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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 NO-NO 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, .0168 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 H20O 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
H2O0 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 eir pollution control is that
of reducing nitric oxide emmissions. Nitric oxide is emitted into the
atmosphere where it is then oxidized to NO,. The reduction of NO with

H, over & catalyst is a process which.is.%eginning to be used in some
ingustrial applications. However, the use of NH3 is undesirable because
of the many other industrial spplications for it: ‘

This research was concerned with using the metal sulfides BaS,CaS,
SrS and FeS mixed with the chemical promoters NaF, FeCl,, NiCl., CoCl

. - R o ) 2 ST2 2
and Fe O, to reduce NO in an oxidizing atmosphére.

To éetermine 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: 00012 and Fe203 gained weight at
300°C and CoCl, lost weight at L00°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 fast-~
est reaction rate was 3.155 x 107° moles of NO reacted per minute per
gram of mixture for the BaS/FeCl, mixture. The FeS/FeCl, and BaS/CoCl
mixtures showed weight losses at 400°C. At 300°C the faStest rate was
4.69 x 10~ moles of NO reacted per minute per gram of FeS/FeCl2 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% O, 18% €O, and the balance N,. The effluent gas was
analyzed for NO uSing a Thérmo Electron Corp. Chemiluminescent NO-NO
Analyzer. A simulated flue gas flow rate of 100 ml/minute was used.”
The capacities at 400°C ranged from O. grams of NO/gram of CaS for un-
promoted CaS to .0372 grams of NO/gram of FeS for the FeS/FeCl, mixture.
The four largest capacities were FeS/FeCl,, .0372 grams of NO/gram FeS;
SrS/NaF, .0317 grams of NO/gram SrS; CaS/ﬁaF .0186 grams of NO/gram
CaS and BaS/FeCl,, .0168 grams of NO/gram of BaS. The capacity for
FeS/FeCl, mixturé at 300°C was .0020 grams of NO/gram of FeS.

It was determined that the presence of CO,, SO, and H_ O in the sim-
ulated flue gas had no effect on the amount of NO removed %y CaS 'at 500,
600 and 700°C. The presence of CO and SO, in the simulsted flue gas
did not effect the removal of NO by the Cag/NaF mixture at 400°C. The
'presence of -H. O in the simulated flue gas was shown to reduce the amount
of NO removed by the CaS/NaF, SrS/NaF and FeS/FeCl, mixtures at Loo°c.
The higher the concentration of O the lower the Na removal capacity.




INTRODUCTION
Nox.ﬁay_be the,ﬁqst vexing single pollutant in terms of finding
an effective and cost éfficient method of controlling its release.
Sevérﬁl débadés of scientists have been chsallenged by the difficulty
of finding‘either a way to prevént the formation of NO or a way to
render it a non-pollutant after its formation. The most commén.oxides
of nitrggen are NO (nitric oxide), No,, (nitrogen-dioxide) gﬁd NQO |

(nitrous oxide).” N.O is an anesthetic, NO is not considered an

2
irritant, but NO is sléwly oxidized in the atmosphere to NO, and NO

2 2
is considered to be poisonous. '
Nitric oxide is formed in several ways. It has been found that
thé NO formed in the combuétion of fuels can occur by two pfiﬁcifal
mechanisms: ﬂigh temperature oxidation of molecular nitrogen in £he
cémbustion alr to yield thermal NO, apd.conversion of chemicaily bouﬁd

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

1976). The equilibrium concentration of NO with N, and 0, is.aboit

25,000 ppm at 4400°F but the équilibrium concentration is only.,OOi ppm

at 7o°f (Peters, 1971).

2
tics of the N, 0,, N0, and NO reactions are such that only 5 to 10% of

the NOx formed is N02 with most of the rest being NO (Bartok et al.,

1971). At TO°F the equilibrium between.No2; 0,, &nd NO highly favors .

N02. Thus, in exhasust gases most of-the NOX is NO while at.eQuiiibrium

most of the NO is converted to NO,.

NO, is formed ‘in & somewhat different manner. At LLOO°F the kine-




2
At hhoan the formation of NO from N, and 0, is very fast, ﬁhile.
at 70°F'ﬁhe decomposition of NO to N2 and O2 is very slow. In 1917 an
experiment was begun in which several containers of Nb were sealed with
various catalysts af ordinary temperatufes. When the eentainers were
and O, had proceeded so”

2 2
slowly that there was no N2 detected (Shelef and Kummer, 1971). There

- opened in 1958 the decomposition of NO to N

is no thermodynamic hinderance to the thermal decemposition of nitric
oxide, which is virtuaelly complete to nitrogen'and oxygen at tempers- -
tures below 1000°K. In the case of most reduction reactions the the?mor
dynamic relations are eveﬁ more favorable than for the thermal decomp;'
osition. .Therefore, kinetics must be important in NO reduction and
decomposition becsuse experimentation has shown the reductioﬁ and de-
composition of NO to be &ery slow at temperatures below:1000°K ($helef
and Kummer,'197l)..‘

NO, is the most toxic of the oxides of nitrogen. Loﬁllevels of
NO2 have been shoﬁn to cause damage to planfe,'animalé‘and humans;. A
concentration of 100 ppm for a few minutes can be very damagihg to &
persons health. A six ﬁonth etudy'in Chatﬁanooéa, Terin. showeq ﬁhat-

concentrations of NO, of .Q6 to .11 ppm caused increased respiratory.

2
"illnesses. Plants begin to show leaf damage at concentrations of -
10-15 ppm in one hour and at concentrations of 1 ppm ih‘ﬁthours.'-Also,

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

to reduce citrus crop yieids (Pollution Control Technology, 1973).




| 3 S
N02 is not only dangerous iﬁ itself, it'has heen shown-thst 1\TO2 tends
‘to.promote.the formation of smch.compounds as formaldehyde, acrolein
and e'group of plant poisons‘(peroxyacyl.n;trates) CLaMantie and Field,
_1969). Visuaily, NOz'pollution may be-identified by the reddish brown
hue it gives to the atmosphere. | ‘ |

" In 1976 it was estimated that 20 mllllon tons of NO /year would be A
released into the atmosphere (Bartok et al o 1971). Statlonary sources
generslly account for 60% of the e.mount~of‘1\IOX released.‘ Some of<these:'
sources are: .power plsnts.usiﬁé coal, oil’and.ges;,industrisi'boiliné
incinerators; home heating systems and home'applicances. Chemical
plants where NO is produced or used and where metallurglcal or hléh
temperature processes are used are also statlonary sources (LaMantla
and’ F;eld, 1969).. The NOx'emltted 1n the United States from statloner&

sources in 1972 is listed as follows (Mason andrShimizu,:197h):

. SOURCE - ESTIMATED NO, EMISSIONS

. ‘tons/year
Utility Boiler ' 5,670,000
Reciprocating I.C, Engine . - 2,189,000
Industrial Boilérs - - . 2,108,000
Commerc1al/Res1dent1al Heatlng 826,000 .
Industrial Process Heatlng .-~ 390,000
Gas Turbines . . 291,000
Noncombustlon - : lh9 000
Incineration - : hl,ooo -
- TOTAL. - : 11,665,000

The averege United:States urben ‘concentration of Nb# in.tﬂe air




b

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 lb/106 Btuzof heat inpﬁt. This is appro#imately 600 ppm (Walter
and Goodwin, 19Th).

Oxideg of nitrogén are sécond only to 802 emissions in amount of

pollutants released every year. Given the large amounts of NO? being

released each year and the toxic effect of NO, on humans, animals and

2
plgntS'it is important that effective and economical means of control-
ling NOx emissions be devéloped. The présent methods of controlliﬁg
NOx emissions fall into two categories: (1) 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.




'II. ' REVIEW OF CURRENT NO_ CONTROL METHODS

A, Combustion Modification

There are‘meny.uays in which coﬁbustion_modlficafion can be used
to reduce nitrogen .oxide emissions. Low excess air is one of the-most '
promising and w1dely appl1cable combustlon modlflcatlon technlques for
'reduc1ng n1trogen-ox1de emissions. By reduc1ng oxygen avallablllty at ’
the burners both thermal end fuel nitric oxide cén be reduced When
the technique is employed, the lowest practical-excess air.levels are
-generally dictated by a need to'limit products‘of.iucomplete combustion.
or £0'prevent ooeretlng\problems such as boiler vibratiou; sluégihg
and fireside corrosion,(Lachapell et al., 1976). “Low excess.air can
reduce nltrlc ox1de emissions from 30 to 50% (Persﬁlng et al.; 1975);:
(Crawford et al., 1975).

Flue gas rec1rculatlon is’ also a combustlon modlflcatlon technlque
employed ' lts effect in reduclné nltrogen oxlde is two fold; the flame
zone temperature is reduced by tue recirculatiné flue gaeee, and tﬁe
. concentratiou of oxygen available for nitric oxide production is re-
.duced This modlflcatlon can be expen51ue due to the need for a hlgh
'.temperature fan and: addltlonal duct work (Lachapelle et al., 1976)

Flue gas rec1rculat1on can reduce nltrlc ox1de em1531ons as mich as
-l30% (Pershlng et al., 1975) (Henry et al., 1975) .

'Water or steam injectiOn'reduces_thermal nitric oxide beCause it al
_ reducesnthe flamedteﬁperature. Installation coscs are Lows, however, :

Water'injeCtion will impose~an efficiency penalty,(Lachapelle et”elf,
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1976);(ﬁ1akeslee and Burbach, 1975). Staged combustion has also 5éen
shown to reduce nitric oxide emission‘(Arﬁento and Sage, 19f5). In
staged combustion the burners may be staggered fuei rich and either a
fﬁel'iéan or air only. This‘modificgtion‘is appiicable'to all-fﬁéls;
especially coal. However, load reduction can result ;ﬁd.there ﬁéy ve
firéside corrosion problems (Laéhapelle ef al., 1976).

" Reduced air éreheat temperatufe lowers combusﬁion-zone peak  temp-
. eratures énd reduces thermal nitric oxide‘¢miséions'(fersﬁing et al;,
1975) (Armento and Sagé;';975).

Load reduction causes a decrease in éombgs@ion intensity énd peak
tempe?atures which éaﬁses a reductioﬂ in the amount of tﬁerﬁal nifric
oiide produced-(Armenfo.anQ Sage; 1975)(Blakeslee and Bﬁébach,,197§).
This modification iS'not COnéistent with today's energy needé; Prdgress '
~ has been made in reduc1ng nltrlé oxide em1351on through 1mproved ﬁurner
des1gn.'.Several_promlslng lpw'nltrlc Qx1de (150 to 300 ppm) ‘burner
' COnfigurationé féf usé_in ﬁéil fired pﬁlvérized.cdal boilérs'hayé beeﬁ 3
.identified;. Séale—up criteria must sfill be aevelopéd (Lachapelle et

1., 1976) ﬁocketd&ne Division of Rockwell Internatiénéi'is‘déVelop—
1ng an optlmum dlstlllate oil burner for res1dent1al and commerc1al
,appllcatlons;. The des1gn has reduced NO levels from 50 to 657 of those-
from cénvéntional burnérs and is capable of‘smokg free'opergtign,in

10% excess air (Dickerson and Okuda, 197T4).




I
Stack gases from olil and coal-fired power plénﬁs are knawn,to be .

major sources of NO_ (Bartok et al., 1969).. A significant f?agtion.of
the:NO derives from the reaction of nitrogen with oxygen at high tempf
'eratureé. This NO production can be greatly reduced‘by cémbustibn
.modification (Bartok ét al., 1969). It Has been shown, héwever,
(éershing et al., 1975; Turner et al., 1972) that the NO deriving from
the pitfogen content of the fuel is still welllabové désirable linits

in spite of comBustion‘modificaiion. The high nitrogen content of\codl
mekes its use undesirable in this respéct. The need.to develop_pfocess—"

es to control I\TOX emissions is thus clearly established.

B. Chemical Reduction, Decomposition or Physical Removal

TRW Systems has conducted a technical and écoﬁomic-assessﬁent-of
various.catalytic schemes for hiﬁrogen oxide control for stationary
power plants (Lachapelle et al., 1976): Oh a laboratory ééale with
.simulated flue gaé, catalytic reduction of'hitric-oxide was studiéd éver .

1 46 20,000 hrt (standara

a.rangé of spéce velocities from 5000 hr
teﬁpérature and pressure) and téméeratures.from‘200°c to LBObC. Approx-
iﬁately forty—five catalysts were screened ﬁo determine ﬁonseléctive
nitric oxide reduction with.hydrogén and carbon,mohoxide'aﬁd seléctive
reduction wiﬁh.ammonié, hydrogen and carbon monoxidé. Iﬁentified.as-‘
being the most promising for selective reduction with.ammon;a are.;fon—'
éhromiuﬁ', 'va.n'a.dium, qopper—ieé,d, molybdenum and platinum ca.,tallys-l:s. |

Parametric studies have obtained nitric oxide conversion of about 60 to
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90%. Wlth ammonia st01chlometry about 1.0, temperature MOO°C, space ve-
lOCltleS of 5,000. to. 20 OOO hr , and 1nlet nitric ox1de concentratlons,i
eof 250 to‘lOOO.ppm (Lachapelle et -al., 1976). “Ammonia has’ been'the'only
reduetant purported tO'shon true selectiVity'for the heteregeneous re;
_ductlon of nitric ox1de to nltrogen in the presence of excess oxygen..
" Mitsubishi Petrochemical Co., Ltd. and Hltachl Ltd. (Toyko, Japan) have
developed 8 metal ox1de catalyst which when used with ammonia can reduce
" nitriec oxide’emissions_frdm.industrial plants. The nitric oxide is
'changed with the ammonia ﬁe water'ana nitrogen; This'process;WOnksnef-
‘ficiently at 250-300°C and removes over 90% of ‘the nitrie oxideL__Tnis'
process meets Japan'e NOk Stan&arde'which are nnch‘stiffer'than‘those of
the United States (Environ. Sci. & Teeh.5 1975) . _Hitachr Ltd. nae aleo
‘aeVeloped‘a qaxalyst'yhich can decempoee NOX in'staekigaees ap‘tempera—
tures of sbout 100°C. 'This decomposition is dene with a.cataiyst of
activated carbon pellets treated with ermonium ehleride, bromide or
hiodide and‘packed in g colnnn . Ammoniun:bromidewis the most effective
of the three halldes, and gave 807 NO removal at lOO°C and 97% removal: -
.at 130°C. Over several months of tests, no change in, NO removal or -
- release of bromine was_observed, Theroutpnt_gas is nltrogen and Water..
'vaper.‘ fhe Saine catalyst rémovés SCQ at a high:rateé wiéh annonium
euifate as a product. High oxygen and low water rapér‘eoneennrations
:1ncrease the reactlon rate (Environ. Sei. & Tech., 1975)

Iron oxide supported on elumine is & promising catalyst/absorbent
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for use in ‘the -simultaneons removal of NO_ and SOX fron power plant
stack gases. A dry—contacting process is under:development.uhiCh_Would
operate under net reduclng condltlons at temperatures of 3YO°C to 5hO°C
Iron oxide is converted to the ferrous state, NO is reduced to N2_or
.Nﬂé; andeO2 ia removed as ferrous Sulfide or sulfate. Regeneration
with air'produces 802 and reforms Fe203 (Clay and Lynn, 1975).

A dual bed catalyst system for the 31multaneous reductlon of SO2

and NO has been developed by Sood and Kettrell (1974). The reactions:

co $ N0 —s co, +.1/2 N

209 + SOE'—TJ? 2002 + 1/2 Sg

Co + 1/2 sé —s  COS
—> 3/28, + 2c0,

2C08 + SQ2

are considered to:take place in this system. To get 90% removal stoic;
hiometrlc quantitieS'are necessary and the‘catalyet.bed tenperature_must
be - controlled very carefully, | | L
At Montana State University, Etoniuk (1978) has developed a:process
ueing mixtures of‘alkalad carbonateS'and-transition'metal oXidee;to. |
"'absorb dllute concentratlons of NO (800 ppm to lO 000 ppm) The N0 is
then desorbed in a concentrated stream _ |
Shell 0il Company has developed a flue gas desulfurlzatlon procese "

using a flxed bed reactor of, unusual de51gn Thls de31gn ellmlnates- '




~ industrial application. Those reducing the NO using NH

10

high pressure drops, plugging and acceptor contamination Ey the fly ash. .-

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

: aqgeptor with particulate is avoided by causing the flue.gas fo flow

alongside the aéceptor 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 acceptér By diffusion (Groenehdaal'et»al.,

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

tro}lipg NOX emissions.

Earlier in this section several prbcesses were discussed for ré—
ducing.NOx emissions. Most of these have ndt‘passed the iabofatory_
scale of development. Some of these processes appear to be nearing

over a catalyst

3

appear to be promising. The major disadvanfage of 1\TH3 reduction pro-

cesses is that if some of the NH3 is not reacfed and is released, it

becomes an air ﬁollutant. Reduction using NH3 is ﬁse@ quite.a bit in
Jepan on en industrial scale; Howévér, NH, is an expensive reacﬁant: .
In 1972 it was estiﬁatea that 11,665;000 tons of NOx were emitted from -
stationary sources (Mason and Shimizu, 1974). If this were all reduced )

using NH é,87ﬁ,000 tons of NH, would be required. This represents

3. '3
18.9% of the 1972 production of NH

3 (U.S. Bureau of the Census, 19Th4).
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NH3 is in great demand as a raw material for many industriééf There-
fore, if an alternate.method of redﬁcing NO could be develbped it would
probably be economically advantageous. A_neW'and better method is need-
éd for l\TOX 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 attaiﬁed over a tempersture
range of 400°C to 800°C. The metal sulfides used were aluminum sulfide,
antimony trisulfide, barium sulfide, cadmium sulfide, calcium sulfide,'
cupric sulfide, cupfous sulfide, ferric sulfide, lead sulfide, molybde-~
num disulfide, strontium sulfide, sulfurated potash, tungsten disulfide
and zinc sulfide. Of these; White recommendéd barium sulfide, bismuth’
sulfide; cadmium sulfide, calcium suifide, cuprous sulfide, ferr;c sul-
fide, molybdenum disulfide, strontium sulfide and zinc sulfide.fdr
further stﬁdy;' White also successfully lowered theytemperéture for the
redﬁction of NO by the addition of'vﬁrious chemicals; the'tempgrature.
range was iowered to 400°C to 500°C. The most promising additives were
K3FeF6, K3FeF6/NaCl and NaF. It was also shéwn'that NO would be reduced

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

2
pear to deter the reduction of NO. ‘Whité also determined that in the

reduction of NO withléélcium ?ulfide, the soiid product was at least
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80 weight beréent.calcium sulfate.
Erickson (197h1.studied the reduction of NO using CaS impregnated
on high.surfacé aréa 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.HZS or 802, Nalco 2910-B 1/8 inch pellets of mostly alumina.ggve

good reduction of NO, but caused the formation of some HéS. Alcoa T-TX

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

no HZS or SO

, Was formed. Linde TM~0-1114 1/8 inch molecular sieves, .

which are synthetic crystalline metal alumina—éilicates with Na'as‘the
metal in this case, gave good reducfiop of NO, but it causéd the forma-
tion of 802;.

In testing NiS as a reducing agent, BErickson found that Soz.wag
produced along with the reduction of NO. In working with cbntaminants

in the NO gas .stream, it was found by Erickson that H,0 produced small

2

2 2

amounts of H,S and decreased the reduction of NO. The presence of H
seemed to incredse the reductions of NO by CaS'but caused the fdrmation

of H2S. Natural gas also produced HZS.but did not seem to effect the

requction of CaS. He also found that 0, and CO, did nbﬁ.effecf the
‘.reducfion of CaS{ | . ' |

| McIntyre (197h4) used a continuous recording electroﬁalénce in
studyiﬁg-the reaction | |

‘caS(s) + hNo(g$ —> CaSOLkS) + 2N (g)
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and found that the global rates for the reaction of CaS.on high'alumina ,

b

Harshaw pellets incréased from .25 x 107 at 390°C to .U45.x 107 motes

of CaSOu formed per'hour per gram of pellet at 493°C. Linde mo1ecu1§r
sieves gave greater average rates. Rates varied betwéen .32'¥ lO_u‘and
.6k x 10_'h moles CaSOh formed per hour per gram of pellet for three
temperatures between 3921° and 438°C. The pellets impregnated ﬁith CaS
were approximately 5 wt.% CaS. McIntyre also determined that at L40°C
and with a flow rate ranging from .12 std. cm3 per second to 3.8 std.
cm3 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 O2 is greater than the rate of reaction of CaS.

with NO. The reaction rates of the'two:following reactions:-
. MeS + UINO — MeSO) + 2N, -

. .
MeS 202 — MeSOh

. were determined by ﬁodgson (1975) using a Cahn R-100 coﬁfinuous:fecqrd;
ing eleétrobalance. 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 ?ate'of reaction of O2 with metal sulfideS‘Was determiﬁga usiﬁg a
gas mixture with a composition of 2.5%.02 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 feaétiop for ZnS .at 400°C
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and 5009C'and no reacfion for Cu S at 500°C to 5.L48 x.lbns moles of NO
reacted per. mlnute per gram of FeS at- 500°C The reaction rates of O2
ranged from no reactlon with CaS and BaS at 300°C to 7.49 x.10 6 ﬁbles-
of'O reacted’ per-mlnute per gram-of BaS at SOQ°C. Based on this study;
it was recommended that BaS FeS, SrS and CasS be studled further to see

if they mlght prov1de ‘a method to reduce NO emissions.




" III. PURPOSE OF RESEARCH
.The purposé of this research is fo‘furthef invéstigéte'the possibi? .

lity that metal sulfldes, in this.ecase BaS CaS SrS8 and FeS, with

various chemlcal promoters maj prov1de an economiegl’ and eff1c1ent solu—
tion to the NOX.emigsions problem.
Specifically this study is concerned with: A
(15"The‘ability of powdered metal éﬁlfiées (Bas, CaS,jer,‘aﬁd‘.
" Fes) mixed with varicus éﬁemicai'p;«omoter; (WeF, NiCl,, COCiz,'
'FeC12 and Fe203)‘and placed ‘in a fixed,paéked béd to remove
NO from a s1mulated flue gas.
(2) ‘The effect of temperature.on the ability of these mixtures
to rémo#e NOx; |
2

(3) The .effect the presence of COQ;_SO2 and H O_in the simulated
flue‘gas will have on the ‘amount of NO removed.

(4) The possibility of'ﬁsing a metal sulfide impregnated on &

high surface ares support toxfemové NO.




IV. APPARATUS
Flgure 1 shows a’ schematlc dlagram of "the apparatus used w1th the )

tubulay reactor. Four rotameters were used to mlx the feed’ gas stream

©A typical coal fired steam generatlng plant flue gas stream comp051tlon

5 187 co2 and -the”

remainder was NQ. A reactor-bypass was includéd so that the feed stream

NOx composition could be deterimined directly with the analyzer. The

was used. The feed gas was usually lOOO ppm NO 1% 0

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 consistedi:

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

and futictioned as a gas preheat_section. It_uas connected to the bottom .

section by a l_l/2‘inch piece of 1/2 inch inside diameter stainless.'-

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

& porous stainless steel disk about one inch from the top of the bottem

section. Theipacked bed was placed on this disk. Dlrectly under the_ A
disk was a 1/4 1nch outs1de dlameter stalnless steel thermowell 1nto

which an 1ron—constantan thermocouple was placed. The gas entered the

top of the reactor and 1eft the bottom., A élaSS wool fllter and%a heat

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

powdered sulflde from escaplng and to cool the gas stream The gas

fstream then passed to the analyzer Whlch.was 8, Thermo Electron Corpora—

tlon Model 10A. Self Contalned Chemllumlnescent NO—NO Analyzer.

A_rotameter.was &lso provided.that‘wpuld bleed air or N2 directly

into the analyzer. ' This was to dilute the:NOX if-its cencentraticn was .
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greater than 10,000 ppm or to providé sufficient flow'through.the anal-
yzer to allow it to function properly; Septum ports Wéfe provided be~
fore-and aftef tﬁe reactor so that the O2 and CO, concentrations could
Be detefmined using a gaé chromatograph with a thermal conductivity
detector (Aerograph 200). A 1/8 inch o.d. stainless steel column at
100°C packed with 13X molecular sieve packing was used_to analyze- for
the Oe'and a 1/8 inch o.d. stainless stegl column packed ﬁith Waters

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

2
tion.

The reactor was heated by a cylindrical ;tainless steel block
which was 18 inches long and had a 3 inch outside diameter and a 15/16
ipch inside diameter; The block'was wrapped by two 6 foot segments of
ceramic_béaded nichrome wire (1 ohm/foot resiétancg). ‘

When flat plates were used in the reactor a metal_bellows pump
was'placed'in a recycle‘line between thé outlét'ana inlet of~thé reac-
tor. The regycié rate used was'l3b:l.'

Figure 3 is‘a séhématic diagram of the apparatué used £0'study
the reaction rates. Thé_balanée mechénism is a Cahn R-100 éqntinuous
recording electropalance. This. device is used to measure fﬁe weight
of a sample continuously as it hangs suspended from one arm of the
balance in the reactor. The R—lOb electfobalance'has a 100 gram
capacity for sample container and weight. Tare’capacity‘is lOO'grémé.

mechanically and 50 ﬁilligrams with the coarse zero. The eléptro—.
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balance has three eleétrical weight suppression ranges capable 6f
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, 1 gram, 100 milligrams, 1 milligram'and
.lOO micrqgrams full chart scalé. An autémétic range expanaer 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.

3 of the meter and recorder

The precision of the instrument is + 10~
range and-i 10_6 of load and the gccﬁracy is £ 5 x 1o”h of mass sup-
pression range for abéolute weighings. The maximum weight chaﬁge is

10 grams increase or decrease. A |

The system shown in Figure 3.hormally opersates Witﬁ feed gas pass-—
ing through a rotameter and entéring the bottom of “the reactor.v Exhauét
gases leav¢ jusf above the reactor énd are, vented to hood. A helium
line is run inté fhe glass bell housing the balance mechaniém'to kéep
the bell pﬁréed of exhaust gases. Du:ing startup the valveVarranéemgnt
makes it possible to ﬁass helium through the reactor as well'gs over
the balance mechanism.

The reactor is enclosed in a Lindbérg 54331 hinged tube furnace
aﬁring normal operaﬁion. It can be_removed to.a;low access to -the
reactor tube befofe and after a run. It is controlled by a Teco TC—ldOO
broportional témperature controller (not shown).

The reactor cross-section.is shown in Figure L. The powdered
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metal sulfide promoter miXture.rests on a 39mm diaﬁeter ciréulér s’cga.:‘Ln-i
less steei'pan suspended fjva .1mm nickel Wiré from the baldrice arm.
The réactof is a STmm_diamefér,’BhOmﬁ long Flothru Vycor'ﬁﬁbe with a
ground glass joint at the bot‘tcﬁn and a ground. glaéé ball joint at the '
$op. N |

| Attached to the bottom Joirt of the reactor is'a'glassiconnector,~ '
and in this cqnnector.is mountéd'é pofous,glass plafe{ .wa'fhermof .
couples are cemented with epoxy into a holé in the sidé of,the glaéé
connector and éxtend'up the Vyéor‘tﬁbefté a point.just.below'the
suﬁpért pan. One_thermodbuple wire ié attacheq té‘a probértipﬁél}don— 
troller and the other is attachéd ﬁo a temperature recoraer; The £ube
is filled with 40 mesh Ottawa sand t'q'preheat.the feed gas. The gas is
féd into the'boétoﬁ of the reactor, passgs over tﬁé poydeged mixture:

"and is exhausted out fhe top.




' Vm PRCCEhURE,
The reed.etream was, made'bjlmixing f05% ﬁO in N2,‘Withnpﬁre Qg:~062
. and Nzr' The  flow rates of these gases uere determined by four rota;‘<
meters. At the start of each run this mixture_waa byhpassed'past.the
reactor and fed directly into the'analfzer until a steady feed Néxrcon—
centration was recorded. To-determine if any NO wae.being_converted to
NO in the feed line,.the NO and NO analyzer readlngs for the feed gas
were compared The fact that there was no dlfference in. the readlngs
'.showed that NO Wwas not belng converted to NO before 1t entered ‘the
reactor:

. In order to place or replace'the packed bed in the reactor the top
sectlon nas removed‘from the hottom-section. 'Then 2 ml of hO.nesh Oot- -~
tawa sand was placed on the porous‘disk, On top of the Ottawa sand Wasu
placed the- powdered sulflde or the powdered sulflde promoter mlxture.

The reactor was gently tapped to settle the bed, then the top portion
lWas attached and the reactor was placed ln the‘heater. For runs~made
'at a constant temperature the reactor was heated to the des1red temp-.‘
erature and after a steady temperature had been reached the feed gas
Wae fed through the reactor and then to the analyzer:.AThe NO -ex1t f
’concentration Wae‘continuously'récorded on'aisargentewelch.(model SRG)
chart recorder.. Inmedlately at the beglnnlng of each run the reactor
inlet and outlet._O2 and 002

concentratlons were determlned us1ng the
gas chromatograph. At varlous times durlng the run the reactor 1nlet

and outlet 02 and CO concentratlons were-agaln determlned. -When the




outlet l\TOx concenpration reached a‘level nearly equal to that of'ﬁne‘
beginning feed NO_ concentration, the reactor was-again.byrpassed and
the' gas streamnwas fed‘direcﬁly‘to the'analyZer.{'At this ‘time the- final
NO feed concentration was determined. The reactor was then removed
from the heater the .product removed and neW'materlal was placed in the

- reactor. Some of the products were kept for sulfate ‘ion analysie us;ng:
the berium sulfate test (Walton; 1963). |

Because the flow rate_through the reactor-(lOO‘ml/minnte> was not

sufficienf to allow the analYZer to‘function-properly, air was fed into
‘the analyzer at the point atdwhlch'theusample gas entered the analyzer.
The flow rate-of_tnis alr stream wae 425 ml/minuté. Of course this-
caused the exit concentration to be recorded as less tnan.it'actually -
was;'however_by anglyzing phe feed epream inlthe chemilnmineecenﬁ
. analyzer tne énalyzer reading correspondlng'to a NO#:concentrati0n~of;;,
lOOOrppm could besdetermined. This'reading was.used ae the basis for' -
determlnlng the reactor exit NO concentratlon during a Tun. By multl—
lylng 1000 ppm times . the ratlo of the exit NO analyzer readlng to the.
lOOO ppm analyzer;readlng the actual,reactorfexln NOx concentratlon Was_
determlned " 'Not only'was tne analyzer accnracf increased becauSe‘the~
'sample flow rate was 525 ml/mlnute, but, the chart recorder was able to
be read w1th greatervaccuracy. A full scale settlng of 250 ppm- was used.
1nstead of a setting of 1000 ppm. For the 250 ppm full scale settlng,

each d1v151on on the chart paper Wwas 2,5;ppm'wnereas for a full scale
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setting of lbOO:ppm‘eaeh diyision uas ld ppm. TThe principal'lnaccutacy i
is that the feed concentration is_determined by‘the.flow.rates of the-
indifidual gas constituents. These flow rates.are determined using-
rotameters which.wefe accurate £ + 10%. The rotameters were calibrated
using a bubble tube and & stop uatch. A feed composition of 1000 ppm. g
NO was obtained by using a flow rate of 20 ml/minute of 6.5% NO 59.5%
N gas and a total flow rate for the other gas constltuents of 80 ml/
Amlnute.' This:gave a total 51mulated flue gas flow rate of lOO ml/mlnute
and a NO. concentratlon of lOOO ppm.

Water'runs were‘made-by bubbling the Né stream thnough'waten'befo?e
it Was'mixed with the other eonstituents of ‘the simulated flue gas;' |

~For testlng the hlgh surface abea support materlals an amount of .
the support materlal was put into a muffle oven at hOO°C for 2h hours,:
then placed in a des1ccator to cool "This drove off any adsorbed gases.

.or H.O that may have been p1cked up by the support. A few pellets were':

2

lwelghed and soaked in water overnight to determine the ‘amount of solu- -
tion that could be absorbed. Then a solutlon of calc1um nltrate (ag

'Ca(NOS) hH O) and H O was prepared so that the pellets “would be 57

2
Cas by weight. The support material was then soaked in th1s solution T
for 2h hours. The excess solutlon was. strlpped off and the-support. ;
- material was placed into the muffle oven at hOO°C for 2h hours. This
.evaporated the water end converted the CaNO to CaO For each run, two . 3

3

mllllllterS'of pellets were-placed in the réactor and a stream'of_pune;
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H,S was fed through the reactor for 24 hours at 400°C to convert the

' Ca0 to CaS. Then the simulatéd flue gas was fed into the reactor and.

thé amouﬁt of NO removéd wag recorded.
?or meésuriné the rates of ?eactions oflﬁhé various ﬁeéal‘suifide'
promoter mixtures,.éadﬁ,mixturé was ﬁrepéreq b& inﬁimately mixing 26%.
by weight promoter together with the metal sulfide using.é mo?tar'and
pestle. Eiéht tenths of a gram of the powdéred mixture was'eveniy

distributed on fhe,weighing pen end placed in the reactor and attached

to the Cahn Electrobélance. After the weighing pan hed been placed in

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

stream of pure‘heiium.waé'paSSed~through'the purge line in the bell

- and another stream.of pure helium was passéd_through the.réaqtor while

" heating ‘the reactor and until no further weight change wasirecorﬁed.

. Next, the feed gas mixture was fed. into the reactor at-a-réte of

. .2125 std. éﬁB'pef_séCOnd, The‘féed-éas.cbmposition‘Vgs 2.5%‘N0 and

97;5%“H§.f"The reaction was then'allOwéd to prbceed for .at ‘least one
hour or until it was .possible to determine the rate of feéction.frpm';

the:bontiﬁuously recorded weight increa$e.




'VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Reaction Rates

' The reaction-rates of calcium suifide, barinm'sulfide,.strontium .
sulfide and ferric sulfide mixed with various promoters were'determined:.h:
‘us1ng the R-100. Cahn contlnuously recordlng electrobalance. Flrst the

promoters whlch were NaF, NlCl FeC12, CoCl and Fe 03, were tested

2,
for reactivity on the electrobalance at 300 and ‘400°C. Table I-shows

the weight changes that occurred when therVarious,promoter materials
were contacted with the . 2.5% NO gas stiream. In general, these materials
- showed no Weight changes at 300 or hOO°C. The exceptions were 0601-

at 300 and 400°C and Fe203 at 300°¢. Table II: glves the ‘reaction rates

of the metal. sulfldes mixed w1th the promoters at MOO°C All mixtures
were 20 Wt,%-promoter. The reactlon_rates ‘that were the faStest'were

those of the FeS/NaF BaS/FeCl - and CaS/Fe2O3 mixtures. Table ITI

- gives the reaction rates of the metal sulflde promoter mixtures at

300°C. The fastest rate was the FeS/Fe012 mlxtures.-Thls was a dramatic-

change from the hOO°C'rate.‘,At hOO°C'the'FeS/FeCl2 mixture lost

weight when contactéd with the No: Réisz et al. (1957) showeﬁ.thatrNO\
-would rapldly ox1dlze FeS glVlng N2 and. SO It‘may_be that this takesi

place at hOO°C g1v1ng a negatlve welght change. 'White (197h) has also ;';
'documented the formatlon of SO when FeS is reacted w1th NO. The other 5

‘difference between the reaction rates ‘at 300°C ‘and Logec is-seen With

the BaS/FeCl2 miktnre.: The Welght change of the BaS/FeCl mlxture goes

2

from a negatlve welght change at 300°cC to a very pos1t1ve Welght change T
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TABLE I
A SUMMARY OF THE WELGHT CHANGE FOR- THE

VARIOUS CHEMICAL PROMOTERS REACTING WITH NO

Grams of Weight Change

Minute
Chemical 300°C hoooc -
NiCl, o 0 . !
Fe012 0 - 0 .
CoCl, .0015 -.01295
Fe, 0 | .0029 0

NaF ' 0 0
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TABLE IT
THE RATES AT WHICH NO REACTS WITH.THE

VARIOUS METAL SULFIDE CHEMICAL PROMOTER MIXTURES AT Loo°c .

T Moles of NO Reacted

RATE x 100 {finute Tnitial Gram of Mixture

. : Pure
Metal Metal ‘ . . , - . -
Su}flde "ﬂSulflde - NaF .N;Clé | F?Cl2"' CoCl2 : Fe203 |

FeS .89 15.89 21.09% 1.35 3.35

Bas 3.19 . 5.89 ..25.%  31.55 ~ .. o

srs 2.1k’ 8ok o o . 0 . 5.58

CasS 1.6k 5.99 .29 1,56 1.79  25.60 o

# The rate was. rapld for a short “time then became zero and
flnally a welght loss was recorded
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TABLE IIT

THE RATE AT WHICH NO REACTS WITH THE

VARIOUS METAL SULFIDE CHEMICAL PROMOTER MIXTURES AT 300°C ~

s . .7 - .. Moles NO Reacted
RATE x 107 fp¥e Tnitial Gram of Mixture
'Pure

Metal Metal - _ -
Su;l.flde Sulfide | NaF ‘N1Cl2 | F§012 .CoClg . rFe203.
FeS 0 . L3 0. k9.  1.06. 0
B&S .. o 2,16 2.17 | — .- L6 1,75
SrS 1.73° " 2.28 . .8k | 0. 0 1.7Y
CaS | S0 . 1,93 0 1.05 .. © .698 .. .80
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at hdo°c ‘A reasonable explanatlon of this phenomena has not been
found. The negatlve Slgns in Tehles II and IIT 1nd1cate that there .
was a welght loss and no rate was calculated o
The results in Tables II and ITT 1nd1cate that the mixtures of
FeS/NaF BaS/FeCl

and CaS/Fe show the most promlse at 400°C. At

2 2°3
300°C the mixture of FeS and FeCl2 shows the most prom1se. 'If the

.results in Tables I, IT and IIT are compared 1t seems that some of

.theselchemical promoters do act as catalysts. The promoters mixed

with the metal sulfides seemed to catalyze the reaction hetween the
metal sulfide and NO in the following cases: at hOO°C-FeS/NaF FeS/

NiCl,, FeS/Fe BaS/NaF BaS/Nlcl , BaS/FeCl CaS/NaF CaS/NlCl

203, 29 29
" and SrS/Fe203;’at 300?C FeS/NaF; BaS/NaF, CaS/NaF,‘SrS/NaF;"A

29

CaS/Fe2 3

s FeS/FeCl2'and CaS/FeClg; In each case where a,promoter5

~ seemed to act as a catalyst, in“looking at Table I, it can be seen

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

1n ‘these cases the effect of mlxlng the promoters with, the metal sulfldes

may have been a. catalytlc effect

B} NO Removal With 4 Tubg;ar Reactor Uslng Slmulated Flue Gas

Flgures 5 through 2h show the percent NO and O2 removed versus

t1me for the metal sulfldes CaS SrS BaS and FeS mlxed w1th the promoters"

NaF, N1C1 CoCl FeCl and Fe 0. The comp051t1on‘of each mixture .

22 2% 2 273"

was 20 welght percent promoter snd 80 percent metal sulflde. _Each ‘run

‘was done.at hQO?C uging 2,grams of the mlxture and a s1mu1ated_flne'gas
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having an epproximste comp08ition of 100Q ppm NO 1% 0, ' 18% C02:and

‘the balancé was N2. The solids were mlxed using a mortar and pestal to - -
" insure éood contact between the two;sollds. Two important facts can
immediately be seen from these figures. “First‘ the oxygen in almost

every case, w1th the exception of the BaS/FeCl and CaS/FeCl mixtures,-

2
is removed-to a greater extent than the nitric ox1de Second, and very
important, is the fact that in every case some nitric oxide'was removed
© by the metal'sulfide promoter mixturesuitThe capacities (grams of Nd/
gram MeS) Were'calculated for‘the metal sulfide catalyst mixtures using
this data. | A
The capaclty of a mixture is the number of gramslof NO reduced per
gram of the MeS 1n1t1ally present from the start of the run until the
_ex1t concentratlon exceeds 600 ppm " The current standard for coal-fired
s".power plants is 600 ppm (Walters and Goodw1n 197&) ' For an example of |
"how the capacity of a- metal sulfide promoter mixture is calculated, see‘
'Appendlx A These capacitles are listed 1n Table IV The six best‘

¢

metal sulfide promoter mixtures are: ‘FeS/FeCl

o SrS/NaF CaS/NaF BaS/

FeCl FeS/Nicl .and CaS/FeCl The capacities in this sequence ‘de-

2

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

2"
) those obtalned on the electrobalance at MOO°C the maln exception is
the.FeS/-FeCl2 mlxture As noted prev1ously, the FeS/FeCl mlxture re=
gistered a Weight,loss on the electrobalance; If it 1is assumed,that

the NO is reacting with the,FeSlto_give 302 and Né thiS'would;agree
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TABLE Iy
THE CAPACITIES OF THE METAL SULFIDE PROMOTER
MIXTURES AND OF THE METAL SULFIDES

Grams of NO
*Grem MeS

B Unpromoted °
Metal - N o , - Metal
Sulfide - = -NaF NiCl, " CoC1, FeCl,, FeQO3 Sulfide

-[Cas ' .0186° .0055 | ,doo9 o Lo13h ‘.0010' : 0
srs  .0317. ~.001%  .0021 ° .0072 = .0011 O
BaS .0063.  .00M8. ' .0020.  ..0168.  .003%  .0023"

FeS . .0019 ° ..0136 -  .0022 .  .03T2 L0073 . .0005
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both with the high capacity for NO removal shown by the FeS/FeCl, mix-
ture and with the weight loss recorded on the electrobalance. This re-

action was observed by Reisz et al. (1975). White (197L) also observed
- that. in certain conditions with certain promoters, when NO was reacted
with. FeS, some 50,

not be visble for NO_ control in processes in which SO

"was formed, thus the'FeS/FeClz system probably would
5 is not alreaayA

present.

Attemptsiwere madé to analyze for SOz,using_the gas chromatograﬁh.
. ' o and 002 did not re-.-
sult in the gas chiromatograph being able to detect 80,,.

However, the.conditions required to analyze for O

The'resdits seen in’Tehle III for metal sulfide.mixtures at .300°C
seem'to_agree ﬁith the.results fromvthevtubular,reector at'LOO°C,‘.The‘
major-differehce betweeh the_results in.Tabie'III ehd those froﬁ'the
tubular reactor is that 8 negatlve welght change was recorded for thel

2

movel of NO and Oé

grams of NO/gram BaS and the capa01ty of TeS is .0005 grams of NO/gram

: BaS/Fe01 mixture on the electrobalance. Flgures 25 and 26 show the re—"

using FeS and BaS. The capaclty of BaS 1s 0023

of FeS These shoW that in the case of FeS/Nlcl FeS/FeCl and BaS/

2° 2

FeCl the promoters seem to have Somé catalytlc effect There is no
':-capac1ty for CaS glven because at hOO°C CaS will remove no NO. Becaﬁse :

of the hlgh capaclty of the FeS/FeCl mlxture 1t ‘was reacted at 300°

2
Wlth the s1mulated flue gas. Flgure 27 . shows the percent NO removed.‘

-_The CaS/NaF mlxture was also run’ at 300°C but it did not’ remove any NO
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The effect of temperature ‘and the reproducibilitv of the data were '
studied,using the CaS/NaF mixture. ‘Figure 28,sh0wslthe resulté;of three
" runs at 400°C with the CaS/NeF mixture. The Feproducibility is 'general— :
1y good, each run gives results fairlv'close to the:others. :Figure 29'3
gives the results for,the CaS/NaF wixture at 506°C; About,the same . -
’ amount of NO- was removed as-at hOO°C.:'Again the trends'are generally
consistent, although there is some dlfference espe01ally near the end
~ of the run. -Attempts were made to determlne at what temperature CaS
alone would 51gn1flcantly remove NO . In Figure 30 it can be seen that
.at 600°¢C CaS has a low capac1ty to remove NO The results are very
reprodu01ble early in the runs but‘dlverge sllghtly later in the'runs.
In Flgure 31 the results for 2 gramg of CdS reacted at YOO°C are . shown
For 8 number of runs the results var1ed greatly The ab111ty to remove .
NO was greater than at 600°C in all cases and even in the worst.case o
was comparable to.the ablllty of the CaS/NaF mlxture at hOO°C The
varlablllty in thls data is believed to be due to varlatlon in the flow
characteristics of the packed bed from one run to another;g'The flow;
‘ characterlstlcs through.the flxed packed bed are not. understood That.‘
:1s, 1t 1s not known 1f the gas flows prlmarlly between the edée of the‘j‘
‘ bed ‘and the reactor wall or if it flows falrly unlformly through the T:"'
bed. It is not known 1f the flow characterlstlcs are 1dent1cal from .
'run to run If the bed was to pack more solldly in onevrun~ more of

"the flue gas may be forced to flow between the edge of. the bed and the_q
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reactor Wall cr large channels may form in ‘one run . and not in another
In an attempt to remove the effect of packlng, ohe gram samples of
"CaS and the CaS/NaF mixture were pressed onto 3 inch by 1/2 inch stain-
. less steel plates. A very flne mesh stalnless steel screen was placed
in the hottom of the plate to support the CaS and CaS/NaF The CaS and
CaS/NaF mixtures were pressed 1nto the plates using a 2 ton hydraullc-
“jack. The plates were placed vertically,in thefreactOr and a metal‘,
] bellohs recycle pumphwas used to develop alrecycle rate~of léQ:l. iThe
Isame simulated flue gas was used}.uFigures'BQ throuéh~35 show the re-~ -
sults of runs. at HOO'and'SOQ?Qvfcr-thé"éaS/NaF mixture snd at 660:ahd‘
700°C for the CaS. "The trends in ability to remove No_ ggree with those-
':_seen in the fixed packed bed data. There is also better reproducibd—-
llty 1ndlcat1ng that the- varlatlon in the flxed packed bed - data was .
. probahly_caused'by-dlfferences ;n pack;ng'and.thus dlfferences in flow .
characteristics. |
By'erperiment.dne can-deterﬁine whether film diffdsich”plays a role
by u31ng varylng flow rates ofvldentlcal feed Wheretgas.filh resis-'.
'tance is 1mportant, conver51on erl vary 51gn1f1cantly Wlth changlng
gas flow rate;‘ Where ges fllm re51stance does not 1nfluence the.rate':
. of reactloh, conver81on should remaln approx1mately the same. for varlousf
Aflow rates. -To,determlne if'external film d1ffus1qn played,an'import;"
" ant role in this.fired'bed reactor s&steﬁ, funéywéfezsaaé ﬁslng'l gram

of the CaS/NaF mixture at a flow rate of SQ'ml/minute_and L grams. of
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FIGURE 32. THE PERCENT NOx REMOVED BY 1 GRAM
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" CaS/NaF at a flow rate of 2Q0 ml/minute.y This changed the'flow fefe_
but kept the space Velocity the same, The simulsgted flue gas was ueed
.at a temperafure of 400°C. |

The fesults.of Figure 36 indicated.that.the simulated flue gas
flow rate exhibited.liftle effect on the reduction of NO. In:genera;;
the coeversione were feasonably-cloee for'eECh:flow reﬁe. Therefore,
film diffusion cen be eliminated as a“conﬁroiling meehenism;

The effect of pore diffusion’w&s'nbt studied.'_in ofder to invest-
igate the effect of pere diffusion on this reaction,‘partiCles ef,vari—
oﬁsiknown‘sizes.ere required. This weﬁ;d mean tﬁet,the reactants
‘ﬁould ﬁave‘to'be screened. The reactants used in thie'stua& were'fineA
. 1y ground reagent grade partlcles and were not suitable for 51z1ng

The effect of the 02 to NO ratlo in the 51mulated flue’ gas was
also studied. The concentration of the NO was kept constant while the
O2 cencentration.ﬁas varied. Raﬁios of 02:NO of 0:1, iO:l ana-lGO:l'

-were tried. TFigure 37 shows that the amount of O, in the feed gas is

2
very important. " The 0:1 ratlo ‘run had a much greater capac1ty than the:
10:1 and the.lOO:l ratio-run had almost no ability to remove, NO-. Thle
is in agreement with electrobalance data Whlch showed the rate of ‘reac-
tion of the CaS/Naf mlxture w1t£ O was 3 tlmes as fast as tﬁe rate of
reaction with NO. |

The simulated flue ges éentained 18% COQu ‘Iﬁ brdef’te eetermine

if the preserice of CO; effected the removal of NO the removal of NO |
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from a gas stream containing COE was compared to the remoyal of NO from

a gas stream in which no CO, was present. This was done oyer a temper—

2

ature range of 200°C to 700°C. Figure 38 shows that CO, concentrations

2
probably do not effect the remoyal of NO since the two runs are probably

within experimental variability. The presence of SO2

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 30, and for a simulated flue gas in which no 80, was present .

2

were almost ideﬁticalﬂ Figure 40 shows that within thé éxperimental

2

variability the presence of 802 in the simulated flue gas,does'not‘seeﬁ
to effect the removal of NO by CaS at 700°¢C.

| Figures 41 and 42 show the effgct_on NO removai by'CaS at 500°C
and 600°C when water is introduced into the feed stream. Prior to ﬁix—-
ing the simulated flue gas the nitrogen was bubbled through water.
. This resulted in a‘simuléted flue gas‘£hat wds 2.0 mole percent H2O.
At T00°C with CgS, reproducibility was again difficult to obtain.

Figure 43 shows the removal of NO by CaS at T00°C with H_ O in the simu-

2

lated flue gas. A wide variation in résults was obtained. In compar-
ing Figure 43 to figure 31 it does not appear as if the H,0 had an ef-
fect on the NO removal. However, at 400°C the H20 apparently caused a
decrease in the NO removed by the.CaS/NaF mixture. Figure 4b4 shows the
extent to .which the NO_ removal was decreased. Figures 45 and h6_shoﬁ

that the presence of H.O in the simulated flue gas also reduced the NOx

2
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removed hy t‘he.F‘eS/ll‘eCl2 minture and the SrS/NaF.mixture._‘ .

The product from.a run with CaS/NaF -at” 4Q0°C and-the prodict from .
- a run w1th_CaS/NaF at HOO°C with H,0 in the gas were analyzed “for sul-
fate. The product of the run without H, 0 was 18. 017 sulfate and-the o
“run with H20 was 7 91% sulfate. This indicates that the H20 was not'

._'reactlng w1th.the CaS to form CaSOh. The HQQ may_haye either,been ln— ﬁ-
terfering Wlth the remoyal of the NOx'b& interferlné with the cataly-

tic action involved or it may have been reacting with.the CaS to forn -
H,S and/or S0,. The runs with CaS and'HEO indicate that the H;b'is not

reacting with the CaS, because if the H. 0 were reacting with the CaS

2
this should reduce the sites available to react with the NO and this
“would reduce thé amount of NO_removed.

Slnce the chemical reaction involved here is.heterogeneous;‘in;
volving a gas.and'a solld'phase,:it wasuthought that the'chemical mech;”
. panism of the‘catalytic effect ﬁay inrolve-some:t&pe of gas-solid con;

-tacting. In order to see if th1s weas reasonable, a run was made ine

| whlch the NaF catalyst was. not mixed. w1th 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 ::_‘
NaE. 1. 6 grams of CaS were used: and h grams of NaF were. used Flgure.:

MT shows that the removal of NO was much less than when the Cas and

NaF were 1nt1mately-m1xed If the catalytlc effect of the NaF was as=

.-sumed to be due to some type of gaS—SOlld contactlng, that the reactlngp,
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Th

_gas is activated by the promoter or hy-an activating'atmosPhere.close

to the surface of the promoter then the calcium sulflde would have to S

: be close to the catalytic surface 1n order to be reacted by the act1— '
vated gas. Thls.would,explaln the lower amount of NO removed by the
separated catalyst run, | ‘ |

-Zadick {1971) showed tnat Casoh could be reduced té«cas according:
to the follow1ng reactlon. | | |

casolL + hoo 8%, cas +'h00é
" 700°C .

It was thought that an attempt should be made to regenerate the CaS
used-in thls research. In attemptlng to see.what effect the CO would
have on the stalnless steel reactor, the results in Flgure h8 were ob-

" tained. These results 1nd1cated that remarkable amounts of NO were
.belng removed at hOO°C to TOO°C us1ng a sta1nless steel reactor that
had been exposed to a. lOO% CO gas stream for four hours at the tempera;
ture.at Whlch the NOX uas remoued. P0351h1e:reactlon.may.be:

FeO + CO —> Fe + CO,

" Fe + NO- —> FeO + 1/2 N2

. The FeO is probably found on the inner surface of.the stainless
Asteel‘pipe-and-on the surface of:the stainless~steel rings.uhich uere'
used to pack the preheat sectlon of the reactor.

The effluent gas from the reactor when the feed was 100% CO ini-

' tlally contalned 50% 002, thls decreased to 15% CO2 in the_four hours’
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that CO was fed fhrough.the reactor: When g éas of_composition 2.5% ﬁo
and 97.5% He Was.fed through. the reactor, that had been.exposed to the
co, substantial.emounte.of N2 were detected in the effluent gas;' These -
'reSults;éupport the possibility that these.two'euemicel.reactions are
‘wtaking place.
 An attempt_wes made to react 2 grams of CaS/NaFlet 400°C in one

reactor anq theﬁ-regeﬁeraﬁe it in another reactor at 706°C using 100%
CO. The purpose of uéiﬁg'the two reactofs was so that when the regen-
erated material was agaln exposed to the simulated flue gas ‘the- amount
of WO removed could be attrlbuted to the mixture and not the reactor.
'.Quite a oit‘of the mixuure Wes loet initransferlng from one reecuor to
htheiother and no;coﬁolusive evidencelwes obtained. " o |

To‘determine_tue'ﬁerformance of ﬁiéh surface arealsupport metefials
. in thie reector; ééﬁe l/8:ineh Harshaw 1602—T pellets of alumine and.

" silica and some l/l6 1nch Llnde TM—O 111k molecular 31eve pellets (syﬁ-
thetic crystalline metal alumlno—5111cates Wlth Na as the metal) were
impregnated with CaS.- - Figure h9'showe the results. of these runs.

' Thesé runs were done at L400°C with 2 ml of support matérial. Both sup<’
lports.removed NO qulte well the Llnde molecular sieves’ were sllghtly.
’-.better but thls mlght ‘have been due to better contactlng because of
- their smaller size. |
To--deterlr_li.ne.. if the sﬂf;t'e'.w;sj‘ineéea being formed, the product .

from a runrwitﬁ_the'CaS/NaF[mixture_at 400°C and the product’ from a run
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with CaS at T00°C 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 determine.d to be 19.97% sul-
- fate. White (19"{3)'shéwed that if the'CaS was exposed to NO for an ex—-'
tended period of time at températures between LO0®C and "T.OO°C 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/FeClQ, CaS/Fe at 400°C and FeS/

203 @
FeCl2 at-300°C. Thé electrobalénce date also indicated that, in general,
the chemical promoters do not react with NO'at 300 and hOb°C. Results
from the fixed packed bed reactor gave the mixtures éf FeS/FeCl,, SrS/
NaF, CaS/NaF and'BaS/FeCl2 as thoselwith tﬁé g?eatest capaci£ies. Even
.though the fastest rates determined on the electrobalance did.nﬁt cor-
respond to the grestest capacities recorded in the fixed packed fed,
5oth sets of data indicate that NO can be reduced.

:The chemical prombters seemed to show a catalytic effect in'some.‘
-caséé, both by increasing the rate measuréd on the electrobalance.and
by incredsing thé capacitiés of thée metal sulfides to reméve NO in ﬁhe'
fixed packed Bed, A1l of the mixture; were shown fo have some ability
to remove NO from a simulated flue gas é£ hOO°C.‘ The mixtures also
removed oxygen, which of cdurse is an undeéirabie effect. .waever, the

presence of 802 and CO,. in the simulated flue gas did not effedt the

2

amount of NO removed. This means in a flue gas containing SOE’ the

2

was disappointigg'to learn that the presence of H

'SO could be removed after the NO‘without effecting the NO removal. It

20 in the simulated

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

0 may interfere with

FeS/FeClg-andVSrS/NaF mixtures at 400°C. The H,

the catalytic action of the promoters or it may react with the MeS, thus
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maklng it'more.diffioult‘for the NO to react With the MeS. If the cat—
alytic effect. is aseumed to be due.to eome type_of gas-solid contactiné,
in that the reacting éas is activatedabj the pronoter or‘by an activat—:
" ing atmosphene close to the surface of the promoter, the chemical;mech;‘
.anism could be represented by the following reactions:

NO promoter NO*

MeS .+ LNO¥ i) MeSO, + 2N,
The run in which the MeS (CaS) and the promoter (NaF) were separated

shows that the CaS must he close to the promoter surface in order to

get good NO renoval. The HQO could elther prevent the gas from belng

activated or deactlvate it before it could react with the metal sulf1de.A
The runs with water in the flue'gas at 500, 600 and 700°C with CaS in— 5

dlcate that the H20 does not react w1th the CaS s1nce in these condl—

_tlons the H20 did not effect the- amount of NO removed. If the_HQO'Were‘

reacting with the CaS in the CaS/NaF mixture at 400°C to fron CaSOu; it
would be expected that at least as much sulfate would be found. in:the.'

product from a run with H2O as without: The product from a run at hOO°C'-

with' H20 in the flue gas and w1th CaS/NaF was analyzed for sulfate 1on

and was found to conta1n qulte a bit less sulfate than was found in the

- product. of a run w1th CaS/NaF at hOO°C w1th no HEO in- the simulated flue’

gas. Even though the run with HO, and CaS at 500, 600 and 700°C indi-

cates that’ the H20 does not react w1th the CaS, the p0351b111ty ‘that the.




. sz”mey be reacting with”the cas/NaF mixture at 400°C to from.HéS‘or
'".802 cannot be'eliminated. ‘ ' l

The - results of this. work show that ‘NO can be: reduced us1ng metal
sulflde promoter mlxtures in an ox1d1z1ng atmosphere. This fact is Yeryoi
1mportaht'1n that in this method,of'reduc;ng NO it is not,necessery to
introduce'ah expehsive reducihg'éas,‘such as NHé,'into the'flue-gas in
order to re&uce.the NO. 'Aimost ali-curreht‘industrial methods for re=
dueihg‘NO use NH. | |

At 400°C vhen the FeS/FeCl

o mixture was exposed to a gas contain-

iné 2.5% NO on the electrobalanoe;'a weight decrease‘was observedl But,
when placed in the fixed packed,bed reactor the FeS/FeCl2 mixture had..
the hlghest capa01ty to remove NO at. h00° These two.facts may not

' seem to agree, however, other 1nvest1gators have shomn that‘under cer—"

.taln.condltlons NO reacts with FeS to glve N2 and 802. The quest;on ;s,

if it is asSumed that this is thexreaction taking place“ does this elim-. -

1nate the . FeS/FeCl mlxture as a poss1ble method for NO pollutlon con—:

2

trol? In many combustion processes, partlcularly those in wh1ch coal

. is the’ prlmary fuel;ISOme SO is formed and prooesses are available to

0.
remove the SOéL ‘Therefore, the FeS/FeCl2 mixttre'could be used'ih'
.ﬁprocesses.where-there is.already 80, in the flue gas and where‘ah3802 .

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

mixture to be dis-

© mics of:the situatiohlto.aiiow the sﬁeht FeS/FeCié

‘cerded sihoe the FeS is'oonsumed.
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It is significant, and should be mentioned again, that in the cases

tested the presence of SO2.in the simulated flue gas did not interfere

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

remove the 802 from the gas stream, the gas stream willlnot have to be

cooled to rémove the S0, and then reheatéd to remove the NO. The NO

2

could be removed and then the'gaé cooled ahdAthe SO2 removed.

It is important to note that the mixtures BaS/FeCl

, and CaS/FeCl

2

. removed more NO fhap oxygen. These two mixtures were also among the
top six mixtureé‘in'terms of maximum capacities. | |

The fact that when CaS was impregﬁated on high sufféce‘ared sup-
ports good reﬁoval of NO was obtéined is important. Ir the.intefferencev

of the H,

2O with the removal‘of NO by.CaS/NaF or other metdl sulfide mix-

_tures was to prove insurmountable; good removal could possibly‘Be oB—-.
tainéd by using theée.ﬁigh-sufface ares éupborts-with'CaS impregnated

oh.them..




VIII. CONCLUSIONS
1. NO can be'reduced in an okidizing atmosphere st 400°C usingAu'
the metal sulfldes. CaS, SrS FeS and BaS mixed with the chemlcal pro-.

moters NaF NlCl CoCl . FeCl and Fe203

2. At hOO°C the reactlon between FeS and NO is promoted by NaFi

NiCl"and Fe203. Also the reactlon of ‘BaS with NO is promoted by NaF,

NlCl2 and Fe203 NaF NlCl2 and Fe203 promote the reaction of NO with

;CaS ‘and Fe203 acts as a promoter when mixed w1th 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. Nib12 promotes the reaction of
BaS w1th NO and FeCl promotes the reactlon of NO with FeS and CaS.

I The four metal sulflde promoter mlxtures w1th the greatest

" - . capacities tohremove.NQ from_the simu;ated flue gas conteiping,l% 02

were: TeS/PeCl,, .03T2 grams of NO per gram of FeS; SrS/NaF, .03L7

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

‘and BaS/FeCl 0168 grams of NO per gram of -BaS.

2*

5. 27 802

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

1n the 31mulated flue ' gas “does not effect the re-

i

'61 187 co, in the s1mulated flue gzas does not effect the're—
- .moval of NO by CaS/NaF mlxture or by CaS | a .

| Z; The presence of. HEO in the s1mulated flue gas reduces the.
capacity‘of'these metal_sulfide mixtures to remove-NO atphOQ°Q, but..

" does not effect the capacity of CaS to remove NO:at 500, 600 and T00°C:
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8. The 0, cpncenfration in. the simulated fluelgas has a étréng
effect on the capacity to remove NO. The highe; the cdnceﬁtratibn:of
02 the lower the NO removal capacity and the lower the Og‘éoncéntration
the higher the NO removal capacity. | |

9. The CaS impregnated oﬁ high surface area supports removed

more NO than the fixed packed bed of CaS at 400°C.

10. External £ilm diffusion was not found to be the controlling

mechenism.




‘IX. RECOMMENDATTONS

1. The flow characteristics of this reactor were not known.
It would be very informative to cbntinue this work using a reactoriin
‘which tﬁe flow characteristics are well understood. |

2. The mannér in which the 'solid reactant is p?ésented.iq NO
removal needs much more investigation. A fixed packed bed is not suit-
;ble for removingiNO from flue'gés'streaﬁs éontéining fly ash. The
Shell Process (Groénendaal et al., 1976).for removing Sog'mgy provide
a‘gas—solid contaéting system that could be used. - Commercial supports
also offer some possibiiity gnd.should be studied further.
3. A study. should also be dene to study the reactions of:

FeO + CO —s TFe + éoé

Fe + NO ——p FeO + 1/2 N,

These reactions should be studied'iﬁ a reactor pécked with small stain- -
less steél rings. .These reactions may provide a method for'controliingr

NOx emissions.




APPENDIX




. 87
APPENDIX -A

This. appendlx descrlbes the method used to calculate the capa* :

c1t1es-of the metal sulflde promoter mrxtures and of the'metal sulfldes.

The calculatlon of the capa01ty‘of the CaS/NaF mlxture at hOO°C will

be used_for thlS example.

- Step 1.

'C

- a

S
i}

"NO
S m

WO
m

The maximum'amount_of”NO ‘that could be removed

was caleuldted:’

wo - Maximumramoﬁnt'of»NO that could be removed

CO .~ Concéentration of NO in the simulated flue gas
Q . — Volumetric flow rate of the simulated flue gas
t ' — Time in the actual case for the‘pereént I\TOX

removed to fall below 40%

'When the percent NO_ removed is below 40%, this means

the exit concentratlon of NO exceeds 600 ppm and . there—

: fore exeeeds.the EPA_standard'Tor coal—fired,steam'

generators. =

0. = 3.654x 107 moles NO/ml

lOO ml/mlnute

t was determlned from Flgure A-1

90 mlnutes
. NO_ =CyQt. N _
= (3 65h-x‘1o )(100)(390)

001h25 moles. NO




- Step 2.

Step 3. .

'Step bl

. Noub =" 0186, EL——iilﬂl
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The grea in Figure A-1 which represented the amount

_of NO_ actually reioved intil less than kag Wo; was
‘being removed was calculated. - This was done by deter—
nmining tﬁeﬁarea under the curve in Figure'A-l.

:A&O ‘— Area under théﬂehrve.from'time zero until

the “time when the %‘I\TOx removed became less

than L0%

“"Ah o= 27,186 minutes’
The area. in Figure A-1 vhich represented 100% removal
.-df‘NOi was calculated.

© Ajgo.—Area representing 1007 removal of NO

Alo ; (100)(390 min.) = 39,000 minutes

The capa01ty ‘of “the- mlxture was calculated ' This was

done by multlplylng the fractlon (—AQ ) by the maxi-
A100 .

'mum amount of‘NO that could be. removed.

NOMO — Capa01ty of the mlxture or metal sulflde
i = (A0 “
‘ Nouo = NO

'2?1886
‘N0, = 39,000 %9500 © 001h25 moles NO)
NO,, =" .000993 molee NO -

30 grams NO g L
x 1 mole NO - 1.6 grams CaS

N, = +000993 moles. N

ram Cas .
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2 grams CaS/NaF
Loo®c

100 ml/minute
1000 ppm NO

1% 0,

18% “co

Balance N2
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=5

p) t 10 15
TIME  HOURS
FIGURE A-l. A SAMPLE CALCULATION OF THE

CAPACITY OF A METAL SULFIDE PROMOTER MIXTURE
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