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ABSTRACT

NoO4 scrubbing research has a considerable history, if one -
considers that NpOg is merely a dimer of NOp. NO» is a well-
known health hazaré and a pollutant of national concern. '
Once it was determined that the wet scrubbing concept was the
most practical solution to the NyOg emission problem, it

-became important to optimize the composition of the scrubbing

liquor. Several reagents were cited in the literature as being
advantageous in scrubbing NO2. Experiments were conducted on

‘a model wet scrubber in order to verify and rank the perfor-

mances of these scrubbing liquors. The most efficient scrubbing
liquor found experimentally was a 10% sodium sulfite solution.
This was in agreement with a previous study by Exxon performed
under an EPA contract.

23



Scrubbing Liquors for N,04

Our mission, as originally conceived, was to reséakch aﬁd develop design
criteria for hardware to prevent discharge to the atmosphere of the
hypergolic propellants during tﬁe pad loading oberations. We were to-
consider any and all possible methods to accomplish the task. But the
final system, of course; had to be safe, effective, economical and simple to
operate. Among the concepfs considéred and researched were the following:

1. Cryogenic trapping of effluent

2. Adsorbtibn towers

3. Wet scrubbers

We quickly found that cryogenic trapping could perhaps be effective, but

it was uneconomical and highly dependeht upon proper design. We also

foqnd that adsorption techniques were very effective on NyOg contaminated

effluent present in small concentrétions,but the capacity of such systems-

“are poor and regeneration'is_necessary. Wet scrubbers were quickly found

to be overall the most advéntageous in a]f respects. Théséééystems aréLV“

very simple in design and have large. capacity.

Unlike hydrazine scrubbing, N»Os scrubbing research has a considerable history
if one considers that N204 is merely a dimer of nitrogen dioxide (NOZ).
Nitrogen dioxide (N02) is a well-known health hazard and is a pollutant

of national concern. It is one of six compounds for which the EPA has

mandated a National Ambient Air Quality Standard. The standard is 100 ug/m3

(0.05 ppm) annual arithmetic mean. Atmospheric NO, is produced by oxidation

of nitric oxide (NO) generated by automobiles and power plants. Thus in the

last few years there has been a significant effort in the U.S. and a great .
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- effort in Japan to abate NO2 atmospheric pollution. Catalytic converters

perform the task in automobiles, but scrubbing is still a viable option
for power p1ants. The power plant_sérubbing préb]em is made more
,difficu]f because the principal oxide of nitrogen em%tted is the
insoluble nitric oxide (NO), rather than the soluble NOp. Thus if
_power plants hope to control NOx emissions by scrubbing they must.
introduce a step to 6xidize the nitric oxfde (NO) to nitrogeh dioxide<(N02).
Actually, kinetic data has shown that the soluble NOx species is not
NOz_but N204 and N,03. _Aé mentioned before N204 is formed by combining
two molecules of NOp. NpO3 is formed by combi»m"ng NO and NOp. Thus -
’7ZWé?are indéedfdoub]y fortunateiin the'aerospacevihdustry fo bé facéd |
" with the problem of scrubbing No0g4 rather than NO. However, NO still

" presents problems.

When NoO3 and N»04 dissolve in'water, NO is released according to the

" equations shown below.

Ny03 + Hy0 ——3 2HNO
NoOg + Ho0 ——3 HNO3 + HNOp
3HNO; ——> HNO3 + Hp0 + oNO

Since this phenomenon'is wel? known, workefs in the field have attempted

to minimize the NO evolution by adding oxidizing agents to the scrubbing

Tiguor. Some of the agents tested have.beeﬁ potassium permanganate (KMn04),
. ozone (03), and hydrogen peroxide (H202). In gehera] ‘these agents were

of limited value as far as adding to scrubbing-efficiency is concerned.
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The history of wet scrubbers for'N204 in aerospace applications goes

back to the Gemini program.

Hamilton Standard provided fuel-handling systems for the Gemini and
Saturn programs, which included scrubbers for the removal of hypergo]ic
propellants which would otherwise be vented to gtmosphere. Gasepus
nitrogen-bearing N,0, vapors passed through thé sérubbers, which met
design Specifications for contaminant concentration of less than 5 ppm
NoOg or less than 1 ppm MMH at the outlet of the system. This outlet
~was downstream of a dilution fan/mixing chamber where the scrubber

effluent was mixed with fresh air in a 100:1 ratio, thus reducing

contaminant concentrations by a factor of one hundred. See Figs. 1 and 2.

The_scrubbgrs were designed_to'accept from 10 standard cubic feet per - '
minute at 10° ppm, up to 60 SCFM at 1500 ppm, of NpOg-contaminated nitrogen.
The scrubber, operating with a through flow of 60 SCFM, reduced N»04
concentration by at least a factor of 3 (67% efficiency) and MMH concentra¥

tion by a factor of 15 (93% efficiency).

Scrubbing was accomplished by a cross-flow absorber which moved the gas
across sixteen cascaded fi]ters,'each with an associated fresh water spray

nozzle. The cross-section of the scrubber was about 2/3 ft2, and of each

filter, about 1 ftz. The filters were of pyrex glass wool supported by

stainless steel. The length of the scrubber was about 18 ft., folded once

to a "u" form. Water flow rate was 40 GPM. The scrubber and associated
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® ~ dilution blower were manufacted by the Buffalo Forge Co. of Buffalo,
New York. Thus, previous. efforts at wet scrubb1ng for N204 in the Gemini

program were not eminently successfu]

* Once it was determined that the Wet scrubbing coneept was the most
practical solut1on to the N204 em1ss1ons prob]em, it became 1mportaht
to optimize the compos1t1on of the scrubblng 11quor Among the ‘reagents
euggested by the 11terature as be1ng advantageous in scrubb1ng NO2 were

the fo]]ow1ng

| PotentiallScrubbing”Liquors-?Bi N)Op

Water i- - i‘_HZO . | " Ammonium Sﬁlfitc‘ 2 (hné)ésos
Sodium sulfite Na, S0z | Ammohium bisulfite NH4HS05
@ | ogresium sulfite MgSO$-~ © Amwmonium nitrate NH4N%
Ammonium acetate = . - CH3CO~06 4 Calcium okide E . vCéO
Armonium hydroxide. - . NH40H. - ' Magneeiﬁm carhbnate - MgCOS-'
Magneeium hydroxide | Mg (CH) 5 Aliphatic and arematic R-NH,
‘Potassium permanganate  KMn0y - Triethanolamine s (HOCH,CH, ) 5N
Ethanolamine e HOCH,CHyNH, Urea = HzNangHZ
Nitric.acid ‘HN03(20—30%) ' Ferrous sulfate "~ FeSOy
Ammonium chloride - NH4C1 Sodium chlorite NaC102
Ferrous chloride FeCl, Ozone ' 03
“Sodium hypochlorite | NaOC1 _ ' Hydrogen peroxide - HZOZ.

Consequently, the essentia] problem was not to invent a scrubbing liquor but
to choose one that actually performed as well as its advocates claimed and

. one which was truly practical.
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After due consideration it was decided that insoluble reagents or
reagents which resulted in the formation of a precipitate upon contact
with N204 were impractfcal. These precipitates would perhaps clog
piping and interfere with efficient opération of the recycling pumps.
Thus for these reasons we eliminated from consideration
calcium oxide, magnesium hydroxide, magnesium carbonate, and
potassium permanganate. Reagents containing the nitrate anion were
eliminated from consideration because of nroblems associated with ultimate
disposal of the nitrate containing scrubber waste liquor. As most of
you know, state regulations concerning dfscharge of nitrate containing
wastes into bndies of wafer are very strict. Hence, nitric acid and

ammonium nitrate were eliminated from consideration.

Although, there are various problems associated with most of the others,
it was decided that at least some laboratory trials should be conducted
on all the remaining reagents using a wet scrubber model system as shown

in Fig. 3.
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COMBINATION. WET-DRY SCRUBBER SYSTEM
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The operation, sampling, and assay techniques for the'scrubbef‘system are.

summarized as fo]]ows;

A GN2 flow of threé to five liters per minute was established and a , o

secondary GN2 flow which was to be merged with NoOg was set at 300 ml/min.
The N>Oq cylinder was preheated to 20°C prior to the start of the experi-
ment. The scrubbing §oiutjon flow is set at 12 to 90 gal/min and the scfubber o |
was wetted down before the N204 contaminated vapor passed through; The N204_ -
tank valve was opened and the vapor wasvmerged with the secondéry GNé flow.

The system was allowed fo equilibrate for five minutes prior to sampling.

Inlet and outlet samples were taken every five minutes during the

experiment.  Sampling and analysis methods used were modified methods and

procedures of the Standard Analytical Method #04;507, PAA Environmental

Health Laboratory for determination of Nitrite in Water and nitrogen dioxide

in the air. Gas samples were obtained with 10 m] gas samp]ing'syringes at

) thelthree samp]ing ports, which were affixed with gas samplihg bulbs. These
sampling ports are 1océted as follows:
'1) The inlet sample port is ]qcated in‘a position upstream of -the wet
scrubber. _ | .
2) The mid sample port is 1ocated betweén the wet scrubber and the
dry scrubber..
3)  The oﬁt]et port is located downstream from thé ary scrubber.

To determine the efficiency of any scrubbing liquor, the following

formulae were used:

In1et ppm-Mid point ppm ) s : 3
Inlet ppm == X 100 = Efficiency of Wet Scrubber

Inlet ppm - Outlet ppm(Dry scrubber)
" Inlet ppm ‘

X 100 = Total efficiency

32 : ' f o



A-sample is taken by inserting the empty syringe‘s needle through
the gas sampling bu]b andtdrawing one ml of gas. This gas samplg is then
injected into a vial containing 10 ml of NOx abSorbfng solution which is
principally a so]utidn of sulfanilic acid and N-(]—népthy])-ethy]enediamine
and allowed to set for 15 minutes brior to réading_the>$b$orbance.ét 540 nm -
on a spectrophotometer. _

The spent 1jquors, as wejl as the inlet and ouf]et gases were also
sampied. An assay was conducted on tﬁe scrubbing solution prior to the test.
As the experiment progreséed} the wééte 1iquor assayé aré takén(prior to |
recyc1ing_of the scrﬁbber so]utidn. |

Currentiy, a recycling pump,is“how_used a]ioWing the 11quidAscrubber R
waste-to be introdu;éd back into the system~with ffésh'so1utfoh at a constant’
_ra;e.f | o | o | | |

Our first experiments Wére~conducted,USing p1ain tap water as.the.

scrubbing 1iquor. The reéu]ts,are shown in TabTle 1.
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Table 1

Scrubbing N,0g Vapofs with HZO'

% Scrubber Efficiency

Inlet Gaé 0ff Gas, NO,, ppm Run
MOy ppm [ Wet Dry Wet Stage Total Duration
Range  3220-2180 32,5-5.0 5.0-0 99.9-98.5 100-99.8 35
) o _ © min
Average 2787 20.8 2.5 99.1 - 99.9
Inlet Gas,| Off Gas, NOx, ppm % Scrubber Efficiency | Run .
NOX ppm Wet |  Dry Wet Stage | Total Duration:
Range. 6300-4400 163-62 5.5-2.5 98.8.96.9 -100-99.2 30 L
: 4 min
Average 5217 - 84 1 98.4 99.8
Inlet Gas | Off Gas, NOx, ppm | % Scrubber EfficiénCy : Run
NOx ppm- | Wet [ ~ Dry Wet STage | ~ Total Duration
Range 8600-6600  300-100 550-38 98.4-95.5° 99.2-95.5 30
_ ‘ . ‘ : - min
Average 7300 193 135 97.5 = 98.2 -

As is seen,the results are quite Satisfactory usfng.plain water in our system.-

" Our next series of experiments were conducted with ammonium hydroxide

solutions. Ammonium hydroxide'solutions have- been used experimentally

in stack gas scrubbing operations because the ammonium ion converts

nitrous acid formed on dissolution of N0z to environmentally innocuous -

oroducts as shown. See Fig. 4.

One major problem we envisioned to be associated with use of NH4OH as a

scrubbing liquor was that if for some reason the water in the spent

scrubbing liquor evaporated, it would leave potentially highly explosive
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organic nitrates and nitrites as residues. Such explosive potential

we believed, would be unacceptable for routine opérationé.

Also, as we all know,-ammonia solutions have very strong pungent 6dors

which would be repu]sive'to the operational personnel involved.

Reactiqns of Ammonium Ion and N02

2NO2 + 'HZO —» HNO + HNO

2 3

HNO, + NH,OH —>NH,NO,

'HNO3 + NH4OH' —>NH4NO3

. A . X
. NH4N02—""’ N2 + 2H20

NH,NO~2 N,0 + 2H,0

2 2

Fig. 4

The results using'3% ammonium hydroxide are shown in Table 2.
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~ Table 2

Scrubbing N,0, vapors with 3% NHzOH Solution

Inlet Gas | Off Gas, NOx, ppm | .Scrubber Efficiency % | = Run Comments
NOx, ppm Wet | Dry Wet Stage,] Total Duration
2800-11,000 22-157 0 99.3-99.4 . 100% 30 mjn.;._Dry scrubber packed
: ' ' with AL,03 odor at -
exit. Bottom 1/2 inch
of packing has green
color from NH3
_ _ complex.
280-7570 16-28 0 0 99.4-99.6 100% 30 min. 'Dry scrubber packed
: : , . only with act. carbon.
Packing emitted NH;
odor '
TnTet Gas | _OFFf Gas, NOX,ppm | % Scrubber Efficiency | Run
NOx, ppm Wet | Dry Wet Stage [ Total Duration
Ranae, 4000-1800 60.0-27.5 10.0-2.5 98.9-98.0 99.9-99.5 30 min.
Average 2800 44.0 3.8 98.5 199.9
Range 28000-10.0 ; 1200-1.0 2.5-1.0 100.-75.0 - 100-87.5 120.min.

Average

4830 105 1.5

97.8

100.0
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The efficiencies were so high that further experiments were conquctéd'
over several hours in order to determine scrdbbing efficiencies of
spent scrubbing liquor. Also it was of interest to determine scrubbing

efficiencies at differing concentrations of ammonium hydroxide. (See Table 3.)

As is seen, ammonium hydroxide proved to be an extremely efficient .
scrubbing liquor. But for reasons previously mentioned, the search

for a more practical liquor had to continue.

; "~ Table 3
Scrubbing Np0g4 vapors with 3% NH,OH

Tniet Gas| OFF Gas, NOx,ppm | % Scrubber Efficiency ]  Run

NOx, ppm Wet |  Dry ' Wet_StagéAT- Total | Duration.
Range - 46000-5.0 ° 1600-1 1 -  100-50 ' 100-50 - 240 min
Average 8354 181 1 9.8 100

Scrubbing Np0O4q vapors with 10% NH40H |
Inlet Gas | Off Gas, NOx, ppm [ % Scrubber Efficiency Run

NOx, ppm | Wet | Ory Wet Stage | Total 1 Duration
Range 13,000- 2.5-4250 2.5-14 . 81-100 0 360 min
44,900 e ' . ‘ .

Average 18,600 647 4.0 99.9 100
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There is a great deé] of 1iteraturé'kefefring to the QSe»of'aikalfne
scrubbing liquors for NOx. Much of the work iﬁdicateé that sodium

’hydroxide is inferior to plain water, -In our hahdsg'however; thi§

did not prove to be the case. The reSu]ts_with‘sodium hydroxide seeméd

to be roughly equiva]ent;to thaf of‘wéter. SodiUm'hydroxideVso1utions

would also have the important advahtage df being less corroéive to the

scrubber than plain water. The results of scrubbing with sodium hydroxide

solutions are shown in Tab]é'4.
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" Table 4

'Scrubbing of NyOq vapors with 10% NaOH

7.9 1.2

Inlet Gas Off Gas,NOx, ppm | % Scrubber Efficiency Run

NOx, ppm Wet- | Dry Wet Stage [ Total " Duration
Range 25000-200 30-2.5 30-1.0 100—8172'- 100-96.0 120 min;
Average 6722 L: S 99.6 99.8

TnTet Gas Off. Gas, NOx, ppm % Scrubber Efficiency Run

NOx, ppm Wet |  Dry ~ Wet Stage |~ Total Duration

~ Range 150-19000 11-225  5-36 | 63-100 ,:'93-100- 420 min.

Average 9393 - 46 13.8 92.2 98.9

Inlet Gas | Off. Gas, NOx, ppm % Scrubber Efficiency _ Run

NOx, npm Wet I Dry Wet Stqge 1 Total Duration
Range 4000-18000  11-28  2.5-28 63-100  92-100 720 min.
Average 10,537 93.9 . " 95.8
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Table 5 shéws that the'absorptipn‘efficiency of scrubber 11q06r. _
containing 0.1N Hy0, averages abdutb90% which js $1hi1ér to theleffiCiéncy
6f runs made with p1ain5H20. The smé]i'émount of H202 apbarent]y,Wés too
dilute to rapidly oxidize NOl. Thelefficiency:of a run Cdntaining_Q.ZSN
H202 (Run-3) was approxfmately.Z percentage points higher. Iﬁ_rUns

tontaining alkali plus H202 (Runs'4'and 5) the efficiencvaas'incfeaSed

_ by approximately seven percentage points above the'plain‘HZO or dilute H,0, B

va]uesi
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Table 5

Scrubbing of N204 with Hydrogen Peroxide

Scrubber Inlet - . Off Absorption
Liquor Gas Gas Efficiency
Composition ppm NO, . ppm NOX : Percent
0.1N H,0, 15,700 1450 90.8

0.IN H0, 16,900 1840 89.1
0.25N Hp0, 18,000 - 1335  ° 92.6

0.1N NaOH g ) -

0.1N H,0, 6,700 143 197.8
0.1N NaOH | ,

0. 1N Ho0p 13,700 .80 .. 99.2
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The wet scrubber system was provided with an apparatus-for-ihtrOducing-a '
gaseous oxidant (b3 and/or 02) upstream of_the;colymn. The purpose of»the
oxidant was to oxidize NO (presenf'in the feed stream moétly as a résu1t 6?
reaction of NO, with Hyo0) to the more water so]ub]e'NOZ form so as to enhance

its capture in the column. The results are shown in Table 6.

It is evident from ﬁhe results that averaging absorbtioﬁlefficiencies from
the three set-ups (oxidant introddction in three different wayé):the'fql1owing
" observations can be made: |
1. In plain H,0 runs, 05/0, gives better results than O, in alkaline solution,
i.e., 99.07 vs. 97.37% respectively. | | |
2. 03/02 in alkaline bath is slightly better tﬁan QZ fn alkaline séiutions,
' i.e., 99.52 vs. 99.39% respectively. R |

3. The absorption efficiencies of set Up #T (03/02 fed direct]y to GNZ line)

and set ub #2 (03/0 fed to scrubber 1iquor)-a¥exnot significantly different.

Table. 6

Scrubbing of Hy04 using 03, 0y, and NaOH

03/02 03/02 O2¢ - 02 | |
Plain H20 ~Alkaline Soln.  Plain HoO . Alkaline Soln.
% Abs. Ef. % Abs. Ef. % Abs. Ef. % Abs. Ef.

99.15 . 99,56 (ave. 98.64 _' 99.48 (ave. of

. of 5 runs) , 3 runs)
99.0 1 99.7 9.1 99.3
— 99.3 (ave. e
of 3 runs)

99.07 99.52 97,37 99.39 |
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Our next experimenta] scruﬁbing liquor was a 5% NaOCl1 solution. Thé,
rationale was that during the scrubbing operation, chlorjne derived .
from NaOCl would react with the NO évo]ved upon dissolution of‘N204;~
and form nitrosyl chloride (NOC1) WhichAis so]ubie in water as well as
decomposed by water. The resultS_Were’encoUraging except that a highly

noxious gas presumably NOC1 was evolved. " (See Table 7)
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Table 7-

Scrubbing N204'vapbrs with 5% NaOC So]utionA

% Scrubber Efficiency

Inlet Gas 0ff Gas,NOx, ppni
NOx, ppm
7000 31 99.5
6590 33 99.5
5980 [y 99.4
Inlet Gas Off. Gas, NOx, ppm % Scrubber Efficiency Run
_NOx, ppm Wet " | Dry Wet Stage | Total | Duration
Range 68000-13000 34-2.5  17.5-1.5 . 100-98.8 = 100-99.2 . 300 min.
15.5 - 4.6 199.9 100

‘ Averagé 24000
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As'mentioned previously, ammonium hydrbxide scrubbing 1iquors.proved

to be very efficfent,_but one seriods dféadvantage of these scrUbbing'
liquors is the strong odor. Ammonium ch]oride sd1ytions do not have a
significant odof if the pH is neutral or lower but thgy still possess

the advantageous ammonium jon. Thus, scrubbihg experiments with ammonium

chloride solutions were conducted. ‘The results were poor compared to‘other'

liquors. This indicates that key reactions of ammonia and NoOg -

must take place in the gas phase to produce highly-efficient scrubbing.és

shown in Table 8.
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'Tab1e 8‘

Scrubbing NoO4 vapors with 2% NH4C1 _‘

Inlet Gas Off Gas,NOx, ppm | % Scrubber Efficiency Run
NOx, ppm Wet | Dry Wet Stage | Total .| Duration
Range 54000-33000 . 7000-2500‘ 3500-  95.5-79.0 99.7-91.7 . 60 min
: 27.5 ‘ . ~
Average 42333 4833 2176 - 87.2 94.6

“Scrubbing N0, vapors with 10% NHgCl.

Inlet Gas Orf. Gas, NOx, ppm| - % Scrubber Efficiehcy -Run

' NOx, ppm Wet | Dry Wet Stage | Total - Duration
Range 28000-24000 1000-550 600-0  97.7-96.0.  100-97.7 90 min-
Average 26000 750 73 ©97.0 . 99.3

FeCl, and FeSOy form a nitfosovférrous complex when reacted with nitric
oxide. Thus so]utionS of these entities are repo;ted to be good
scrubbing:1iquorsnf0r Ndz. 'In-éuf hands this. did ﬁot”préQe.to'be the
case. The scfubbing Tiquor turned black and eva]QedaNOX fumes. (See -

Table 9.
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Table 9

Scrubbing N204 vapors with 5% FeSO, Solution

- Input Gas Off Gas, NOx, ppm " Scrubber Effienty % Run - _
NOx, ppm Wet Stage | Dry Wet Stage [ Dry Stage] Duration
14,200- '1900-. 4-8000 . 84.5-86.7 - 81-99.98 30

25,000 5800 : min.

Input Gas{ Off Gas, NOx, ppm % Scrubber Efficienc Run

NOx, ppm | Wet | Dry Wet Stage |  Total | Duration
Range 42000-4200 5800- 8000- 86.7-84.5. . 99.98- 30 min
- 1900 4.25 | 81.0. .

Average 24000 3800 3100 . 83.8. 8.8

Urea reacts with NO and N02 tQ,produce‘Nz, C02, aqd HZO' ‘The classical

chemistry involved is a reaction between a primary amine and the oxides of

nitrogen. Urea also reacts with HNO3 at room temperatire to form an addition

compound. o
Np0g—>2N0p + Hy0——5HNO3  ~ +  HNO,
| 2HNop HNZCONHé;—-—%'ZNZ S+ C0, + 3Hy0
NH2CONH, + HNO3';::;:§;;CONH2 : ]ﬁ§65<-

a7~




Thus urea-so]Utions have also been reported to be effective scrubbing
liquors. In our hands this was not so, presumably because the
reactions shown in this slide are favbred by’highék temperatures.

(See Table 10)
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Table 10

Scrubbing N,0, vapors with 5% Urea Solution

Inlet Gas - Off Gas,NOx, ppm % Scrubber Efficiency Run
NOx, ppm Wet | Dry Wet Stage” [ Total Duration
Range 8300-16000 560-720 "1.0-13 . 92-96.5 ’ 199.92- 60 min.

Average 2050-10,000 13-130 0 -

99.99

93.7-98.9  100% . 60 min

Iniet Gas | Off. Gas, NOX, ppm

% Scrubber Efficiéncy

Run

NOx, ppm Wet ] Dry Wet Stage | Total Duration
Range 16000-8000 1400-560 >.13;0-O - 96.5-86}5”' 100-99.9 .60 min
Average 12800 796 5.4 93.8 ~ 100

Inlet Gas. Off.'Gas, NOx, ppm % Scrubber Efficiency “Run

.NOx, ppm Wet | Dry - Wet Stage - | Total Duration
Range 10000-2000 680-13.0 2.5-0 99.8-90.7 100 60. min
Average 5790 193 2.5 9%.6 . 100,
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Thus, ferrous sulfate and urea provéd far too inefficieht'to'be considered

further as sérubbing l1iquor additives.

Finally, we became aware of aﬁiNTIs document eqtit]ed,-"Devélopmeﬁt of

the Aqueous Processes. for Removing NO, from the Flue _Gases"-i authored by the
Esso Research aﬁd Enginéering Company in September of 1972.4 This grbﬁp
conducted intensive research on wet scrubbing methods,fér-NQX. They-
concluded that the most efficient scrubbing agent'for their purpose was

sodium sulfite. The only interfering species they foUhd was oxygen whiéh
converted SO3 to SO4. Since our experimeﬁta1'f10ws_as well as the oberationd]l
flows contain little oxygen,.itvwas deduced thétVdeium sﬁ]fjtelshou1d work

very well. The experimental data was indeed very enéouragihg;:see Table 11.

50




Table 11

Scrubbing N»0, vapors with 4% Na,SO3
Inlet Gas Off Gas,NOx, ppm | % Scrubber Efficiency Run
NOx, ppm Wet Dry Wet Stage = | Total Duration
‘Range 100000- 800-0  20.0-0  99.9-99.1 100-99.9 75 min
19000 - T < -
Average 39000 211 5 99.5 100
Scrubbing NOx vapors with 10% NaySO3
Inlet Gas 0ff. Gas, NOx, ppm % Scrubber Effiéiehcy Run
NOx, npm Wet | Dry Wet Stage | Total Duration
Range 160000-  77.5-10.0 47.5-0° ~ 99.5-93.7.  100-94.2 360 min.
. Average 33063 41.2 23.8 99.9 © 100
. Inlet Gas | Off.'Gas, NOx, ppm % Scrubber Efficiehcy Run
NOx, ppm Wet | Dry Wet Stage | Total Duration
Range 25000- - 55.0-7.5 5.0-0 .  100-98.2° 100-99.9 360 min.
5000 __ | Co
Average 17,750  21.2 1.3 99.9 100
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At th1s time we are not able to determ1ne any'potentxal or actua]
problems concerning the use of sodium su1f1te This material can be
handled without the use of any spec1a],safety eduipment and can be
msed effectively in concentrations-as high as 18%. -The'materfa1 dk-
its reaction products with N204-ame not potehtié]ly e*pidsiVe; The
spent liquor can be recycled with little or no decrease in.

efficiency and there is no 51gn of S0, eff]uent

The chemistry of the Na,S03 absorption process is not'underStood»very

-well at;the presentvtime, but we can be reasonably sure that hothing

of greater carcinogenicity thanmNaNOZ 1s'fofméd. Apparent]y the sUifité

ion has a remarkable capacity to absorb NOZ it does this over a
wide'pH'range and at temperatures of 125°F ( where ]1tt]e N2O,4 ex1sts)
The classical N02 absorption equat1on does not. app]y since no NO - A

is q1ven of f dur1ng the absorpt1on process.

The mechanism of this absorption is comp]ex‘buthO§ scrubbing of NO» and

NO has béen reported to involve production of»hxdr9Xy]aming.(NH20H)f

derivatives.

NaO3 + 4NapSOy + 3Hy0— 2N(OH)(NaS0,), + 4NaOH
12Ng0y + MagSly + Hpd——> N(OH)(NaSO3)p + 2NaOH

(Ref. Garlet, R., U.S. ‘Patent 3,329,478, Method of Remov1ng
N1trogen 0x1des from Gases) c

Ammonium sulfite solutions were also reported to be effective-scrubbing>

Tiquors but in our hands these solutions proved to be unattractive.

HSee Table 12.

52,




Table 12

Scrubbing N->O4 vapors with 2%-(NH4)2503.

Inlet -Gas | Off Gas,NOx, ppm | % Scrubber Efficiency Run
NOx, ppm Awet - Dry | Wet Stage Total Duration
Range  17500- 8500-20.° 2150-  99.5-45.5 . 100-74.5 - 180 min "
. 4000 s 5.0 - : - _
Average 8100 2474 689 . - .77.0 ' 88.2

53



Triethanolamine solutions have also been reported: to be effective

scrubbing agenté for NOé and this was Verified'in odr'hands.7

However, theré is a significant problem associated with the use of TEA.
TEA reacts with NoO4 to form tertiary nitrosamihes which decompoée'A

readily to secondary nitrosamiﬁes,which are alT‘high1y ¢arcinogenic.

NIOSH has already tafgeted oné of ‘the products, N—nitroso-diethano]amine

as a probable carcinogen.:

N NO

| Cf;/ \ B P
: CH - N
CH/ 2CH 2\CH '+ 4HONO el e L
P o 9 _“*—f>‘fH2'_CH&\~+’
OH CH. OH S . CH., . CH. .
gz | - R

HO | oF  OH
O=C-CH,-OH + N,0 + 3H,0
H

(Ref. Chem. and Engineering News, October 18, 1976, page 12)

This material is present in cutting oil and has been imp]icated as

causing cancer in machinists.

The resu]té as a scrubbing liquor are shown in Tables 13 and 14.
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Table 13

-Scrubbing_N204 vapors with 6% Triethanolamine (TEA) -

2nd Stage Inlet Gas Off Gas;Nbx,pgm % Scrubber Efficiénéy Run

Sorbent NOx, ppm | Wet Stage Dry | Wet Stage { Dry Stage [Duration
mixture of 13,000- 4-40 0 99,81 ‘ 100 - 25 mih
act. carbon 14,500 . _ '

act, A1203 o N '

A1,03 53,000 ©40-157  5-49 99.70 . 99.97 30 min
105 8,350-  13-4.5 -2.3-0  99.84- 99.97- 30 min

6,400 99.93 100
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Table 14

Scrubbing N20'4 vapors with 3% TEA

Inlet Gas Off Gas,NOx, ppm % Scrubber Efficiency Rim, }
NOx, ppm Wet | . Dry - | Wet Stage | Total Duration
Range 24200- ' . 3350-0 3050-0 ~ 100-85.7 - . - 100-96.8 240 min.
18500 o L . |
Average 20671 971 597 . 95.9 97.4
Inlet Gas Off. Gas, NOX, ppm % Scrubber Efficienc " Run
NOx, ppm Wet | Dry _Wet Stage | Total Duration.
Range 26000-5000 . '300-9.0 128-0 -~ 99.96-98.1. 99.99-99.0 300 min.
Average 14500 99.3 21.6 o993 99.4 R S .
]
]
| | i
- Inlet Gas Off. Gas, NOx, ppm % Scrubber Efficiency Run
NOx, npm. Wet | Dry | Wet Stage i Total Duration
Range ° 12800- 180-5.0 38.0:0 = 99.95-76.6 99.99-99.5 420 min.
Average 9117 48.0  8.05 99.5 99.9

i
i

: | |
56 ' - i
' |



Finally, Table 15.summarizés the top 15 experiments in order of decreasing
scrubbing efficiency. Thus we have in the top ranking 10 liquors, sodium
Ahypoch]orite,-sodium sulfite, ammonium hydroxidé, sOdiUmAhydroxidé,'tri_

~ ethanolamine and water.
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SUMMARY OF Na0gq SCRUBBER LIQUOR DATA

Table 15

Break

: Average Std. through .
Scrubbing - Efficiency.’  Range Dev. time Run duration
_Agent WT W/T WT - (min) (min) '
5% NaOC1  99.9- 10.12 0.04 300 300
' 100. 10.08 0.03
2 ©10%NaSO3 - 99.9 1.78 0.65 360 360
100.0 0.08 0.03 L
3  10%NaSO3  99.9 5.8 2.05  300(660) 300(720)
Waste from 100. 5.78 2.04 B R
#2 | |
4 10%NH,0H  99.9 19.3 6.5 360 360
- - 1000 0 0 R
5 3%NH40H 99.8 50.0 17.0.. 240 240
100.0 ' 50.0. 17.0 i |
6 10%NaOH ~ 99.6 18.8 5.3 120 120
S 99,9 6.1 1.8 '
4%Na,S03  ~ 99.5 0.8  0.32 75 75
100.0 0.1 0.04
8 6% TEA 99.5 23.35 7.7 120 420
99.9 0.49 0.16 | |
9 20% TEA 99.3 1.86 0.7 .60 240
: | 99.4 0.99 0.37 |
10 . H,0 99.1 1.4 (0.53*) 35 35
' 99.9 0.2 0.55 :
0.08
1 3% NHOH ~ 98.5 0.9 036 30 30
99.9 0.5 0.20 -
12 H,0 98.4 2.0 0.8 25 30
99.8 0.8 0.32
13 3%NH ,OH 97.8 25 7.7 120 120
' o 100.0 12.5 3.8
14 H,0 97.5 1.9 1.15 30 30
98.2 3.9 1.55
15 108NH,C1 97.0 1.7 0.85 - 75 90
99.3 2.3 | '
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As mentioned previously sodfum hypochlorite, ammOnium‘hydroxfde,-ahd
triethanolamine wereidropped from fufther cdhsideratioh»for various

reasons.

Thus it was recommended that the fo]10w1ng scrubb1ng agents for N>0q4
‘be eva]uated at MMC in a full-flow testing program
a. 4-104 Sodium sulfite (Na2$03)
b. Plain Water (H0)
c. 3-10% Sodium Hydroxide (NaOW)
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