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Abstract:
Nitrogen oxides have received much attention as air pollutants. Many schemes have been developed to
remove the low concentrations (>1,500 ppm) of NOx normally encountered in flue gases, but little
emphasis has been placed on recovery of this NOx as a source of fixed nitrogen.
Magnetohydrodynamic (MHD) power production could potentially generate an effluent gas containing
15,000 ppm N0X.

This research is concerned with determining the effectiveness of using liquid absorbent systems to
remove the nitric oxides from MHD exhaust for recovery as a fixed nitrogen fertilizer.

Systems composed of organic electron donor solvents (i.e. di-methylsulfoxide,
hexamethylphosphoramide) with aqueous alkali added were tested as absorbents for gas containing
7,500-15,000 ppm N0X. Simple aqueous alkali systems were tested similarly. Alkali compounds
studied included the hydroxides, carbonates, and sulfites of sodium and potassium. Continuous gas
analysis was obtained with a Thermo Electron Corporation Model 10A Chemiluminescent NO-NOx
Gas Analyzer.

The organic systems with aqueous hydroxide were effective NOx absorbents, removing up to 98% of
the NOx in the gas stream. Carbonates and sulfites in the organic systems were less successful due to
inability to absorb NO (as N2O3). Solvent loss was a major disadvantage. The simple aqueous systems
were equally effective NOx absorbents (with hydroxides, carbonates, or sulfites) removing up to 97%
of the N0X. They are preferred over the organic systems. The aqueous carbonate showed the greatest
absorptive capacity. The ammonium based aqueous systems could not be evaluated due to analyzer
interference. Carbon dioxide in the gas stream was not detrimental to absorption efficiency.

Nitrites and nitrates were the resultant absorption product with both systems. Use of potassium
compounds was preferred. All are potentially convertible to marketable fixed nitrogen fertilizers. 
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ABSTRACT

Nitrogen oxides have received much attention as air pollutants. 
Many schemes have been developed to remove the low concentrations 
(=*1,500 ppm) of NOx normally encountered in. flue gases, but little 
emphasis has been placed on recovery of this NOx as a source of -fixed 
nitrogen. Magnetohydrodynamic (MHD) power production could potentially 
generate an effluent gas containing 15,000 ppm N0X.

This research is concerned with determining the effectiveness of 
using liquid absorbent systems to remove, the nitric oxides from MHD 
exhaust for recovery as a fixed nitrogen fertilizer.

Systems composed of organic electron donor solvents (i.e. di- 
methylsulfoxide, hexamethylphosphoramide) with aqueous alkali added 
were tested as absorbents for gas containing 7,500-15,000 ppm N0X. . 
Simple aqueous alkali systems were tested similarly. Alkali compounds 
studied included the hydroxides, carbonates, and sulfites of sodium 
and potassium. Continuous gas analysis was obtained with a Thermo 
Electron Corporation Model IOA Chemiluminescent NO-NOx Gas Analyzer.

The organic systems with aqueous hydroxide were effective NOx 
absorbents, removing up to 98% of the NOx in the gas stream. Carbon
ates and sulfites in the organic systems were less successful due to 
inability to absorb NO (as NgOg). Solvent loss was a major disad
vantage.' The simple aqueous systems were equally effective NOx ab
sorbents (with hydroxides, carbonates, or sulfites) removing up to 
97% of the N0X . They are preferred over the organic systems. The 
aqueous carbonate showed the greatest absorptive capacity. The ammo
nium based aqueous systems could not be evaluated due to analyzer 
interference. Carbon dioxide in the gas stream was not detrimental to 
absorption efficiency.

Nitrites and nitrates were the resultant absorption product with 
both systems. Use of potassium compounds was preferred. All are 
potentially.convertible to marketable fixed nitrogen fertilizers.

) •



INTRODUCTION

Oxides of nitrogen are currently receiving a great deal of 

attention as air pollutants. It has been estimated (ll) that 

20 x IO^ tons of NO^ (NO and NO^ taken collectively) will be emitted 

to the atmosphere.in 1976 from technological (man-made) sources.

Only 80^ emissions are of a greater magnitude. NO^ emissions from 

stationary sources account for more than 50% of the total (i.e, con

ventional fossil fuel power plants, etc.). Typically these emissions 

are on the order of 50-1,000 ppm NO^ with maximums encountered of up 

to 1,500 ppm. Despite the magnitude and concentration of technological 

emissions, natural sources (the biological nitrogen cycle) generate 

more total NO^. It is, however, at very low concentrations, thus nat

ural scavenging processes keep background NO^ levels down on the order 

of 6 ppb in nonurban areas.. In urban areas where technological 

sources are concentrated, NO^ levels are much higher since natural 

scavenging processes cannot deal with the high production rate.

Remarkably low levels of NOg can cause plant and animal (including 

human) damage. Concentrations of 100 ppm' for only a few minutes can 

be fatal. Concentrations as low as .06-.ll ppm were found, in a 

Chattanooga, Tennessee study (12), to significantly increase incidence 

of'respiratory illness,. such as acute bronchitis. Plants show visible 

leaf Injury on exposure to 10-15 ppm NOg for one hour, or only I ppm 

NOg for 48 hours. Continuous exposure to .25 ppm NOg has been related 

to reduced citrus crop yields. Obviously technological emissions of
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NQx must "be minimized.

NOg is, aside from its environmental.drawbacks, a "basic raw mat

erial in the production of nitric acid, which in turn is used to pro

duce the majority of the nitrate fertilizer used in the United States. 

Coal fired magnetohydrodynamic (.MED) power generation is currently 

being developed due to its increased thermal efficiency with respect 

to conventional power plants. MED plant effluent is expected to con

tain I . or 15,000 ppm NO^ (but be very clean otherwise, i.e. essen

tially no SOg, CO, hydrocarbons)„ This must be removed prior to ex

hausting the effluent to the atmosphere; thus, it.was logical to Unden 

take a study to determine feasible methods of recovering these nitric 

oxides and converting them into a marketable fixed nitrogen fertilizer 

(or nitric acid). Interestingly it has been calculated that at the 

expected output of a TOO megawatt MED generator, enough NÔ . would b'e 

. produced to account for (if converted to ammonium nitrate) almost 15% 

of the United States' output of nitrate fertilizer in 1975• A not 

insignificant amount indeed. The value of the fertilizer produced 

would be greater than that of the electricity generated.

" PREVIOUS WORE

There is a great deal of literature on innumerable processes for 

controlling NÔ . pollution. These processes fall into two major cate

gories: l] chemical combination, decomposition, or physical removal
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of NO 2) minimization of NO^ through combustion modification. The 

second category is of little interest in this study since it is de

sired to make productive use of the NO^ formed in the MHD generator.

The first category can be broken down into the subcategories: l) phys

ical and chemical absorption of NO^ 2) thermal or catalytic decompos

ition of NO^ to Ng and Og= Again the second category is outside the 

range of interest since NO^ would not be recovered. Examples of 

physical adsorbents are silica gel, molecular sieves, and activated 

carbon. The disadvantages with, these are easy moisture contamination, 

low maximum loadings, and absorption of NOg only. NO passes through 

(although there is a catalytic effect converting some NO to NOg). The 

class of chemical absorbents can be divided into solids and liquids. 

This study will be concerned with liquid systems. A concurrent study 

(171 by C. J. Evoniuk (also at M.S.U.) will be concerned with the 

solid systems. s'

Previously solid systems such as (9)' solid carbonates, ferrous 

sulfates, sodium oxides, and molten carbonates and hydroxides have 

been tested at 200-500°C. These' again appear to remove only NOg. 

Another class of solids which first oxidize NO to NO0 then absorb the 

NOg are most promising (9). This includes ferric oxide-sodium oxide, 

iodine pentoxide-silica gel, and chromium trioxide-silica gel systems. 

Evoniuk is studying this type of "oxsorbent". Using a 5 gram equimolar 

mixture of manganese or ferric oxide with potassium or sodium carbonate
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he hasj with a 500 ml/min. feed stream of 10,000 ppm NO, 15% CO^, 

and 8k% air, reduced exit NO^ to below 200 ppm (as low as 10 ppm) for 

.5-1 hour. His oxsorbent is regenerable by heating and yields a con

centrated NOg stream (>50%) suitable for nitric acid plant feed.

Many liquid systems have been tried (l, 3, 9, 11) such as 

hydroxides, carbonates, and sulfites in water and organic electron 

donor solvents. Most promising was a recent patent (l6) claiming a 

synergistic improvement in absorption using organic electron donor 

solvents in combination with aqueous alkali. The disadvantage with 

most of these systems is that partial oxidation of the NO to NOg is 

required to enable absorption of NO (as NgO^). Also some work is 

questionable due to poor NO analysis techniques available at the 

time. It is important to note that most of the liquid systems above 

were studied for gas streams with under 1,500 ppm NO^.



OBJECTIVE

The objective of this research was to study the absorption 

effectiveness of a variety of liquid systems for the unusually high 

NO^ concentrations (15,000 ppm) expected in MHD effluent* Specific 

emphasis was on finding an optimum system for absorption that was 

potentially easily regenerable, easily convertible to, or yielded 

directly a fixed nitrogen fertilizer.



APPABATUS

A schematic diagram of the apparatus used in this study is 

sho"wn in Figure I. All system lines are 1/1+ inch O.D. Teflon or stain

less steel and all fittings and valves are stainless steel. The system 

begins with a set of gas cylinders connected to two rotameters. Gases 

used were carbon dioxide and nitric oxide. Nitric oxide was available 

in three compositions: 100% pure, 1.5% (by volume) in nitrogen, and

. 5% in nitrogen. The latter two compositions were used as calibration 

standards. A third rotameter is connected to the laboratory compressed 

■ air supply. The three feed streams are then mixed in a 150 ml, pyrex 

bottle with a side-arm entry at the bottom. The gas is fed in and mix

ed with a Teflon coated magnetic stirrer. The gas exits at the top of 

the bottle and is fed either to the absorber system line for test pur

poses or to the bypass line to establish a baseline analysis. In the 

absorber system line the gas passes first into a 750 ml, pyrex, Erlen- 

.meyer flask, holdup vessel-blow over trap. The 750 ml holdup is used 

to give the NO in the feed gas time to partially oxidize (spontaneous) 

to N0g. The gas then passes into a 350 ml pyrex absorption bottle (see 

Figure 2 for detail). The gas is distributed into the liquid filled 

bottom of the bottle via a fritted glass disk. The liquid absorbent 

is agitated with a Teflon coated magnetic stirrer. A glass thermowell 

(sealed from the liquid) is built into the bottle. The well may be 

filled with a suitable heat transfer medium and. a thermocouple (with 

recorder output) may be inserted for absorbent temperature measurement.
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The magnetic stirrer also can function as a chill plate to allow 

cooling of the liquid. A resistance type, flexible, heat tape was 

available to wrap around the bottle to provide heating. Temperature 

Ccurrent) was controlled with a variable transformer. The gas bubbles 

through the liquid layer and exits through the top of the bottle. The 

top stem of the bottle is stuffed with glass wool to act as a demister 

preventing entrained liquid droplets from being carried over into the 

system lines. The gas then passes into a second blow over trap con

sisting of a 200 ml pyrex bottle. Both blow over traps are to pre

vent liquid back pressuring or over flowing into the system lines. The 

second blow over trap doubles as a cold trap and is- contained in a 

dewar filled with ice and water. The gas then passes into a second 

cold trap consisting of a stainless steel cooling coil with a 50 ml, 

pyrex, side-arm Erlenmeyer flask liquid trap, inserted in a dewar 

filled with ice and water. Both cold traps are to prevent liquid from 

going downstream to the analyzer and reduce the liquid loading in 

the gas. A diluent air stream is added via rotameter to the gas stream 

from the absorber system line just prior to the analyzer, to further 

reduce the liquid loading in the gas. This is necessary since the 

analyzer has 5, 8 and 20 mil I. D. glass capillaries to control sample 

flows internally and a tiny amount of liquid condensation will plug 

these capillaries, nullifying the instrument response. The gas then 

passes into the analyzer (see Figure 3 for conceptual schematic]
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which, is a Thermo Electron Corp. Model IOA Self Contained Chemilum

inescent NO-NOx Gas Analyzer.

To measure NO concentrations with, this instrument the gas is 

blended with ozone in a flow reactor where the following reaction oc- 

■ curs:

NO + 0o— s=tN0o + 0o + hv 
o  ■ d. d

The photon is emitted when the electronically excited NO^ molecule 

reverts "to its ground state. The chemiluminescence is monitored through 

an optical filter-high sensitivity photomultiplier combination, which 

responds only to a narrow wavelength, band unique to the above reaction 

(thus avoiding interference). Flow parameters are such that the photo

multiplier output is linearly proportional to NO concentration. To 

measure NO^ (NO plus N0o) the gas is diverted to a 650°C furnace which 

converts (see Figure 3) all NO0, to NO. Then the gas is fed as before 

to the flow reactor. Output from the analyzer is obtained on a strip 

chart recorder or from a meter on the instrument face. Instrument 

sensitivity is .1 ppm with full scale ranges switch selectable from 

2.5 to 10,000 ppm. Waste, analyzed gas is vented to a fume hood. All 

equipment and lines are also under fume hoods.



PROCEDURE

In this study seven types of experiments requiring different 

procedures were carried out. These were: l) organic system tests,

2) aqueous tests, 3) carbon dioxide effects, 4) NO/NO^ ratio vari

ation, 5) temperature and concentration study, 6) loading studies, 

and 7) catalytic tests. All are described individually below. All 

experiments were begun with a.common startup procedure.

STARTUP PROCEDURE

Startup required setting the gas flow rate and composition (EO^ 

in air, unless specified otherwise) with the rotameters, then opening 

the valves to the bypass line to the analyzer. Approximately one 

hour was allowed for the baseline analysis to stabilize. This was 

necessary to purge air cr old gases from the system and allow the 

tubing and vessels in the line (which absorb NO^ slightly) to reach 

■steady state. After obtaining the bypass baseline analysis, the flow 

was switched to the (empty) absorption system line and 1—2 hours were 

allowed for the readings to stabilize. This very long startup stabi

lization time was needed (despite the <^5 minute overall response time 

of the apparatus to changes in gas composition) since the vessels and 

tubing in this line had to be cleaned after each run and this required 

resaturajfcion with NO . Also leaks, very tiny amounts of residual 

moisture, or solvent effected the readings considerably. A cross check 

of absorption line NO^ readings with bypass NO^ readings assured the
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system was clean, leakproof and at steady state. The sample gas 

flow rate (unless specified otherwise) was ^OO ml/min. through the 

absorption line, with 500 ml/min. of diluent air added at the analyzer.

ORGANIC SYSTEM TESTS
These procedures apply to the experimental runs made with the 

organic electron donor solvents dimethylsulfoxide (DMSO)9 hexamethyl- 

phosphoramide (HMPA), dimethylformamide (DMF)9 and others such as 

sulfolane, tetralin and 1-butanol.

The startup procedure was follwed and the feed to the absorp

tion chamber was set at 7,500 ppm NÔ . (l,100 ppm. NO, 6,1+00 ppm NO^).

50 g. of solvent was poured into the absorption bottle and the time 

was noted. The rotameters had to be adjusted slightly to compensate

the increased pressure drop. NO and NO^ readings were taken 5, 10, and
/

20 min. after the liquid addition. • This allowed a quasi-steady state 

to be reached (5 min.) and a 15 min. run time. This run time is short 

with respect to the amount of absorbent; thus, no significant loading 

effects can affect the results. Successive additions of water with an 

active ingredient (hydroxides, carbonates, sulfites) were made at 20 min.
J

intervals altering the nominal absorbent composition as follows:

Solvent 'Water Active Ingredient
1st addition . 9^% (by wt. ) 5% rI^
2nd addition 88% 10% ■ 2%
3rd addition 82% 15% 3%
Uth addition 76% 20% U%
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5th addition 70% 25% 5%
6th addition 6U% 30% 6%

Readings were taken at 5, 10, and 20 min. after each addition.

Twenty minutes after the 6th addition gas flow was switched to the

bypass line to recheck baseline readings and complete the run.

AQUEOUS TESTS

These procedures apply to the runs made with water solutions of 

these active ingredients: NaOH9 K0H, NH^OH9 NagCO^9 KHCO^9 (NH^)2COg9

and Na2SOg.

The startup procedure was followed and the feed to the absorp

tion chamber was set at 79500 ppm NO^ (l9100 ppm NO9 6,U00 ppm NOg).

50 g. of water was poured into the absorption bottle and the time was

noted. NO and NO readings were taken at 59 10, and 20 min. Succes- x
sive additions of active ingredient were made as follows:

Amount Added Uater/Active Ingredient Ratio 
1st addition 5 g. 10/I
2nd addition 10 g. 10/3

Readings were taken as before following the additions. Again the

bypass baseline was rechecked completing the run.-

CARBON DIOXIDE EFFECTS■

These procedures apply to the runs made with DMSO9 HMPA9 and 

water systems to determine the effects of COg (in the feed gas stream)
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on ttÔ  absorption.

The startup procedure .was followed and feed to the absorption 

chamber was set as follows:

#1 with COg

#2 without COg

Feed to Absorber Total Gas Composition
15,000
1,800

ppm NOx 
ppm NO

16.7% O2 
66.8% N2 air
15.0# COg 
1.5% NOx

15,000
1,600

ppm NOx 
ppm NO

19.7% O2
78.8% Ng . air
1.5% N0%

50 g. of pure solvent was poured into the absorption bottle with a gas

feed of j?l. NO and NO^ readings were taken at 5, 103 and 20 min. , then 

the feed was stitched to #2. Readings were taken as before. The pure

solvent was then modified with KOH and the above procedure repeated.

The pure absorbent and the modified compositions tested were as follows

Pure Solvent Modified Solvent
DMSO 15% DMSO (by wtT)

20# EgO
5% KOH

HMPA 15% HMPA
20# H2O 
5% KOH

HgO 10/2 HgO/KOH ratio

The bypass baseline was rechecked completing the run.

NO/NOp RATIO VARIATION
These procedures apply to the run made with an HgO-KOH system
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to study the effect of the feed gas NO to.NO^ ratio on absorption. 

This ratio was changed by including or deleting the 750 ml holdup 

vessel from the absorption system line.

The startup procedure was followed and feed to the absorption 

chamber was set as follows:

Feed to Absorber
#1 with 750 ml holdup 15,000 ppm NOx

2,000 ppm NO

#2 without 750 ml holdup 15,000 ppm NOx
x 4,000 ppm NO

50 g. of HgO was poured into the absorption bottle with feed set up 

#1 and readings were taken at 5, 10, and 20 min. At 20 min. the feed 

was switched to set up #2 and readings were taken as before. This 

procedure was repeated for successive additions of KOH as follows:

Wt. KOH Added
2 g.

g.
4 g.

.  ̂g.

Ho0/K0H Ratio 
25/1 
8/1 
5/13. 6/1

The bypass baseline was rechecked to complete the run.

TEMPERATURE AND CONCENTRATION STUDY

These procedures apply to the runs made with an HgO-KOH system 

to study the effects of temperature and concentration of NO^ on ab

sorption.

For the temperature study the startup procedure was followed and
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feed to the absorption chamber was set at 15,000 ppm (4,000 ppm 

NO, 11,000 ppm NOg) by deleting the 750 ml holdup vessel. 200 g. of 

HgO and 25 g. of KOH (for an 8/1 water-hydroxide ratio) was poured in

to the absorption bottle. The large amount of liquid was used to avoid 

loading effects. The temperature of the liquid was initially 29°C. The 

temperature was first lowered.using the magnetic stirrer-chill plate to 

24°C, then raised with the heating tape to 54°C and finally lowered 

again to 28°C. NO and NO readings were taken every 10 minutes through

out the heating and cooling periods. The bypass baseline was rechecked 

to complete this phase of the run.

The concentration study was done at 28°C using the same liquid 

as above. The feed gas composition was set initially at 15,000 ppm

NO then 10 min. was allowed for stabilization before the NO and NO x x
readings were taken. The NO^ level was then lowered to 7,500'ppm 

and readings were again taken after 10 min. This procedure was repeat

ed for feed NO^ levels of 3,000 ppm, 660 ppm, 5^0 ppm, and 380 ppm.

LOADING STUDIES

These procedures apply to loading studies carried out with aque

ous hydroxide, carbonate and sulfite systems.

The startup procedure was followed and feed to the absorption 

chamber was set at 15,000 ppm NO^ (2,000 ppm NO, 13,000 ppm N0g)<

25 g. of HgO and 3 g. of active ingredient were poured into the absorp-
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tion bottle and the time noted. UO and UO^ readings were taken every 

15 min. until steady state absorption was reached (i.e. until the sys

tem returned to the absorption level of pure H^O) at approximately 

11,000 ppm NO^ absorbed, 400 ppm NO absorbed. The number of moles 

of EgO is much greater than the moles of active ingredient thus, the 

time required for it to load up is much greater and will not obscure 

the desired active ingredient loading results. ' ■

CATALYST STUDY

These procedures apply to runs made with molecular sieve pellets 

to obtain data on increasing the rate of NO to NO^ oxidation.

Startup procedure was followed then.5 g. of pellets was placed 

in an 8" x 1/2" cylindrical drying tube with glass wool packing in 

each end. The tube was then placed in the bypass line downstream from 

the mixing chamber. 15,000 ppm NO^ was fed at 500 ml/min. to the 

tube and the catalyst was allowed to load up (several hours) to steady 

state (effluent NO^ equals feed NO ). Then NO and NO^ readings were 

taken to compare to normal uncatalyzed bypass readings. Feed N0̂ _ was 

then reduced to 7,500'ppm at 500 ml/min. and after steady state was 

reached ( ^ 3 0  min.). NO and NO^ readings were again taken. The flow 

rate was then increased to 1,000 ml/min. at 7,500 ppm NÔ , and the pro

cedure repeated.



RESULTS AND DISCUSSION

Several preliminary experiments were run to determine qualita
tive effects of variables such as flow rate, absorbent volume, and 

NO^ concentration. Results showed that flow rate (280-1,000 ml/min.) 

and NO^ concentration (3,700-9,700 ppm) did not.affect absorption 

efficiency (% absorption) other than effects due to changes in the 

NO/NOg ratio. Absorbent volume was not a significant variable. Vol

ume was reduced 90% without measurable effects on absorption. It was 

confirmed that a pure solvent, whether organic electron donor or water, 

absorbs only NO^. NO was not absorbed unless an alkali was present- in 

the solution. NO was absorbed only as a complex with NO^. In runs 

made with NO in nitrogen (thus no oxidation to NOg), NO was not absorb

ed under any conditions. These preliminary results .allowed test condi

tions to be selected with confidence that the desired results would 

not be obscured by secondary effects.

ORGANIC ELECTRON DONOR SOLVENT SYSTEMS

A 197U patent (l6) claimed that a combination of an organic elec

tron donor solvent and an aqueous alkali produced a synergistic im

provement in the absorption of NO^. It further stated that hexa- 

methylphosphoramide (HMPA), dimethylsulfoxide (DMSO), and dimethyl- 

formamide (DMF). were the preferred solvents and sodium hydroxide the- 

preferred alkali. A series of experimental runs were made to attempt 

not only to confirm this finding but to determine an optimum absorbent
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composition (in terms of absorption efficiency) for the high NO^ 

concentrations (7,500-15s000 ppm) of concern in this study. In the 

197^ study feed NO^ concentrations of only 50 ppm were used. The 

absorbents tested initially'were HMPA3 DMSO3 and DMF in combination 

with aqueous NaOH3 KOH3 and NH^OH. The results of the HMPA and DMSO 

runs are presented in Figures.U and 5. The results for HMPA and DMSO 

are very similar and both NaOH and KOH have the same effect on absorp

tion efficiency. The pure solvents did not absorb NO appreciably, but 

as the water-hydroxide level was increased the total NO absorbed 

increased to a maximum of 97%, then leveled- off. The additional ab

sorption was mostly NO (probably absorbed as NgO^). The absorbent 

composition giving the maximum absorption efficiency was nominally 

76% solvent, 20%,water3 4% alkali hydroxide. The exception to these 

results is DMF. Pure DMF behavior is much the same as the others but 

at the second addition of aqueous hydroxide it begins to desorb NÔ , 

dramatically. No reason for this has been determined. NH^OH results 

were not obtainable since the effluent gas could not be analyzed. 

Apparently ammonia (high in vapor pressure over the NH^OH solution) 

was carried into the analyzer where it was oxidized by ozone to nitric 

oxide. Thus it appeared as a vastly inflated reading on the analyzer. 

Xt is not known whether NH^OH is effective as an absorbent but its 

volatility may be an economic disadvantage.

The structure of the three donor solvents is very similar (Figure



21

TOTAL NO,, ABSORBED
FEED
TOTAL

7000

M 600C

FEED 75OOPPM NO 500 ML/MIN 
(1200PPM NO, 63O0PPM NO.)

□  HMPA, HO, NaOH 
0  HMPA, CO, KOH

NO ABSORBED
NO
FEEDIOOC-

PURE
SOLVENT ADDITION

Figure 4. HMPA-Hydroxide Absorption
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Figure 5. DMSO-Hydroxide Absorption



23

DIMETHYLFORMAMIDEDIMETHYLSULFOXIDE

H—  C— N

HEXAMETHYLPHOSPHORAMIDE SULFOLANE

1-BUTANOLTETRALIN

CHi-CH=-CH=-CH^OH

Figure 6. Solvent Structures
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6) in that all have a double bonded oxygen as the donor site (5, 6), 

thus, it was felt that structures (Figure 6) such as sulfolane (with 

two double bonded oxygens) or tetralin (with an aromatic pi orbital) 

might show some advantage. 'Test results with these solvents in com

bination with aqueous KOH are in Figure 7. They show trends similar 

to those seen in Figures 4 and 5 but are generally poorer. Although 

pure tetralin appeared to absorb NO, this.may be due to a nitration 

of the aromatic ring occuring and would not be desirable. A run was 

made with 1-butanol and aqueous KOH (Figure 7) with poor results and 

the solvent loading up (not shown) almost immediately. The implica

tion is that solvent structure is not a major factor in absorption 

efficiency as long as it is an electron donor.

The literature (l,l6) also indicated other compounds such as 

carbonates and sulfites had some ability to absorb NO^ in aqueous sol

utions. Tests were run with aqueous K^CCL in HMPA and DMSO, and with 

aqueous Na^SO^ in DMSO. The results in Figure 8 show that carbonates 

and sulfites do not absorb NO (as N^O^) as effectively as the hydrox

ides ; consequently absorption efficiency is much lower.

A disturbing characteristic of the organic solvents is that their 

vapors are carried over in the gas stream (as is water vapor) necessi

tating cold traps, demisters and dilution to prevent the analyzer cap

illaries from plugging. The implications of this on a commercial scale 

are high solvent losses and/or elaborate recovery equipment, and since
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the organics are expensive and environment ally objectionable, their 

use may be precluded.

AQUEOUS SYSTEMS

A number of aqueous systems were investigated to confirm the ad

vantages (if any) of using an electron donor solvent. These includ

ed aqueous NaOH, KOH, Na3CO3, K3CO3, (NHj4)3CO39-KHCO3, and Na3SO3. Sur

prisingly the water systems performed very nearly as well as the elec-
■ - O

tron donor solvent systems. Results are shown in Figures 9 and 10. 

Ammonium carbonate data was not obtainable due to its causing the 

formation of a white powder (possibly ammonium nitrite) which rapid

ly plugs the analyzer capillaries. It is not known, therefore, if 

it is an acceptable absorbent. The carbonates and sulfite were espec

ially interesting since they absorbed NO (as N3O3) very well. They 

must have been hindered in some manner when combined with the organ

ics. Pure water absorbed somewhat less at 67% than the organics at 

73% NO^ absorbed, but at the preferred composition, absorption was 

96% vs. 97% for the organics (equal within experimental error). These 

results contradict the claims of a synergistic improvement with organ

ics, made in the 197^ patent (l6). It is significant that in water 

alone, the alkali type has little effect on absorption efficiency, 

with hydroxides, carbonates, and sulfites performing equally very well. 

This also contradicts the conclusions reached in an Environmental
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Protection Agency study done by ESSO (l, 2) which states that aqueous 

sodium hydroxide is a .poor NO absorbent and that sulfites are excel

lent NOg absorbers but poor NO absorbers. It was noted that the 

maximum absorption efficiency was reached with a water-active ingred

ient ratio between 10/1' and 10/3 and thereafter, absorption efficiency 

began to decrease somewhat. This ma^ be partially explained by evi

dence (13) that the absorption of NOg in HgO takes place in the vapor 

phase and as the alkali concentration is increased, the HgO vapor 

pressure decreases (e.g. vapor pressure of HgO with NaOH is reduced 

29% going from 10/1 to 10/3 ratio at 20°C) thus, reducing the absorp

tion. The aqueous systems appear more attractive than the organic 

systems since performance is comparable, solvent cost is much less, 

and solvent recovery would be less critical. Whether water would be 

gained or lost would depend on the operating temperature. Assuming 

7% water by volume in the MHD exhaust, water would be gained at oper

ating temperatures below 102°F. The cost of cooling the MHD exhaust 

(-£=£ 270°F from the bottoming plant) to absorber operating temperature, 

the cost of makeup water, and the change in absorption efficiency (see 

next section) with temperature would have to be considered in deter

mining this operating temperature.

NO/NOq RATIO, TEMPERATURE, AND CONCENTRATION EFFECTS

There is strong evidence in the literature (.1, U, 7, 8, 10)
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indicating that NO is absorbed in aqueous'alkali solutions as NgO^. 

Where NgO^ is formed spontaneously by ■

NO + NOr

and

eq PN0 PN0
NpOg

2

N2O3

veq
with 7475

.272
T0F
77
95

.145 113

According to this equilibrium data the amount of NgO^ present' at 

equilibrium is very small, varying for the conditions used in this 

study as shown. •

NgOg NO NO T0F
12 ppm 13,000 ppm 2,000 ppm 75
3 ppm 6,400 ppm 1,100 ppm 75

' NgO3 is the specie being absorbed, equilibrium NgOl

must be established very rapidly. This is supported by the literature 

(.13). The reactions by which NgO^ and NOg are absorbed in aqueous

.alkali hydroxides (l, 4) are:

NJXw \ + H_0/_-— es»2HN0,2 ( ^ 2 » ° ;  + ZHgO2"3lg) " *2"(1)
2N0g^) (or NgO^) + HgO^r-e-HNOg^q.) +

HNO3 + OH KgO + NO

The alkali in all cases forming as the products of such an absorp

tion, nitrites predominantly with some nitrates since the NgO3 appar

ently (3, 4) absorbs up to 10 times as rapidly as NOg (or NgO^ its 

dimer). Presumably the carbonates form similar products since it is 

known (.19) that the following occurs:
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'[m + NO2— SftoN3O3J + Na2CO3- 2NaN02 + CO3 
with some nitrate "being formed also= There is evidence (l, 18) 

that with, sulfites a part of the sulfite is oxidized "by the reactions

ZNa3SO3 + 2N0-SB-ZNa2SOlt + Ng 

UNa3SO3 + ZNOg— ES=-UNa3SOjt + Ng

This would be an undesirable loss of fixed nitrogen. The implication 

of the equilibrium data above is that higher NO^ concentrations, 

N0/N0g ratios closer to I, and lower temperatures increase the N3O3 

concentration, thus favoring better absorption. Tests run with the 

NO/NOg ratio, temperature, and NO^ concentration varied support this 

mechanism of absorption. Figure 11 shows that in pure water increas

ing the NO/NOg ratio decreases absorption slightly. This would be 

expected since pure' water absorbs NOg only. As the hydroxide con

centration increases the absorption of N3O3 becomes important and the 

total absorption actually increases slightly with the higher N0/N0g 

ratio. Increasing the temperature as shown in Figure IZ decreases 

absorption as predicted by the N3O3 equilibrium. In the concentra

tion level study the total NO^ concentration was lowered (thus 

and were lowered) which would lower the equilibrium N3O3 concen

tration. The result as seen in Figure. 13 was to reduce absorption 

efficiency from 98% to 75%= These results support the mechanism 

whereby NO is absorbed as N3O3 and would tend to explain the contra

diction between this study and the E.P.A. study done by ESSO (l, Z)



PP
M 
AB
SO
RB
ED

33

16000 -

__FEED
TOTAL

14000 *

12000-

10000

TOTAL NOxr ABSORBED

FEED 15000PPM NOv 500 ML/MIN
/

O  2000PPM NO IN FEED 
□  4000PPM NO IN FEED

NO ABSORBED
NO
FEED

-- NO
FEED

2000

3.6/18/1
WATER/KOH RATIO

PURE
HrxO

Figure 11. NO/NOg Ratio Variation



PP
M 
AB
SO
RB
ED

3h

11+850

ll+800
TOTAL NO.

O  O
FEED 15000PPM NO 500 ML/MIN. 
(IlOOOPPM NO2, 1+0OOPPM NO)
O  HEATING 
Q  COOLING

O QO

TEMPERATURE uC
Figure 12. Temperature Variation



35
I

28 C FLOW RATE 500 ML/MIN. 

FEED (PPM) READING (PPM)
NOv NOv NO---X— — X
15,000 324 140
7,500 122 44
3,000 106 40
660 98 32
540 102 34
380 94 30

FEED (PPM NOv)
Figure 13. NOy Concentration Level Variation



3 6

mentioned previously. Their data with NaOH and sulfite was taken 

generally at higher temperatures (l25°F vs. 75°F) and lower total 

NO^ concentrations (800 ppm vs. 7,500-15,000 ppm).

LOADING STUDY

A loading study was carried out to compare the total absorptive 

capacity of the three classes of aqueous systems: water-hydroxide,

water-carbonate, and water-sulfite. In Figure I4 the results indicate 

that on a weight basis (3 g. of active ingredient in 25 g. of HgO) 

sulfite has the lowest capacity, showing a significant drop, in absorp

tion after 30 minutes. Hydroxide is next with 105 min. On a per 

mole of alkali basis (.Na or K) the trend is magnified with the carbon

ates favored strongly (i.e. with .43 g. Na per g. Na^SO^ and 3 g. 

total NagSO^ this gives 1.29 g. Na or .03 g-mole. Dividing.30 min.

.by .03 g-mole Na gives a loading time of 1,000 min./g-mole. The KOH 

gives 1,940 min./g-mole and the KgCO^ gives 3,490 min./g-mole loading 

time). Thus 'a water-carbonate system is preferred and sulfite rejected 

on a performance basis, although an economic study would be needed 

to compare the systems properly. An interesting note in Figure l4 is 

that all three systems dropped below the pure water absorption level

then returned to water levels. The reason is not known.
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CARBON DIOXIDE EFFECTS

The gases used In this study have been various NO^-air mixtures. 
Actual MHD effluent is expected to contain up to 15$ COg. This is 

essentially the only other major component. Test runs to determine 

if CO was detrimental to absorption show little effect (Table I)C.

of COg on any of the absorbents. Aqueous carbonate and hydroxide sys

tems were completely unaffected while the pure water and organics were 

affected slightly. The addition of COg reduced the oxygen content of 

the gas somewhat, which reduced the NOg concentration about 600 ppm. 

This accounts for the small deficiencies seen with some absorbents.

TABLE. I: COg Effects

% NOv Absorption •

With COn Without COn Absorbent System
- 70$ " 67$ " DMSO
77$ 85$ DMSO5 H2O 5. KOH
67$ 68$ HMPA

" 85$ 85$ HMPA5 H2O5 KOH
70$ .73$ H2O
97$ 97$ H2O, KOH
92$ 92$ H2O 5 KgCOn

CATALYSTS

In actual MHD exhaust the oxygen available for NO oxidation 

could be very low (l.5-3$ vs. 17$ used experimentally above) depend

ing on the combustion ,stoichiometry. It is absolutely necessary to 

partially oxidize NO to NOg to use liquid absorbent systems. The rate
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of oxidation is relatively slow under normal conditions, thus some 

means may be required to increase this rate to. make liquid processes 
feasible. The high NO concentrations (15,000 ppm vs. 1,500 ppm con

vent i ally ) in MHD exhaust are advantageous as they give a more rapid 

rate of oxidation. At 7,500 ppm NO (in air, 20% O^) it was found that 

at 17 sec. residence time U8%.of the NO was oxidized to NOg. At 

15,000 ppm conversion was 59%. This time span (at the .875,000 scfm 

exhaust flow rate of a 700 megawatt MHD plant) would require 2.5 x IO^
O

ft of holdup volume (63 ft x 63 ft x 63 ft). Providing the required 

oxygen was available this would not be unreasonable. Many other meth

ods are available to catalyze this reaction if sufficient oxygen were 

not available. These include silica gel, activated charcoaland mo

lecular sieves (3, 7, I^, 15). These methods are reported to give up 

to 100 fold rate increases. Ozone is reported to be extremely effec- 

.tive (3) with 5% excess ozone giving 50% conversion of J00 ppm NO to 

NOg in .0035 sec. In tests with a Linde molecular sieve (TM-0-1114) 

designed for SOg absorption, significantly more NO to NOg conversion . 

was obtained (Table II).

TABLE II: Molecular Sieve Catalyst

NO Concentration Gas Flow Rate ■% Additional Conversion NO to NOg 
15,000 ppm 500 ml/min. ' 37%
7.500 ppm 500 ml/min. 51%
7.500 ppm 1,000 ml/min. 19% >
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FERTILIZER PRODUCT

The aqueous or organic-aqueous systems "would produce an aqueous 

nitrite (predominantly) solution. This nitrite could potentially "be 

converted to nitrate by various methods (8) such as oxidation with 

strong nitric acid to give nitrate and NO (which would be recycled), 

use of halogens to oxidize nitrite to nitrate, or electrolysis to 

form nitrate at the anode. The nitrate would then require■process

ing (separation, cleaning, pelletizing, etc.) to be marketable.

Use of potassium or ammonium compounds in the absorbent would mini

mize this processing since both are plant nutrients. Ultimately the 

cost of this processing, the partial oxidation of the NO to NO^, 

and the heat exchange to absorber operating temperature would have to 

be compared with the economics of taking a concentrated NO^ stream 

through a nitric acid plant and then making fertilizer. This would be 

the route taken if solid "oxsorbents" were utilized to collect the NO .



CONCLUSIONS

1. Organic electron donor solvents are effective NO^ absorbents. 

Water is an effective NO^ absorbent of comparable efficiency.

2. Organic electron donor solvent systems with aqueous alkali hy

droxide are effective NO^ (NO and NO^) absorbents. Simple 

aqueous alkali systems are effective NO^ absorbents of comparable 

efficiency.

3. ■ The aqueous systems of alkali hydroxides, carbonates, and sul

fites show comparable NO^ absorption efficiency although the 

carbonate system has superior absorptive capacity.



RECOMMENDATIONS FOR FUTURE WORK

Future work concerning the recovery of NO^ from MHD effluent 

for producing a fixed nitrogen fertilizer should focus in the fol

lowing four areas:

1. Determination of the actual nitrite-nitrate composition 

of the loaded absorbent for the various aqueous systems.

2. Development of methods for converting the nitrites produced 

to nitrate and processes for recovering a fertilizer pro

duct from these aqueous systems.

3. ■ Development of catalytic processes for partially oxidizing

NO to NOg as a necessary prerequisite of liquid absorption.

4. Economic evaluation of the total liquid absorption process 

from oxidation to fertilizer product in comparison with solid

systems.
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