

Grams of Weight Change
Minute

Chemical 300°C 46o°c

N i d 2 ' O . 0
FeCl2 O 0 .

CoCl2 .0015 -.01295
.0029 0

NaF 0 0
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TABLE II

THE RATES AT WHICH NO REACTS WITH THE 

VARIOUS METAL SULFIDE CHEMICAL PROMOTER MIXTURES AT ItOO0C

RATF Tf m 7 Moles' of NO Reacted______ .
Minute.Initial Gram of Mixture ■

. Pure
Metal Metal
Sulfide ■Sulfide ■ NaF -NiCl2 FeCl2 , CoCl2 • Fe 0. 2 -

' FeS .89 15.89 21.09* — 1.35 3.35
BaS 3.19 - 5.89 ■.25.4 31.55 — 0
SrS 2 .1 k  ' .8014 0 0 0 ' 5.58
CaS 1 .6 k 5.99 4.29 1.56 1:79' 25.60

* The rate was -rapid- for a short time then became zero and 
finally a weight loss was recorded..



TABLE III

THE RATE AT WHICH NO REACTS WITH THE 

VARIOUS METAL SULFIDE CHEMICAL’PROMOTER MIXTURES.AT 300°C

31

RATE x IO7 — :— MoleSi NO Reacted--------
Minute Initial Gram of Mixture

Pure
Metal Metal
Sulfide Sulfide NaF NiCl2 FeCl2 CoCl2 Fe2O,

FeS . ' o . 1.31 O ■ .46.9 .1.06'.' 0
BaS O 2.'16 . 2.17 -■ • .k6 , 1.75
SrS 1.73 ' ' 2.28 . -.84 ' . O o . 1.74

CaS O ' - 1,93 ' O 1.05. . .698 .. ;80



at ItOO0C. A reasonable explanation of this phenomena has not been 

found. The negative signs in Tables II and III indicate that there 

was a weight loss and no rate was calculated.

The results in Tables II and III indicate that the mixtures of 

FeS'/NaF, BaS/FeCl and CaS/Feo0 show the most promise at UOO0C. Atd d j  ■

300°C the mixture of FeS and FeClg shows the most promise. If the 

.results in Tables I , II and III are compared it seems that some of 

these chemical promoters do act as catalysts. The promoters mixed 

with the metal,sulfides seemed to catalyze the reaction between the 

metal sulfide and NO in the following case's: at UOO0C-FeS/NaF, FeS/
NiCl2 , FeSZFe2O3 , BaS/NaF,'BaS/NiClg , BaS/FeClg , "CaS/NaF, CaS/NiClg , 
CaSZFegO3 and SrSZFegO3; at 300°C FeS/NaF, BaS/NaF, CaS/NaF, SrS/NaF, ' 
BaS/NiClg , FeS./FeClg and CaS/FeClg . In- each case where a.promoter 

seemed to act as a catalyst, ini' looking at Table I, it can be seen 

that alone the promoters' did not Peact with NO. This indicates that 

in these cases, the effect of mixing the. promoters with. the metal sulfides 

may have been a.catalytic effect. ■

B'. NO - Removal With A-Tubular, Re,actor, Usimg--Slmuiated Flue Gas x : ~  ■ ' ~ ~  " ■
Figures 5. through 2k. show the percent NO^: and Og removed versus •" 

time for the metal sulfides CaS, SrS, BaS and FeS mixed with the promoters 

NaF, NiCl0 , CoCl0 , FeCl0 and Fe 0o. The composition of each mixture 

was 20 weight percent promoter and 80 percent metal sulfide. Each run 

was done at UOO0C using 2 grams of the mixture and a simulated flue gas.
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T I M E  HO UR S
FIGURE 10. THE PERCENT NO^ AND Og REMOVED

BY 2 GRAMS OF SrS/NaF AT UOOeC
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2 g r a n m  SrC/FeCl, 
U O O eC
10 0 m l / m i n u t e  
1 0 0 0  p p m  NO
H op
18 * 2CO 
B a l a n c e  N

T I M E  HOURS
F I G U R E  13. T H E  P E R C E N T  NO ^ A N D  O p R E M O V E D 

B Y  2 OR A M B  O F  S r S / F a C l g  A T  U O O eC

2 gr am a S r r Z F e p Og
100 m l / m i n u t e  
10 0 0  p p m  NO

B a l a n c e 2 N 1

T I M E  HO UR S
FIGURE lU. THE PERCENT NO^ AND Op REMOVED

BY 2 GRAMS OF SrSZFepO3 AT UOO0C
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2 grams R n S/ NaF
Uoo6C
100 ml / m l n u t p  
10 0 0  p p m  NOH o18* jCO
Ba la nce N

TI M E  HOURS
F I G U R E  15. T H E  P E R C E N T  NQ^ A N D  0 ? R E MO VED 

BY P OR AM B O F  Ba S/ NaF A T  U O O 6C

2 grams BaS/NiCl 
U O O 6C
1 0 0  m l / m l iiute 
10 0 0  p p m  NO
18 % 'CO,

T I M E  HO UR S
FIGURE 16. THE PERCENT NO^ AND Og REMOVED

BY ? GRAfC OF BaSZNiCl2 AT UOO6C
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T I M E  HO UR S
F I G U R E  17. T H E  P E R C E N T  N O ^ A N D  0? R I M O V E D  

BT 2 OR A K B  O F  Bs S/ C o C l 2 A T  U O O eC

? ^raes BaT./FeCl, 
U O O 6C
100 ml/ralnut.e 
10 00 pp m NO I* OJ ax to
Balance N„

TI M E  HOURS
EIOURE 18. THE PERCENT ROj ARD O3 REMOVED

BE 2 GRAMS OF BaSZEeOl3 AT IlOO6C
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T I M E  HO UR S
F I G U R E  19. T H E  P E R C E N T  NO^ A N D  O p R E M O V E D 

BY 2 OR AM B O F  Rm B/ Fep O ^  A T  4 O O 0C

2 iprnnn /NnJ1
4 O O 0 C
JOO ml / m i n u t e  
JO OO pp m NO1* 0lfl* zCO0 
B a l a n c e tN

T I M E  HOURS
FIGURE PO. THE PERCENT NOjj AND Op RPMOVED

BY 2 GRAMS OF FeS/NaF AT UOO0C
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? gromn /NI Cl 
U O O 0C
100 m l / m i n u t e
1000 ppm NO 1% 0 IR* ̂co
Ba la nce N

0  10 PO io
T I M E  HOUBS

F I G U R E  PI. T H E  P E R C E N T  N O x  A N D  O p R E MO VED 
BY 2 OR AM B O F  F e B / N l C ^  A T  U O O eC

2 gramfi FeS/CoCl, 
U O O 0C
100 ml / m i n u t e  
10 0 0  pp m NOI* 0 IR* 2co
B a la nce N

T I M E  HOURS
FIGURE 22. THE PERCENT NOx AND Op REMOVED

BY 2 GRAMS OF FeB/CoClp AT UOO0C
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2 KramR FeU/FnCl 
40U°C
100 ml/mlnute 
1000 ppm NOI* 0
18* CO. 
Balance^N-

T I M F  H0 UR 8
F T O U R F  23. T H E  P E R C E N T  NO^ AN D Op R E MO VED 

PT 2 DR AM S O F  Fe 8/ F e C l p  A T  HO O' C

T I M E  HOURS
F I O U R I  2ll. T H E  P E R C E N T  N O ^ A N D  O p R E M O V E D 

B T  2 OR Af G O F  F a S Z F e pO  A T  IlOO0C



. . . ' h3

having ah'-approximate composition of IQOQ ppm NO , 1%' 0 , lQ% CO  ̂and2 2 .
.the balance was N^. The; solid's, were mixed using a mortar and pestal to - 

. insure good contact between the two solids. Two: important facts can 

immediately be seen from these figures. "First, the oxygen in almost 

every case, with the exception of the BaS/FeCl^ and CaS/FeCl^ mixtures, 

is removed to a greater extent than the nitric oxide.. Second, and very 

important, is the fact that in every case some nitric oxide was removed 

by the metal' sulfide promoter mixtures-. . The capacities (grams of NO/ 

gram MeS) were calculated for the metal sulfide catalyst mixtures using 

this data.

The capacity of a mixture is the number of grams of NO reduced per 

gram of the MeS initially present from the start of the run until the 

.exit concentration exceeds 600 ppm. The current standard for coal-fired 

power plants is 600 ppm (Walters and Goodwin, 1971) • For an example of.' 

how the capacity of a metal sulfide promoter mixture is calculated, see" 

Appendix.A. These- capacities are listed in Table IV. The six best 

metal sulfide promoter mixtures are: FeS/FeCl , SrS/NaF, CaS/NaF, BaS/

FeClg, FeS/NiClg and CaS/FeClg. The capacities in this sequence de­

crease from FeS/FeClg to CaS/FeCl^. These results 'generally agree with 

those obtained on the electrobalance at UOO-0C ; the main exception is 

the.FeS/FeClg mixture. As noted previously, the FeS/FeClg mixture re­

gistered a weight .loss on the electrobalance. If it is assumed, that 

the-NO is reacting with the FeS to give SOg and Ng this'would,agree



kk

TABLE iy ,

THE CAPACITIES OF THE METAL SULFIDE PHOMOTEH 

MLXTUHES AHD OF THE METAL SULFIDES '

Grams of HO 
■ Gram MeS

.' Unpromoted
Metal • ' Metal
Sulfide. HaF HiCl2 • CoCl2 FeCl2 FesO3 Sulfide

■ CaS . 0186 .005.5 . 0009 .0134 . .0010 0 ■

SrS ‘ .0317 • ,,.0014 .0021 .0072 ■ .0011 .. 0
BaS .0063., .0048 • ' ' .0020. ■.0168 . 0034 .0023.

FeS .0019 ■ .0136 • .0022. . .0372 .0073 , .. .0005



both with the high, capacity for NO removal shown by the FeS/FeCl5 mix­
ture and with, the weight loss recorded on the electrobalance. This re­

action was observed by Reisz et al. (1975). White (197)4) also observed 
■ that in certain conditions with certain promoters, when NO was reacted 

with.FeS, some SO5 was formed, thus the FeS/FeCl5 system probably would 
not be viable for NO^ control in processes in which SO5 is not already 
present. '

Attempts were made to analyze for SO5 using the gas chromatograph. 
However, the conditions required to analyze for O5 and CO5 did not re-. 
suit in the gas chromatograph being able to detect SO5 .

The results seen in Table III for metal sulfide mixtures at.-SOO0C 

seem to agree with the. results from the tubular reactor at 400°C. The 

major difference between the results in Table III and those from the ' 

tubular reactor is that a negative weight change was recorded for the . 

BaS/FeCl5 mixture on the electrobalance. Figures 25 and 26 show-the re­

moval of NOx and O5 using FeS and BaS. The capacity of BaS is .0023 

grams of NO/gram BaS and the- capacity of FeS is .0005 grams of NO/gram ' 

of FeS. .These show that in the case of FeS/NiClg, FeS/FeOlg and BaS/ 

FeCl0 the promoters seem to have some catalytic effect. There is no 

. capacity for; CaS given because at UOO0C CaS will remove .no NO. Because 

of the high capacity of: the FeSZFeCl5 mixture it was reacted at SOO0C
with the simulated-flue gas. Figure 27.shows the percent NO removed.

- /  .. ' , - X  . . .The CaS/NaF mixture was also run at SOO0C but it did not" remove any NOx-.
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2 grams BaS4oo°c
100 ml/minute 
1000 ppm NO

Balance N 
Unpromotea BaS

TIME HOURS

FIGURE 25. THE PERCENT NO AND O REMOVED
BY 2 GRAMS OF BaS AT 400°C
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TIME HOURS

FIGURE 26. THE PERCENT NÔ . AND O REMOVED
BY 2 GRAMS OF FeS AT UOO0C
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§

300°c
Downflow 
100 ml/minute 
1000 ppm NO

18% CO,
Balance N

TIME HOURS

FIGURE 27. THE PERCENT NO^ REMOVED BY 2 GRAMS
OF FeS/FeCl2 AT SOO0C



The effect of temperature.' and the reproducibility of the data were 

studied using the CaS/Na? mixture. Figure 28 shows the results of three 

runs at UOO0C with the CaS/NaF mixture. The reproducibility is general­

ly good, each run gives results fairly close to the others. Figure 2-9' 

gives the results for.the CaS/NaF mixture at 500°C. About the same 

amount of NO^ was removed as at UOO0C.' Again the trends are generally 

consistent, although"there is some difference especially near the end 

of the run. Attempts were made to determine at what temperature CaS ■

alone would significantly remove NO . In.Figure.30 it. can be seen that
'' X '

at 600°C CaS has a low capacity to remove NO^. The results are very 

reproducible early in the runs, but diverge slightly later in the runs. ' 

In Figure 31 the results for .2 grams of CdS reacted at TOO0C are.shown. 

For a number of runs the results varied greatly. The ability to remove

NO was greater than at.600°C in all cases and even in the worst case
x  • • ■ ' . •

was comparable to.the ability of the CaS/NaF mixture at.U0Q°C. The 

variability•in this data is believed to be due to variation in the flow 

characteristics of the packed bed from one run.to another..The flow 

characteristics' through the fixed packed bed are not understood. That, 

■is, it is not known if.the gas flows primarily between the edge of the'. . 

bed and the reactor wall or if it flows fairly uniformly.through the 

bed. It. is not' knot/ti if the flow characteristics are identical from 

run to run. . If the bed was to pack more solidly in one. run, more of 

the flue gas may be forced to flow between the edge of the bed and.the
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2 grams CaS/NaJ1 
UOO0C
100 ml/minute 
1000 ppm NO 
I* 0
18% CO2 
Balance

TIME HOURS

FIGURE 28. THE PERCENT NO REMOVED BY 2 GRAMSx
OF CaS/NaF AT UOO0C
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TIME HOURS

FIGURE 29. THE PERCENT NO REMOVED BY
2 GRAMS OF CaS/NaF AT 500°C
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2 grams CaS6oo°c
100 ml/minute 
1000 ppm NO
I* o_
18% CO2 
Balance N.

TIME HOURS

FIGURE 30. THE PERCENT NOx REMOVED BY
2 GRAMS OF CaS AT 600°C
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2 grains CaS 
700°C
100 ml/minute 
1000 ppm NO 
1% O0
Balance N

TIME HOURS

FIGURE 31. THE PERCENT NO REMOVEDx
BY 2 GRAMS OF CaS AT TOO0C
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: • , .reactor wall or large channels may; form in one run.and not in another.

In an attempt to remove the effect of packing ,■ one gram samples of 

CaS and the CaS/MaF mixture were pressed onto 3 inch by 1/2 inch stain­

less steel plates. A very fine mesh stainless steel screen was placed 

in the bottom of the plate to support the CaS and CaS/WaF. The CaS and 

CaS/IfaF mixtures were pressed into the plates using a- 2 ton hydraulic • 

jack. The plates were placed vertically in the'reactor and a metal 

bellows recycle pump was used to develop a recycle rate of 130:1. The 

same simulated flue gas was used. . Figures 32 through- ■ 35 show the re­

sults of runs, at 400 and 50Q°C for the CaS/NaF mixture and at 600. and 

JOO0C for the CaS. ■ The trends in ability to remove NO agree with those ■ 

seen in -the fixed packed.bed data. There is also better reproducibi­

lity indicating that the variation in the fixed packed bed data.was . 

probably.caused by differences in packing and thus differences in flow . 

characteristics.

By experiment one can-determine whether film diffusion'plays a role 

by using varying flow rates, of identical feed. Where gas film resis-; 

tance is important, conversion will vary significantly with changing 

gas flow rate. Where gas film resistance does not, influence the fate 

of reaction, conversion should remain approximately the same, for various 

flow rates. '■ To. determine if external film diffusion played an import­

ant role in this fixed bed reactor system, funs,were.made using I gram 

of the CaS./NaF mixture at a flow rate of 5Q ml/minute and 4 grams- of
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I gram CaS/NaFUooeC
Recycle 130:1 
100 ml/minute 
1000 ppm NO

Balance N

TIME HOURS

FIGURE 32. THE PERCENT NO^ REMOVED BY I GRAM
OF CaS/NaF AT UOO0C ON A THREE INCH PLATE
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I gram CaS/NaF

Recycle 130:1 
100 ml/minute 
1000 ppm NO 
1% 0,18% ^CO2 
Balance N„

TIME HOURS

FIGURE 33. THE PERCENT NOx REMOVED BY I GRAM
OF CaS/NaF AT 500°C ON A THREE INCH PLATE
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I gram CaS6oo°c
Recycle 130:1 
100 ml/minute 
1000 ppm NO 
1% 0_
18% co2
Balance N̂ ,

TIME HOURS

FIGURE 34. THE PERCENT NO^ REMOVED BY I GRAM
OF CaS AT 600°C ON A THREE INCH PLATE
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I gram CaS

Recycle 130:1 
100 ml/minute 
1000 ppm NO 
1% 0,
18% CO2 
Balance Nr,

TIME HOURS

FIGURE 35. THE PERCENT NO^ REMOVED BY I GRAM
OF CaS AT TOO0C ON A THREE INCH PLATE
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’ CaS/UaF at a flow rate of 200 ml/minute. This changed the flow rate. 

hut kept the space velocity the same. The simulated flue gas was used 

.at a temperature of -40Q°C.

The results, of Figure 36 indicated that the simulated flue gas 

flow rate exhibited .little effect on the reduction of NO. In .general, 

the conversions were reasonably close for each flow rate. Therefore, 

film.diffusion can be eliminated as a controlling mechanism;

The effect of pore diffusion was not studied. ' In order to invest- 

igate the effect of pore diffusion on this reaction, particles of vari­

ous known sizes are required. This would mean that the reactants 

would have to' be screened. The reactants used in this study were fine­

ly ground reagent grade particles and were not suitable for sizing.

The effect of the to NQ ratio in the simulated flue gas was 

also studied. The concentration of the NO was kept constant while the 

Og concentration was varied. Ratios of OgiNO of 0:1, 10:1 and 100:1 

were tried. Figure 37 shows that the amount of Og in the feed gas is 

very important. ' The 0:1 ratio run had a much greater capacity than the 

10:1 and the 100:1 ratio-run had almost no ability to remove NO . This 

is in agreement with electrobalance- data which showed the rate of reac­

tion of the CaS/NaF mixture with Og was 3 times as.fast as the rate o f  

reaction with NO.

The simulated flue gas contained 18% COg. In order to determine

if the presence 6f-C0o effected the removal of NO the removal of NO2
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2 grams CaS/NaF 
ItOO0C
100 ml/minute 
1000 ppm NO 
1% 0,18% CO2 
Balance

I gram____
—50 ml/minute

2 grams 100 ml/minute

^ grams---- 1
200 ml/minute

TIME HOURS

FIGURE 36. THE EFFECT OF EXTERNAL FILM

DIFFUSION ON THE AMOUNT OF NO REMOVEDx
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a ? 0;1

2 grams CaS/NaF 
IlOO0C
100 ml/minute 
1000 ppm NO 
18% CO2 
Balance

is 0-. :n8 ratio

10:1 = a

100:1

TIME HOURS

THE EFFECT OF O3 :NO RATIO ON NO REMOVALFIGURE 37



62 .
from a gas stream containing COg vras compared to the removal of NO from 

a gas stream in which no COg was present. This was done oyer a temper­

ature range of 2009C to JOO0C. Figure 38 shows that CO0 concentrations 
probably do not effect the removal of NO since the two runs are probably 

within experimental variability. The presence of SOg in the simulated 

flue gas was also shown not to effect the removal of NO. Figure 39 ■ 

shows that runs at 400°C with the CaS/NaF for a simulated flue gas con­

taining SOg and for a simulated flue gas in which no SOg was present 

were almost identical. Figure 40 shows that within the experimental 

variability the presence of SOg in the simulated flue gas does' not seem 

to effect the removal of NO by CaS at JOO0C.
Figures 4l and 42 show the effect on NO removal by CaS at 500°C 

and 600°C when water is introduced into the feed stream. Prior to mix­

ing the simulated flue gas the nitrogen was bubbled through water.

This resulted in a simulated flue gas that was 2.0 mole percent Hg0.

At JOO0C with CaS, reproducibility was again difficult to obtain.

Figure 43 shows the removal of NO by CaS at JOO0C -with HgO in the simu­

lated flue gas. A wide variation in results was obtained. In compar­

ing Figure 43 to Figure 31 it does not appear as if the HgO had an ef­

fect on the NO removal. However, at 400°C the HgO apparently caused a 

decrease in the NO removed by the CaS/NaF mixture. Figure 44 shows the 

extent•to which the N0__ removal was decreased. Figures 45 and 46 show 

that the presence of HgO in the simulated flue gas also reduced the NO^
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§

5 grams CaS 
100 ml/minute

• 1000 ppm NO O 1000 ppm NO 
1% On

Balance N,
Balance Ni

TEMPERATURE

FIGURE 38. THE EFFECT OF FEED STREAM CONSTITUENTS ON

NOx REMOVAL
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2 grams CaS/NaJF 
ItOO0C
100 ml/minute 
1000 ppm NO 
1% O
18% CO2 
Balance

TIME HOURS

FIGURE 39. THE EFFECT OF SO. IN THE FEED GAS
STREAM ON NOx REMOVAL AT ItOO0C WITH CaS/NaF
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2 grams CaS

100 ml/minute 
1000 ppm NO 
1% 0_
18% CO
Balance N.

TIME HOURS

FIGURE 40. THE EFFECT OF SOg IN THE FEED GAS
STREAM ON NÔ . REMOVAL AT JOO0C WITH CaS
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2 grams CaS

100 ml/minute 
1000 ppm NO 
1% 0_
18% CO2 
Balance N 
o 2 mole^% H„0

TIME HOURS

FIGURE Ul. THE EFFECT OF H5O IN THE FEED GAS
STREAM ON NO^ REMOVAL AT 5OO0C WITH CaS
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2 grams CaS6oo°c
100 ml/minute 
1000 ppm NO 
1% 0
18% CO2 
Balance N 
0 2 mole % H^O

TIME HOURS

FIGURE 42. THE EFFECT OF H^O IN THE FEED GAS
STREAM ON NOx REMOVAL AT 600°C WITH CaS
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2 grams CaS

100 ml/minute 
1000 ppm NO 
1% 0_
18% ^COg 
Balance N 
2 mole t  H-O

TIME HOURS

FIGURE U3. THE EFFECT OF HgO IN THE FEED GAS
STREAM ON NOx REMOVAL AT TOO0C WITH CaS
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§

TIME HOURS

BY CaS/NaF AT ItOO0C

FIGURE THE EFFECT OF HgO ON NO^ REMOVAL



RE
MO

VE
D

TO

2 grams FeS/FeCl 
ItOQ0C
100 ml/minute 
1000 ppm NO
1% o_
18% CO2 
Balance N 
• 2 mole # H_0

TIME HOURS

FIGURE U5. THE EFFECT OF HgO ON NO REMOVAL 

BY 2 GRAMS OF FeS/FeClg AT UOO0C
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2 grams SrS/NaJ? 
ItOO0C
100 ml/minute 
1000 ppm NO 
1% 0o
Balance N
S 2 mole

TIME HOURS

FIGURE k6 . THE EFFECT OF H O  ON THE REMOVAL 

OF NOx BY 2 GRAMS OF SrS/NaF AT ItOO0C
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removed by the FSS/FeClg mixture and the SrS/NaF mixture.

The product from.a run with CaS/NaF at" 4Q0oC and the product from 

a run with. CaS/NaF at 40Q°C with. H^O in the gas were analyzed for sul- 

f&te. The product .of the run without H^O was l8.01% sulfate and the
run with H O  was 7.91% sulfate. This indicates that the H O  was not

: . ■ . 2 . . 
reacting with, the CaS to form CaSO^. The HgO may. have either been in­

terfering with the removal of the NO by interfering with the cataly-x
tic action involved or it may have been reacting with.the CaS to form ' 

HgS and/or SOg. The runs with CaS and HgO indicate that the HgO is not 

reacting with the GaS, because if the HgO were reacting with the CaS 

this should reduce the sites available to react with the NO and this 

would reduce the amount of NO removed.

Since the chemical reaction involved here is. heterogeneous, in­

volving a gas and a solid phase, it was thought that the chemical mech­

anism of the catalytic effect may involve some type of gas-solid con­

tacting. In order to see if this was reasonable, a run was made in 

which the NaF.catalyst was.not mixed with the CaS. The CaS-was.placed 

in.the reactor' first and the reactor tapped to settle the bed, then the 

NaF was placed on top of the CaS and the reactor tapped to settle the 

NaF. 1.6 grams of CaS were used and .4 grams of NaF were. used. Figure ■ 

47 shows that the removal of NO was much less than when the CaS and •

NaF were intimately mixed. If the catalytic effect of the NaF was as­

sumed to be due to some type of gas-solid contacting, that the reacting.
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4o q°c
IQO ml/minute 
1000 ppm NO 
I* 0 
lS% CO 
Balance

2 grams CaS/NaF-20 vt.% well
mixed

1.6 grams CaS

downflow

TIME HOURS

FIGURE 47. THE EFFECT OF MIXING THE NaF

INTIMATELY WITH THE CaS



gas is activated by the promoter or by an activating atmosphere close 

to the surface of the. promoter, then the calcium sulfide would have to 

be close to the catalytic surface in order to be reacted by the acti­

vated gas. This, would explain the lower amount of NO removed by the 

separated catalyst run.

■ Zadick (1971) showed that CaSO^ could be reduced to CaS according 

to the following reaction.

CaSOk + ItCO — CaS + 4C0.
4 • TOO0C ^

It was thought that an attempt should be made to regenerate the CaS■ 

used in this research. In attempting to see what effect the CO would 

have on the stainless steel reactor, the results in Figure 48 were ob­

tained. These■results indicated that remarkable amounts 'of NO^ were 

being."removed at 400°C to JOO0C using a stainless steel reactor that 

had been, exposed to a.100%.CO gas stream for.four hours at the tempera

ture at which the NO was removed. Possible reaction may be:. x , . . .
FeO + CO — Fe + C0o 

Fe + NO -- > FeO + 1/2 N

The FeO is probably found on the inner surface of the stainless 

steel pipe and on the surface of the stainless steel rings.which were 

used to pack the preheat.section of the reactor.

The effluent, gas from the reactor when the feed yras 100% CO ini­

tially contained 50% CÔ '; this decreased to 15%. CO^ in the.four hours
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Regenerated empty reactor 
IQO ml/minute 
1000 ppm NO 
1% 0_
18% CO2
Balance 70<

300°C 6oo°c200°C

TIME HOURS

FIGURE 48. THE EFFECT OF AN EMPTY REGENERATED

REACTOR ON NO REMOVAL
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that CO was fed through, the reactor* When a gas of composition 2.5$ HO 

and 91-5% He was fed through, the reactor, that had been exposed to the 

CO, substantial amounts of Hg were detected in the effluent gas. These• 

results support the possibility- that these, two chemical reactions are 

taking place.

' An attempt.was made to react 2 grams of CaS/HaF at 400°C in one 

reactor and then regenerate it in another reactor at TOO0C using 100$

CO.. The purpose of using the two reactors was so that, when the regen­

erated material was again exposed to the simulated flue gas the amount 

of HO removed could be attributed to the mixture. and not the reactor. 

Quite a bit of the mixture was lost in transfering from one reactor to 

the, other and no conclusive evidence was obtained.

To determine the performance of high surface area support materials 

in this reactor, some 1/8 inch Harshaw i602-T pellets of.alumina and. 

silica and some 1/16 inch Linde TM-O-IllU molecular sieve pellets (syn­

thetic crystalline metal alumino-silicates with Ha as the metal) were • 

impregnated with CaS.- • Figure Up shows the results of these runs.

These runs were done at U00°C with 2 ml of support material. Both sup­

ports removed HO quite well; the Linde molecular sieves' were slightly 

better, but this might have been due to better contacting because of 

their smaller size.

To determine if the sulfate was indeed being formed, the product . 

from a run with the CaS/HaF.mixture at UOO0C and the product from a run
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° 2 ml. Harshav 16Q2—T 
• 2 ml, Linde TM-O-

1114

4oo°c
1 0 0  ml/minute 
1000 ppm NO
1% o_
18% CO2 
Balance N^

TIME HOURS

FIGURE 49. THE REMOVAL OF NO^ BY HARSHAW PELLETS 

AND LINDE MOLECULAR SIEVES IMPREGNATED WITH CaS
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with CaS at TOO0C were analyzed for sulfate ion using the barium sulfate 

analysis, described by Walton (.1963).. The CaS/NaF product was determined 

to be 18.01$ sulfate. The CaS product was determined to be 19*97% sul­

fate. White (1973) showed that if the CaS was exposed to NO for an ex­

tended period of time at temperatures between 400°C and JOOaC the solid 

product would be at least 80$ sulfate-.



VII. GENERAL DISCUSSION
The rates determined on the electrobalance indicated that the most 

promising mixtures were FeS/NaF, BaS/FeCl2 , CaS/Fe2O^ at UOO0C and FeS/ 

FeClg at 300°C. The electrobalance data also indicated that, in general 

the chemical promoters do not react with NO at 300 and UOO0C. Results 

from the fixed packed bed reactor gave the mixtures of FeS/FeClg, SrS/ 

NaF, CaS/NaF and BaS/FeClg as those with the greatest capacities. Even 

though the fastest rates determined on the electrobalance did. not cor­

respond to the greatest capacities recorded in the fixed packed bed, 

both sets of data indicate that NO can be reduced.

The chemical promoters seemed to show a catalytic effect in some 

cases, both by increasing the rate measured on the electrobalance and 

by increasing the capacities of the metal sulfides to remove NO in the 

fixed packed bed. ■ All of the mixtures were shown to have some ability 

to remove NO. from a simulated flue gas at UOO0C. The mixtures also 

removed oxygen, which of course is an undesirable effect. However, the 

presence of SOg and COg in the simulated flue gas did not effect the 

amount of NO removed. This means in a flue gas containing SOg, the 

SOg could be removed after the NO without effecting the NO removal. It 

was disappointing to learn that the presence of HgO in the simulated 

flue gas caused a reduction in the amount of NO removed by the CaS/NaF, 

FeS/FeClg and SrS/NaF mixtures at UOO0C. The HgO may interfere with 

the catalytic action of the promoters or it may react with the MeS, thus
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making it more difficult for the NO to react with the MeS. If the cat­

alytic effect.'is assumed to he due to some type, of gas-solid contacting, 

in that the reacting gas is activated ."by the promoter or by an activat­

ing atmosphere close to the surface of the promoter, the chemical, mech­

anism could he represented by the following reactions:

NO NO*

MeS + 4N0* ---- > MeSOit + 2N

The run in which the MeS (CaS) and the promoter (NaF) were separated

shows that the CaS- must be close to" the promoter surface in order to

get good NO removal. The HgO could either prevent the gas from being

activated or deactivate it before it could react with the metal sulfide.

The runs with water in the flue gas at-500, 600 and TOO0C with CaS in-

dicate that the H O  does not react with the CaS since in these.cohdi-
• 2 ' , ' 

tions the H0O did not effect the amount of NO removed. If the Ho0 were ‘d. ■ d .
reacting with the CaS in the CaS/NaF mixture at UOO0C to from CaSO^, it 

would be expected that at least as much sulfate would be. found. in" the. 

product from a run with HgO as without < The product from a run at 400°C 

with HgO in the flue gas and with CaS/NaF was analyzed for'sulfate- ion 

and was found to contain quite a bit less sulfate than was found in the 

product, of a run with. CaS/NaF at UOO0C with no HgO.in- the simulated flue 

gas. Even though the run with HgO and CaS at 500, 6b6 arid.TQO0C' indi­

cates that the H0O does not react with the CaS, the possibility that theCL •
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H O may be reacting with, .the CaS/WaF mixture at 400°C to from. H S or

■ 2 • .
.80g cannot be eliminated.

The results' of this. work show that 'NO can he reduced using metal 

sulfide promoter mixtures in ah' oxidizing atmosphere. This fact is very - 

important in that in this method, of reducing NO it is not necessary to 

introduce an expensive reducing gas, such as NH j into the flue gas in 

order to reduce the NO. Almost all-current, industrial methods for re­

ducing NO use NHg.

At 400°C when the FeS/FeClg mixture was exposed to a gas contain­

ing 2.5$ NO on the electrobalarice, a weight decrease was observed. But, ■ 

when placed in the fixed packed bed reactor, the FeS/FeClg mixture had ' 

the highest capacity to remove NO at-400°C. These two facts may not 

Sebm to agreej however,other investigators have shown that under cer- 

tain conditions NO reacts with FeS to give N^ and SO^. The question is, 

if it is assumed that this is the reaction taking place', does this .elim-. 

inate the.FeS/FeCl^ mixture as a possible method for NO^ pollution con­

trol? . In many combustion processes, particularly those in which coal

is the' primary fuel, some S0o is formed and processes are. available to
' d. ■ . ■ .

remove the SO^. Thereforethe FeS/FeClg mixture could be used in 

.,processes, where there is . already SOg in. the flue gas and where an' SO^ 

removal process is provided. , It would also be necessary for the econo­

mics of the situation to allow the spent FeS/FeClg mixture to be dis­

carded since the FeS is consumed.
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It is significant, and should be mentioned again, that in the Cases 

tested the presence of SO^ in the simulated flue gas did not interfere 

with the removal of NO. Therefore, if a liquid system is to be used to 

remove the SOg from the gas stream,, the gas stream will not have to be 

cooled to remove the SOg and then reheated to remove the NO. The NO 

could be removed and then the gas cooled and the SOg removed.

It is important to note that the mixtures BaS/FeCl and CaS/FeCl0 

removed more NO than oxygen. These two mixtures were also among the 

top six mixtures in terms of maximum capacities.

The fact that when CaS was impregnated on high surface area sup­

ports good removal of NO was obtained is important. If the interference 

of the HgO with the removal of NO by CaS/NaF or other metal sulfide mix­

tures was to prove insurmountable; good removal could possibly be ob­

tained by using these.high surface area supports with CaS impregnated 

oh.them.



VIII. CONCLUSIONS

1. NO can be reduced in an oxidizing atmosphere at 400°C using 

the metal sulfides: CaS,;SrS, FeS and BaS mixed with the chemical pro-. 

moters; NaF,- NiClg, CoCl2 , FeClg and FegO^.

2. At UOO0C the reaction between FeS and NO is promoted by NaF, 

NiClg1 and FegO^. Also, the reaction of BaS with NO is promoted by NaF, 

NiClg and FegO^. NaF, NiClg and FegO^ promote the reaction of NO with

.. CaS. and Fegti^ acts as a promoter when mixed with SrS.

3. , In all cases at 300°C, NaF acts as a promoter in the reac­

tion of FeS, BaS, CaS and SrS with NO. NiClg promotes the reaction of 

BaS with NO and FeCl^ promotes the reaction of NO with FeS and CaS.

U. The four metal sulfide promoter mixtures With the greatest 

.. capacities to remove .NO from the simulated flue gas containing 1$ Og 

were: FeS/FeClg,..0372 grams of NO per gram of FeS; SrS/NaF, .0317

grams of NO per .gram of.SrS ; CaS/NaF, .0186 grams' of NO. per gram .of - CaS;

and BaS/FeCl,-., .0168 grams of NO per gram of BaS.
■■ d  :  .:

5» .2% SOg in the simulated flue gas does not effect the-re­

moval of NO by the CaS/NaF mixture or by. CaS.

6. 18% CO0 in the simulated flue gas does not effect the re-

moval of NO by CaS/NaF mixture or by CaS.

J. The presence of. Ho0 in the simulated flue gas reduces the 

capacity of these metal sulfide mixtures to remove NO at UOO0C, but 

does not effect the capacity of CaS to remove NO at 500, 60.0 and 700oCw
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8.. The Og concentration in. the simulated flue gas has a strong 

effect on the capacity' to remove NO, The higher the concentration of 

0^ the lower the NO removal capacity and the lower the Og concentration 

the higher, the NO removal capacity.

9. The CaS impregnated on high surface area supports removed 

more NO than the fixed packed bed of CaS at UOO0C.

10. External film diffusion was not found to be the controlling

mechanism.



IX. RECOMMENDATIONS
1. The flow characteristics of this reactor were not known.

It would he very informative to continue this work using a reactor in 

which the flow characteristics are well understood.

2. The manner in which the solid reactant is presented in NO 

removal needs much more investigation. A fixed packed bed is not suit­

able for removing.NO from flue gas streams containing fly ash. The 

Shell. Process .(Groenendaal et al. , 1976). for removing SO^ may provide

a gas-solid contacting system that could be used. ■ Commercial supports 

also offer some possibility and should be studied further.

3. A study, should also be done to study the reactions of:

FeO + CO ---» Fe + COg

Fe + NO ---i> FeO + 1/2 Ng

These reactions should be studied in a reactor packed with small stain­

less steel rings. .These reactions may provide a method for controlling 

NO emissions.
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APPENDIX A

This, appendix describes the method used to calculate the capa^ 

cities of the metal'sulfide promoter mixtures and of .the metal sulfides. 

The calculation of the capacity.of the CaS/NaE mixture at ^OOdC will 

he used; for this example.

■Step I. .. The maximum amount of'NO that could he removed 

was calculated:

NO —  Maximum amount of NO that could he'removed m
CO .—  Concentration of NO in the simulated flue gas 

Q' —  Volumetric, flow rate of the simulated flue gas 

t —  Time in the actual case for the percent NO^ 

removed to fall below h0%

''When the percent NO removed is below b0%, this means
x

the exit concentration of NO exceeds 600' ppm and there- 

- fore exceeds .the EPA standard for coal-fired steam 

generators.■

Cq = ■ 3.654 x 10 ^ moles NO/ml 

.. Q = ■ 100 ml/minute

t was determined from Figure A-I 

t =■ 390 minutes

. NO = Cn Q t '

NOm = C3.654 X IQ"8)ClOO)(390)
NO = .001425 moles.NO 'm • -
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Step 2.

Step 3.

Step H.

The area in Figure A-I which represented the amount

of NO .actually removed until less than 40%.N0' was ■
• x ••

"being- removed, was calculated. : This was done by deter­

mining the area under the curve in Figure' A-I.

■A q̂ .—  Area under the curve from time zero until

the time when the % NO removed became less 

than b0%

. A^q . = 27,186 minutes'
. The area in Figure A-I which represented 100% removal

- of NO ' was calculated.' - x  .
AiOO-— Ar6a representing 100% removal of NO
AfOQ = (lOO) ('390 min.) = 39,000 minutes-

The capacity of the mixture was calculated. This was

done by multiplying the - fraction ) by the maxi- '
A100 .

mum amount of NO that could be.removed.

.NO q̂ -—  Capacity'of the mixture or metal sulfide

' ” 1,0 = (.0Gik25 moles 10} ■
NO1̂0 '=' .000993 moles NO
WOlt0.= ,000993 moles NO^ x ^ fmg CaS

3 NO
' 110M  " ^
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2 grams CaS/NaF 
ItOOpC
100 ml/minute 
1000 ppm NO 
1% 0 
18% CO 
Balance N„

TIME HOURS

FIGURE A-I. A SAMPLE CALCULATION OF THE

CAPACITY OF A METAL SULFIDE PROMOTER MIXTURE
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