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Abstract:

Nitrogen oxides (NO and NO?2) are air pollutants produced in high, temperature combustion processes.
Th generating power by the Magnetohydro dynamic (MED) process high temperatures are used and
subsequently nitrogen oxides are produced. Two methods which:' are technically feasible for the
control of the nitrogen oxides (NO ) are: combustion modification to reduce the amount of NO
produced and recovery of the NO for the manufacture of nitric acid or nitrate fertilizer. This research
was performed to study solid sorbents for the recovery of nitrogen oxides.

Results of this work indicate that the carbonates of lithium, sodium or potassium and the first row
transition metal oxides are not effective absorbents. However, mixtures of sodium or potassium
carbonate with manganese dioxide or ferric oxide are very effective absorbents of NO and NO2. Ten
grams of a 1:1 mole mixture of alkali carbonate and metal oxide in a temperature range from
380-450°C reduced the NO concentration from 9000 ppm to less than 100 ppm from a feed of
500Xml/min consisting of 15% CO2, 18% 02, 66% N2 and .9% NOx in a contact time of less than 4
seconds. Other equally effective sorbents were potassium manganate and decomposed mixtures of
sodium nitrate and ferric oxide.

Sorbents could be regenerated and then reused by heating in a temperature range of 600-700°C. During
the regeneration process, NOx could be recovered at concentration levels from 20 to 50% and the
major component of the NOx was NO2.
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ABSTRACT

Nitrogen oxides (NO and NOQ) are alr pollutants produced in high
temperature combustion processes. Tn generating power by the Magneto-
hydrodynamic (MHD) process high temperatures are.used and subsequently
nitrogen oxides are produced. Two methods which: are technically feas—
ible for the control of the nitrogen oxides (NO ) are: combustion
modification to reduce the amount of NO produced and recovery of the
NO_ for the manufacture of nitric acid dr nitrate fertilizer. This
research was performed to study solid sorbents for the recovery of
nitrogen oxides.

Results of this work indicate that the carbonates of lithium,
sodium or potassium and the first row transition metal oxides are not
effective absorbents. However, mixtures of sodium or potassium car-
bonate with manganese dioxide or ferric oxide are very effective ab-
sorbents of NO and NO,. Ten grams of a 1:1 mole mixture of alkali
carbonate and metal oXide in a temperature range from 380-450°C red-
uced the NOX concentration from 9000 ppm to less than 100 ppm from s
feed of 500°ml/min consisting of 15% CO,, 18% 0., 66% N_ and .9% NO
in a contact time of less than 4 second§. Other equall§ effective ™
sorbents were potassium manganate and decomposed mixtures of sodium
nitrate and ferric oxide. ,

Sorbents could be regenerated and then reused by heating in a
temperature range of 600-~T00°C., During the regeneration process, NO
could be recovered at concentration levels from 20 to 50% and the
major component of the NOX was N02.




INTRODUCTION

Removal and control of nitric oxide from exhaust gases is a prim-
ary concern for all combustion processes, - Nitric oxidé (NO) is not
considéred éé an irritant in itself and is ﬁot considered to have ad-
verse health effects at concentrations found in the ambient atmosphere.
Its greatest toxic potential is due to itg oxidation to nitrogen di-
oxiée (N02). Nitrogen dioxide exerts a toxic effect on the lungs
and concentrations of greater than 100 ppm are lethal to most animal
species, including man. Long term exposure to low co;centrations does .
ﬁof cause acute inflammatofy responses bgt does have an accumulative
sustained effect. Results of community exposure to NO2 levels of .062
to .109 ppm for long periods of time (6 months) gave an increased

respifatory illness rate of 18% (Pollution Control Technology, 1973).

On a global basis the total amount of nitrogen dioxide generated

1

by nature.exceeds that made by man-made technological sources. Nat-

ural scavenging processes in nonurban areas keep background levels on
the order.of 2 — L4 ppb. In urban areas the levels are frequently
ﬁigher because poilutantS‘are add;d faster than scavenging processes
can conbrol them.

Fuel combustion is a major source oOf nitfogen.dioxide in air
pollution. Combustion of coal, oll and gasoline accounts for the maj-

ority of man-made emiésiqns. The estimated global breakdown of nitro-

gen dioxide emissions in the year 1965 is as.follows (Seinfield, 1975):




Source Emissions in Trillion grams of NO2
Coal combustion 2h b x 10°
Petroleum processes and combustion 20,2 "
Natural gas combustion 1.9
Miscellaneous (fires, etc.) 1.5 " .

EPA emission standards for l\TO2 from coal fired steam generators

are.0.70 1h. per million Btu of heat input or approximately 600 ppm
(Walters and Goodwin, 19T4). TFor a 1000 Megawatt MHD generator having
an efficiency of 50% it is estimated that the exhaust gas flow rate
would be 1.25 million standard cubic feet per minute and could contéin
from less than SQO ppm NO to greater than 30,000 ppm NO (3%) depen- .
ding on thg combustion process used (Hals and Lewis, 1973).

To comply with EPA standards the MHD process would have to limit
NOX (NO and N02) emissions. Of the methods which appear promising,
the most practical would be either combustion modification or absorp-

tion of the NOx produced.,

Previous Work

Combustion modification would reduce the amount of NO formed by
lowering of the combustion temperatufe (Pepper, Fustic and Kruger,
1972). ﬁowever, a prEliminary'ecohomic'aﬁalysis indicated that if the
.nitric oxide is collected and converted to nitric acid or a nitrate

fertilizer, the income from marketing the product would be much greater




3
than that from the sale of electriciéy produced. by the MHD generator
(Wright and Youderion, 1976; Hals and Jackson, 1969). Since profit-
ability is the prime concern of any industrial process;collection of
the nitric oxide would be preferred over combﬁstion modification.

A method which is technically feasible for the recovery of the
nitric oxide is absorption by liquids or solids. ILiquid absorption
appearg promising for 1t can be ugea to ébsorb both NO and 802. Usually
alkaline solutions or sulfuric acid are used in conjunction with equi-
molar concentrations of NO and NO, (Hals and Jackson, 1969). Absorp-
tion of l\TOX by iiquid systems is improved by having equimolar concen=-

trations of the two oxides rather than just NO, (Koval and Roberts,

2
1960). The increased absorption is due to the formation of 1\T203

from the NO and NO2, which is then absorbed to form nitrous acid.
Nitrogen dioxide would have to be recycled to the incoming gas stream
to achieve the equimolar concentration.

Among the alkaline scrubbing systems which have been tested,
lime-water oflmaénesium hydroxide solutions have been reported as
showing the most promise (Bartok, et al, 1971). The magnesium hydrox-
ide 'is said to be better due to advantages in‘regeneration of the nit-
ric oxide from the nitrite formed.

From the standpoint of forming a nitrate fertilizer, liquid ab-

sorbents form nitrites which would have to be oxidized to nitrates.

Also the regeneration of liquid sorbents produces NO and little N02
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which means that an added investment would be needed to oxidize the
WO to N02°

Among solid sorbents, metal oxides, especially manganese and fer-
ric oxides, have been reported to show téchnical potential (Leung and
Gidaspow, 19Th). Paiént literature indicates that sodiug and calcium
carbonate or calcium oxide can be used to.absorb N02 but not NO (Harres,
Morello, and Peters, 1969). Nitric oxide is removed‘at normal temper-—
atufes and pressures by inorganic salts of hydroxy acids (FeSOh, KMhOu,
KC;O3) by inorganic oxides (Na202, Pb02) or by inorganic halides (KI,
CuCl2) (Lewis, 1975).

A ferric oxide-sodium oxide sorbent developed by R. A. Ogg and
J. D. Ray (U.S. Patent 2,684,283) absorbs NO at Loo°c forming sodium
nitrate and little sodium nitriteﬁ The sorbent was prepared by heat-

ing 2 moles of sodium nitrate (NaNO_) and 1 mole of ferric oxide

3
(Fe203) in a temperature range of TOO to 900°C until the sodium nit-
rate was largely decomposed and no nitrogen oxides were being given
off.‘ When a gaséous mixture consisting of 0.7% NO, oxygen apd nit-—
rogen was contacted with the sorbent the NO was absorbed and sodium
nitrate was formed. Nitrogen oxides could then be recovered in a con-
centrated form on heating the sorbent té a temperature éf over T00°C,
A sorbeant of this type would be particularlx useful since a nitrate

fertilizer could be directly formed or a concentrated stream of

nitrogen oxides could be produced for the manufacture of nitric acid.




>
The importance of NO a.ndl\TO2 concentrations in the formation of nitric

acid is best shown by the following example: For a gas mixture at

‘1 atm and 25°C containing 5% NO_ of which 80% is oxidized to NO, the

2

equilibrium strength of nitric acid with this gas mixture is 55% by
weight (Cﬁil‘con5 1968), while if the gas contains 50% NOX Qf which
80% is oxidized to N02 then the equilibrium strength of nitric acild is
70% by weight. The increased concentration is useful if the nitric
acid is to be concentrated. Also By increasing the pressﬁre of the
concentrated NOX stream the equilibrium strength of nitric acid

would be well over T0%.




OBJECTIVES

The purpose of this research was to develop a sélid for the re~
moval of NO and NO, (NOX) from the MHD exhaust gases and either convert
them to a nitraté or on régeneration produce a more concentrated
stream of N02 or NO. Other objectives were to determine the factors

which affect the absorbtion and regeneration processes.




APPARATUS AND PROCEDURE

Figure 1 is a scheﬁatic of the apparatus used. Individual géé'l"
streams were passed through.rofameteré and into a mixing chamber to
form é'test gas of similér/compositioh t¢o that expected for the MHD
exhaust. From the mixing chamber the gas could be passed directly to
the 1\TOX analyzer to determine the l\TOX composition.éf it could be
paséed to the reactor and then to the NOX'analyzer. Septum ports were
located on both sides of the reactor to permit taking of gas samples
for analysis of 002, N2 and 02.

Figure 2 is a schematic of the réactor. The reactor consisted of
a stainless steel pipe 10.5 inches lgng with an outside diameter of
7/8 inch and an insidg diameter of 5/8 inch. A stainless steel thermo-
couple well made from 1/4 inch 0.D. and 5/32 I.D. tubing was situated
in the center of the reactor. Approximately T inches from the top of
the reactor a stainless steel porous disk was placed. Beneath the
disk the reactor was packed with stainless steel rings which served to
preheat the gas coming in., Materials to be tested were placed on top
of the disk. Glass wool packing ét the exit of the reactor prevented
solid particles from blowing out. After each run the reactor was
cleaned with dilute hydrochloric.acid, rinsed with distilled water
and dried.

The reactor was heated by an inconel pipe wrapped with 6.5 feet

of ceramic beaded nichrome wire (.9 ohm/ft) and insulated by a 6.5 inch

diameter housing packed with zeolite.
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Sorbents
The sodium oxide-ferric oxide sorbent was prepared by heating a
2:1 mole ratio mixture of sodium nitrate and ferric oxidé at red heat
in a small rotating kilﬁ over a large burner for appréximately one
hour. Gravimetric analysis indicated a weilight loss of approximately

31% which corresponded to a formula of NagOFe for the remaining

203
nmaterial. Bulk density of the substance Wheﬁ loosely packed was. be-
tween 1.33 and 1.4k g/cm3.

Transition metal oxides and the alkali carbonates were tested in
the form that they were obtained ffom reagent grade chemicals. Mix-
turgs of the oxides and carbonates were made on a l:1 mole basis and

10 g. of the resulting mixture was used for testing. The chemicals

were dry mixed with a mortar and pestle.

Gas Mixtures

Standards for calibrating the analyzer were made by diluting .50%
. NO (5000 pﬁm) with room air. The reactant gas mixtures also contained
NO diluted with room alr to produce the deéired NOX concentration,
generally between .75% (7500 ppm) and 1% (10,000 ppm). Nitric oxide
reacted with oxygen in the air to produceua final gas mixture con-
taining épprdximately .5% NO and .5% NO,,.

Carbon dioxide was added to the feed stream and the resulting

concentration of 002 was approximately 15%. Due to plugging of the
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analyzer by-high.concéntrations of moisture, no appreciable amount of
HQO was included in the feéd gases-other than what was in the room air.
To determine the efféct Hatér had on the absorption, the air was
saturatéd prior to being mixed with NO at 24°C to get a moisture con-
tent of approximately 2 - 3%.

Analysis of NO and NO2 was accomplished using a Thermo-Electron
Model 10A Self-Contained Chemiluminescent NO»—NOX Gas Analyzer, ﬁhich

has the capability'of measuring from O~l0,00Q ppm of NO or N02; Ni-
trogen and oxygen analysis was performed on a Beckman gas chromatograph
using a column bécked with molecular sieve. type 13-X. Carbon dioxide
analysis was performed on a Varian gas chromatograph using a column

packed with Porapak Q-S (Waters Associates).

Nitrate Analysis

Nitrate analysis was performed by using an Orion specific ion
electrode model 93-~07. The solid sorbent was dissolved in water and
the pH of the .resulting solution was adjusted to approximately 5.

The resulting solutions were then comparéd to known mixtures conta@n—
ing nitrate and nitrit'e ions, Presence of the nitrite ions was det-
ermined in the following manner: The amoﬁnt of NOx aBsorbed_by the
sorbent was determined from the absorption versus time curves., Stand-
ard solutions of nitrate and nitrite lons.were made to approximate the

concentration anticipated when the sorbent was dissolved in water.
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Comparison of the reading for the sorbent solution and for each stand-
ard solution was then made to determine if nitrite or nitrate ions

were predominately present.




RESULTS

Due to the reaction of NO with.O, to form NO,, it was necessary
to determine the actual composition of the gas entering the reactor.

Writing the chemical equation for the oxidation of NO to NO, as:

2NO + O2 = 21\TO2 ‘ '

2

the rate expression for the formation of N02'can be written as:
il ‘ —". 2 )
dPNoe/dt = % wo Yo,

where,

ap. /dt = rate of change in the partial pressure of NO
2
k = reaction rate constant

2

g
n

partial pressure of NO =

d
Il

partial pressure of O2
The rate expression can be written in a more useful form by letting
o a= initial partial pressure of NO (atm)
b = initial partiai pressure of O, (atm)
¢ = partial pressure of 1\TO2 at time t

t = time from start of reaction (sec.)

k = reaction rate consfant: 'k = exp(6L41l/T - '0.725) (atmfgsec_;)
~and.T is in °K (Chilton, 1968)

substituting.these variables in the original rate equation gives the

expression:

de/dt = k(a -~ c)2Cb - c/2)

If b is much larger than c¢/2 then the last term on the right hand side
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reduces to‘b,‘ The resulting éxpréssion can be easil&'integraied and
solyed for c to givé;

c =all - 1/(a£bt s 1))
Tf 8 = .01, b= .21, k=38 and t = 27 then

c = ,0068 atm (6800 ppm).
If a = .008 and the other Vériablés remain the same .then

c = ;00506 atm (5060 ppm]
Appfoximately 50% of the ériginal NO ;s'oxidized to NO2 in the time
(ZW?sec) i; takes. the feed. stream to reach the reactor.

To determine if the NO2 decomposes significantly as it passes
through the preheat section, the equilibrium constant (Ké) and the
rate constants for the forward (Kf) and reverse (kd) reactions need

to be known. Table T lists wvalues of k. calculated from the,expréssion:

a
> 2
kolky = K =P N02/P NOPO2

TABLE T: Equilibrium Constants and Rate Constants (Chilton, 1968)

°c 38 200 400 . 600 800

Ki 1 x 107t 1x 10° 1 x 10t 1x 1070 1.7 x 1073
k. p.2x 100 1.3 1.69 1.02. LThS

~10 - -5 5 -
ky 2.2 x 10 | ] x'10 169 10.2_ 745 x 102

As can be seen from the table the decomposition reaction does not

proceed at a significant rate until the temperature exceeds 400°C.
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Since the.éecompoéition reaction will Bé important above 400°C, it is
Iimportant to know what thé'éqpilibrium.concéntrations of NO and NO2
will be above this témpéréturé: Tablé IT 1lists somé-valués for the
concentrations of NO an@ N02 wﬁén thé Initfal amount of NO added to a
stream containing 21% 0, s known:

TABLE IT: Egquilibrium Values of NO and NO

Initial NO concentration = 10,000 ppm

°C 400 600 800
NOe(ppm) 67Th iTko . b
No(ppm). .. 3226 8260 9996

Initial concentration = 8,000 ppm
N02(ppm) 5420 : 1390 3

NO(ppm) 2580 . 6610 7997

Comparison of these values with the values calculated for the feed
composition indicates that the concentratién of NO and 1\TO2 entering
lthe reactor will be close to the equilibrium concentration of NO and
NO2 at 400°C, Other nitrogen oxide speciés that could form from the

mixture of NO and 1\TO2 are dinitrogen trioxide (N203) and dinitrogen

tetroxide (N2O&). Equilibriuﬁ values for these are shown in Table III

and Table IV, ‘
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TABLE IIL: ZEquilibrium Values for N0 (Chilton, 1968)

273

Reaction NO + NO2 = N203 K? = PN203/PNOPNO2

°¢ 25 35 45

K 0.475 0.272 0.145

. _ % 2 -1
Reaction 2NO2 = N2Oh Kp = PN2 lL/(PNOZ) ,atm
oc 0 20 ' Lo 60 80.

K? 65 . 12 2.7 : Ny .20

Inspection of the equiliibrium values indicates that neither of these

species would be:significant at temperatures above 100°C.

-Graphs and Order.of Presentation -

Some'pbigtéswhich are'iﬁpbrtant in reéding of the graphs are as
follows: The feed concentration is in ppm of NO while the exit conc~
entrationfis in ppm of l\TOX (NO + NOQ). It should aiso be noted that
desorptipn ié occurring when the exit concentration (NOX) exceeds the -
original NO éoncentration in the feed. ©Since absorption tests were
performed with changing temperature, tﬁe concentration of NO in the

b's
gas stream leaving the reactor and the corresponding temperatures are
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plotted against time.

The original order of testing sorbents was to examine the sodium
oxide-ferric oxide sorbent in detail since it was reported to be a very.
effective solid sorbent. Then mixtures of alkali carbonates and metai
6xide§ were tested as was.the individual components of the mixtures to
determine if a more effective sorbent could be found. For unification

the results are presented in the order that follows.

l\TOX Absorption by the Alkali Carbonates

The concentration of 1\TOX leaving the reactor and temperature

curves for runs made with 10 grams of L12CO3, Na2C03, and Kﬁ2003

are shown in Figure 3, 4 and 5. Fach carbonate has an initial absorp-
tion maximum at approximately 100°C and a£_350 -~ 450°C.. The absorp-
tion at 100°C does not occur after the carbonates have been heated.
Absorption capacity increases from lithium to potassium. Potassium
carbonate is unique in that it reduces the NO (vo + NOQ) concentra~

tion leaving the reactor below the NO, concentration entering the

- 2

reactor at temperatures between 350 and 450°C. It should be remem—
bered that of the original NO that is injected into the feed stream,

approximately half is oxidized to NO,, before reaching the reactor.

2

Also as 1\TO2 is absorbed the possibility exists that the rate of NO

oxidation will increase creating more l\IO2 which can be absorbed.
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Absorption of NOX,by,Metal.OXides

Figures 6 through 11 are the results of the runs made with metal

oxides TiO,, MnO,, Fe 05, Co,0;, PbO, and Al,0, (activated alumina). =

Of these oxides, alumina and lead dioxide showed the greatest potential
for absorbing NOX.-

At room temperature Al absorbs NO, and possibly some NO (Fig-

203 2

ure 11) while PbO, absorbs primarily NO,, (Figure 10). Both oxides have

2

an absorption maximum-at-about 300 - L400°C, but A1203 desorbs in the

temperature region from 20°C to 300°C. Above & temperature of L00°C
A1203 and PbO2 desorb NOX and after the desorption A1203 will absorb

more NO_ at 400°C than previously (9200 ppm compared to 800 ppm), while
Pb02 absorbs less (3500 ppm compared to 6250-ppm).
Manganese oxide absorbs mostly NO2 at room temperature but as the

temperature increases from 26°C to 500°C desorption occurs (Figure 8),

. then as the temperature decreases from 500°C to 300°C some absorption

occurs again., ‘Table 5 surmarizes the performance of the metal oxides.

TABLE V. NO_ Absorption by the Metal Oxides

Oxide From(ppm) -. To(ppm) | "Oxide From(ppm)  To(ppm)
Ti0, ' 19,000 .T,000 Co 04 9,000 " 6,800
MnO,, 10,000 7,500 Fe 0, 10,000 8,900
PbO,, 7,000.. 750 £1,0, ' 10,000 800
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It should be noted that these -absorption.tests were performed when .

no CO2 was present in the feed.

NQX Absorption by Mixtures of Metal Oxides and Alkali Carbonates

Results of the runs made with mixtures of the first row trans-
ition metal oxides and sodium carbonate are shown in Figures 12 to
21, In all cases a maximum absorption occurs in the temperature
range from 350 to 450°C. No increase in absorption of NO# occurs

."’\_
over that_for anCOB.

or copper are used. The oxides of manganese, iron, nickel, and cobalt

until. oxides of mangaﬁésgj:irqp,vcobalt, nickel,

when mixed with sodium carbonate reduce the NOX concentration leaving
the reactor to less than 100 ppm. (Note that C02 was present in the
run made with Mnog). Table VI summarizes the performance of mixtures

of Na,.CO. with metal oxides.

273
TABLE VI, NOX Absorption by Mixtures of Na2003 and Metal Oxides
Oxide From(ppm) To(ppm)- ™ Oxide From(ppm)  To(ppm)
Ti02 . 10,000 3,000 00203 9,000 100
V,0; - 8,000 1,900 NiO 8,000 30
Cr 0, 8,000 3,200 Cuo 8,000 800
Mn02 8,000 ' 50 Cu20 . 8,000 550
Fe, 0 7,500 25 A1, 0 10,000 600

273 273
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NOX Absorption by Sodium Oxide and Ferric Oxide Mixtures (Ferrates)

A mixture of sodium nitrate and ferric oxide was heated to decom-

pose the nitrate and form a sodium oxide-ferric oxide mixture. Also

Fegoh) was obtained and test—

a éample of commercial sodium ferrate (Na2

ed. Even though both substances had the same molecular formula, the
comﬁercial ferrate was red while the ferrate made from nitrate was

yellow. (Note: When pure NaNO, was decomposed, a yellow substance

3

was produced, presumably sodium peroxide (Na202))'-
' The results of runs made with these two ferrates are shown in

~ Figure 22 and 23. Both absorb NO

5 at low temperature and also absorb

NO and NO, at approximately 380 - 500°C, reducing the exit concentra-

tion of NO to less than 100 ppm. (CO2 ig present in the NaNO, + Fe20

3

test). It is interesting to note that the temperature where absorp-

3

tion starts to occur_is also the temperature gt which the sodium nit-
rate starts to decompose and give .off NO (380°¢C).

The extended temperature range in which gbsorption occurs may be
due to temperature gradients in fﬁe reactor (see Table VIT). It can
be assuméd that the middle of the reactor is where absorption first -
occurs and also the point at which the temperature first reaches 380°C.
A test on the effect temperature had on absorption is showm in Figure

24k, In this test no CO, was presént. Absorption of NOX starts to drop

2
off at approximately 380°C.











































































































































