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(Abstract cont’d)

—.
~~~ ndividual emission sources were characterized to the extent possible. The

onsiderable data gaps were identified and flagged for further investigation.
methodology was applied to develop estimates of concentrations of the various

•ompounds that might arise in the air over the plant. The chemical and
oxicological characteristics of known emitted compounds were used and their
elevant chemical reactivity under photochemical and at ground state was
eviewed by literature search. The various possible transformation processes
etc catalogued. Data gaps were indicated.~~.Based on this assessment, the follovin~~~econnnendatic~ns were developed.

~NT PROCESS ‘N

Source sampling of a single continuous process line should be conducted
Lii depth to provide data in the identify of pollutants and their relation to
,rocesa parameters and source controls. These data are prerequisite to further
issessment of the air chemistry through dispersion and photochemical modeling.
WX PROCESS

Further development of currently available process and source emissions
lata is needed. Source characteristics and process conditions developed
ierein should be defined and confirmed for use in future assessments.: Specific
:ompounds in source emissions need fugitive emissions and emissions from
rocess vents should both be sampled and tested.

WX CHEMISTRY

Assessment of the potential pollutant reactions in air indicates that
c.nown carcinogens may be formed : N—nitrosodimethylamine from dimethylamune
!lnissions and N—nitrosomethylamine from methyamine emissions. Modeling will
)rovide further guidance on the emissions likely to be present in the environ—
aent and enable investigators to select test methodology for individual com-
pounds. Saaplung should then be employed to define further the emission rates
for organic compounds and to quantify each nitrogen oxide species. Further
assessment of the potential for formation of toxic levels of these substances
using photochetnical—diffusion modeling is recommended as the next immediate

• effort in order to set guidelines for laboratory studies and ambient air
testing.

INCINERATION
The trend toward air curtain incinerators, instead of the better controlled

SITPA II and Rotary Kiln incinerators, presents the possibility that emissions
problems will still exist, since such problems persist among municipal incin-
erators. A strong effort in computer modeling of combustion product generation
in the incineration of explosives and propellants is needed to determine the
fuel and air feed ra tes and tempera tures requ~Lred to optimize incineratoropera tion and minimize pollu tant emissions
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6.0 EMISSIONS ASSESSMENT FROM PLANT OPERATIONS

6.B.O INTRODUCTION

The Off ice of the Army Surgeon Genera l i s respons ib le for develo pment
• of health and env i ronmental guidelines governing emissions of military-related

compounds. The U.S. Army Medical Bioengineering Research and Development

Laboratory (USAMBRDL) has reported an evaluation of the air pollution
potential of seven substances emitted at Army Ammunition Plants (AAP’ s) for
wh ich emissions and air quality standards currently do not exist. 1 The

evalua tion prov ides a back ground for fur ther i nves tigations of poss i ble needs
for appropriate air quality standards .

This study provides a continuation of the effort to establish a data
base from which either discharge or ambient standards for air pollutants not

addressed by the Enviro nmental Protection Agency can be recommended . The study

• is limited to the production of trinitrotol uene (TNT); the production of
cyclotrimethylenetrinitramine (RDX); and the incineration of waste materials.

The investigation required consideration of the nature of the explosives
manu factur i ng processes and the emi ss ions contro ls app l ied , the possible
emiss ions , their potential for chemical reaction and photochemical reaction ,

and their toxicity .

APPROACH

Visits were made to army ammunition plants at Kingsport , Tenn. --Holston
Army Ammunition Plan t (HAAP); Radford , Va. --Radford Army Ammunition Plant;

Chattanooga , Tenn .--Vol unteer Army Ammunition Pl ant (VAAP); Joliet , Ill . --

Jol iet Army Ammunition Plant (JAAP); and Newport, Ind . --Newport Army Amunition
Plan t (NAAP). At each , the process i ng and opera ting prac tices were d i scusse d
with plant specialists . Available data were acquired rel ating to emissions
sources and emissions controls. The available data were auqmented by survey

and tEst data from the U.S. Army Environmental Hygiene Agency (USAEHA), by

• relevant reports from Picatinny Arsenal , and from the tec hn ical reference
facilities of the Defense Documentation Center. The data were assessed where

288



• possible to project emissions source characteristics (stack height , d iameter ,
exit gas flow rate, gas composition) to be expected when the explosives-
manufacturing processes were operated at mobilization production rates.
Mobilization rates themselves were not based upon information obtained from

• the plants . In developing the projected emissions , many extensive gaps in the
• existing data were identified . This led to recommendations for future work

to f i l l  the informa tion gaps and prov ide much needed emiss ions inventory
data.

Was te mater ials were , at the time of the plant visits , burned on open
ground , or in air-curtain incinerators . Enclosed burning techniques were
undergoing evaluation and development at the arsenal s, however . V i s its were
made to the Picatinny Arsenal and Tooele Army Depot to bbtain additional avail-
able data for assessment of emissions from closed incir~ration . Considerabl e
attention was given to assessment of the methodologies for calculation of the
products of control led combustion.

A l though the emissions inventories thus developed are incomplete because
of data ga ps , and include elements necessarily deri ved from theoretical prin-
ci p les , one inventory (RDX) provided enough approximate information to justify
a l imited investigation of likely atmospheric concentrations of emitted sub—
stances at plant boundaries.

For both ROX and TNT, the l iterature was searched to col lec t data on the
chemical properties and potential photochemistry , ground state chemistry , and
secondary reactions of both the positively identified emissions and selected
suspected emissions . Reaction rate data were compiled to the extent available.
The extensive numbers of chemical reactions thus obtained have been interpre-
ted in three ways. First, potentially hazardous compounds are identified
by assessing the toxicological properties of the reactants and products . Second ,

the reactions themselves are screened to provide some focus on expected pri n-
cipal products. Third , methodologies were appl ied toward estimating concentra-
tions of emitted pollutants at the boundary of a mobilized plant. Additional
work on modeling the air chemistry over the plant is needed, however , and
recommended .

This is Volume 3 of the final report. The study of the TNT process is
covered . Other volumes are : 1--Execu tive Summary and General Appendices ;
2--RDX/HMX production; and 4--Open Burning and Incineration of Waste Munitions .

289 
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6.B.1 THE PRODUCTION OF TRINITROTOLUENE

6.B.1.1 Introduction

Production Processes

Trinitrotoluene (TNT) is produced by the continuous processes pion~ered by
Canadian Industries Ltd. (GIL) at Volunteer and Radford Army Ammunition Plants
(VAA P and RAAP). The manufacturing operation involves several direct processing
steps. Nitration of toluene generates a raw product that must be puri fied to
obtain TNT. Spent acid from the nitration system and fumes from both nitration
and purification must be col lected and recycled. The continuous nitration and
puri fication (N&P) lines require spent acid tanks and settling tanks as wel l as
provisions for handling red water wastes evolved in puri ficaton . Finishing and
packaging operations are cleaner but do generate a reddish colored water waste

from the dust scrubber.
Processes supporting the manufacture of TNT are concerned primarily wi th

• the manufacture and treatment of nitric and sulfuri c acids. Weak nitric acid
is made either by an acid concentration system or at VAAP, by a strong nitric
acid (DSN) plant. The nitric acid concentration/sul furic acid concentration

• (NAG/SAC) unit strengthens weak nitric acid from the ammonia oxidation plant.
Oleum and stron g sulfur ic ac id are pro duced from weak sul fu r ic ac id and sul fur
in a special kind of oleum plant known as a sulfuri c acid regeneration unit.
The wea k sulfur ic ac id i s der ived i nd i rec tl y from the nitra tion l ines . The
waste acid drawn from the first nitrators is a mixture of nitric and sulfuric
ac ids , with various nitrobodies . At VAA P, a portion of the acid and fume
recovery (AFR) process is responsible for separating the acids . At RAAP, the
spent ac id recover y un it se para tes the nit robody compounds from ni tr ic and
sul furic acid streams.

The following processing systems appear at both VAAP and RAA P as necessary
systems in the production of TNT by the continuous process:

- 

Ni tration and Purification (N&P)
• Spent Acid Tanks (SA)

L 

Settling Tanks (SI)

290



Red Wa ter Process ing (RWP )
Finishing Building (FB)
Ammonia Oxidation Plant (AOP)

Nitric Acid Concentrator (NAC)
Sulfuric Acid Concentrator (SAC)
Sulfuric Acid Regeneration (SAR)

• Despite the common overall manufacturing processes, the two muni tions
plants are dissimilar in many respects. The most obvious difference is in the
number of TNT l ines: VAA P has six , RAA P has three. The lines at the two
plants will differ in detail when RAA P finishes reconstruction. More readily
discernable variances are obvious in the treatment of waste acids and fumes
from the nilration and purification lines . VAAP ’s ac id and fume recovery uni t
performs the tasks of both the spent acid recovery and N&P fume treatment units
at RAAP. Nitric acid production is by AOP and NAC/SAC process at RAA P and by
AOP and DSN processes at VAAP.

A process schematic diagram of VAA P appears in Figure 6.B-l . The corre-
sponding diagram for RAAP appears in Figure 6.B-2. The flow sheets presented were
drawn after modi fying and updating sketches given in plant process manuals
to show emissions sources.

Overview of Plants

VAAP is located in Tyner, Hamilton County , Tennessee and occup ies an area
of approximately 7300 acres. The Plant is operated by Imperial Chemical
Industries Amer ica , Inc . A portion 0f the facility , producing anhydrous
amonia , ammon ium nitrate fert ilizers , urea , and nitric acid is leased to the
C. F. Industries , Inc. (CFI). Figure 6.B—3 shows the plant l ayout for TNT and
supporting processes.

VAAP has a total of six 50 ton/day GIL designed TNT lines. One of
these is a prototype line designed to be operated by a process computer .

RAAP is located in the mountains of southern Virginia in Pulaski and

Montgomery Counties. The Plant area is 7095 acres. The main manufacturing
plant (4154 acres) is located in Pulaski and Montgomery Counties , situated
approximately 4 miles north of Radford, Virginia. The developed manufacturing
area consists of 2800 acres. Figures 6.B-4a and 6.B-4b show the plant l ayout

includ ing the TNT manufacturing area and its supporting processes.
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The RAAP TNT facilities consist of three 50 ton/day lines . Two lines
are currently being rebuilt--the third is in future year funding.

6.B.l.2 Emissions Summary

Introduction

To facilitate air chemistry investigations it was necessary to assemble a
composite list of the emissions rates for the major processes in TNT manu-
facture. The initial goal was to typify emissions from a hypothetical model
TNT manufacturing facility operated at mobilization. Each of the major pro-

cesses was to be studied to determine air pollution emi ss ions attributable to
TNT manufacture. However, in examining the production processes at VAA P and
RAA P , it was decided that the difference (in the lines and particularly in the
support process) demand separate treatments of the two facilities .

The l iterature search uncovered a relative scarci ty of useful emissions
data . Due to recent modernization programs, most of the TNT fac iliti es at VAA P
and RAA P are relatively new. Since the demand for military high explosives has
been light in recent years , some un its have never run--others have not yet
operated at capacity . RAAP is in the midst of an extensive modernization and
rebu ilding program that should result in sharply reduced emissions from TNT
manufacture. VAA P has replaced both weak and strong nitric acid manufacturing
processes.

At both plants , the capacities of support processes often exceed that
required for the l evel of TNT manufacture anticipated at mobilization . At
VAA P, the apparent overcapicity allows for either the expansion of continuous
l ines or the operation of older batch facilities . Many of RAAP ’s systems serve
not only the continuous TNT lines but al so propellant manufacturing facilities .
Whenever possible , the emissions from the individual systems were prorated to
simulate rated TNT manufacturing capacities .

Since virtually none of the data pertained to the same TNT production
rate, calculations were made to project them to capacity operation . These
calculat ions are given in the appropriate process sections to follow together
with references thereto.

The emissions rates and source characteristics derived for VAA P appear in

Table 6B-l . Fumes and spent acid from the six continuous N&P lines are treated

L 
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in the AFR unit. Although the AFR has been sampled at low capacity , the test

results seem ambiguous. For the purposes of emissions estimation , therefore ,
the design basis and performance guarantee has been used . Finishing and
packaging emissions were calculated as 73 lb TNT/day from VAAP ’s estimates of • -

untreated emi ss ions and collec tion ef fic iency.
The remai nder of TNT-related processes supply acids or steam to the N&P

l ines . It is anticipated that the weak nitri c acid production pursued in the

new AOP will comply with the 5.5 lb NOR/ton 100 percent HNO3 product standard .
At a production rate of 264 tons 60 percent HNO3/day , the projected emi ss ions
are 611 lb NON/day at a production rate of 146 tons 100 percent HNO3/day.
VAA P’ s sulfuric acid regeneration plant has been sampled at low-capacity
operat ion. By factor ing the unit to capac ity product ion , emiss ions rates ~f
2176 lbs S02/day , 2259 lbs NOR/day , and 599 lbs H2S04 mi st/day are computed .
A significant emission source at VAA P is the main power plant. Estimated
emissions from Powerhouse No. 1 are: 2632 lb NOR/day , 718 lb SO2/day , 75 lb
CO/day, 50 lb hydrocarbons/day , and 200 lb particulates/day)

Emi ss ion rates for each of RAAP ’ s major TNT process units appear in Table
6B-2. Data available from RAA P were insufficient to develop a complete

TABLE 6B-2. PROJECTED EMISSIONS FROM TNT MANUFACTURE AT RAAP-3 LINES at 50
TONS/DAY EACH

All Values Spent Fini sh ing Power
Given in N&P Fume Acid and NAC/ House
lb/day Treatment Recovery - Packaging AOP SAC SAR No. 1 TOTALS

N0
~ 

123 888 845 342 1027 28,320 41 ,527
HNO3 Mist 252 252
TNT 36 36
SO2 3576 55 ,800 59,376
Nitrobodies 126 126
Particula tes 81,600 81,600

source characteristics table as was done for VAAP . Recycling of fumes and
spent acid from the three N&P l ines is performed In the N&P fume treatment and
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s pent ac id recover y un it s , respectively. Three types of towers (water, sul fur ic
ac id , and sellite) provide for scrubbing of both N0

~ 
and TNM in the N&P fume

treatment system. N0
~ 

emissions are estimated at 123 l b/day . TNM rates should

be negligible. Spent acid recove~y serves to se para te the monowa s te ac id input
into HNO3 and H2S04. Since sampling was performed under low-flow conditions ,

extrapolation was used to estimate capacity operation . For rated production at

Radford (3 lines at 50 tons/day each), emissions are es timated at 88 l b NOR/day
and 126 lb nitrobodies/day . TNT losses of 36 lb/day from RAAP ’s finishing and

packaging operations are based on VAAP ’s practice .
Peripheral processes at RAAP include production and concentration of acids

as well as the main power plant. Nitric acid is produced in several old and
one new AOP . Some units have been modified or designed to meet the 5.5 lb

NOR/ton 100 percent HNO3 standard . Total NO
~ 

emiss ions due to nitr ic ac id
• production are estimated at 845 lb/day assuming all are to be modified . Since

• there is no DSN unit at RAAP , strong nitric acid must be furnished by concen-

tra ting weak HNO3. The NAC/SAC provides HNO3 of the required strength at a

penalty of 342 lb NOR/day and 252 l b HNO 3 mist/ day. The old oleum plant has
been replaced by a new SAR plant. If the design goals of SO2 < 500 ppm and

NO2 < 200 ppm are met, pol l ution rates should be less than 3526 lb S02/day and
1027 lb NOR/day. Although the main power plant serves propel lant manufacture
as wel l as TNT , no basis was known for proportioning the emissions . The burning
of bitumi nous coal makes Powerhouse No. 1 a heavy polluter with 28,320 lb
NOR/day , 55,800 lb S02/day , and 81,600 lb particulates/day .

The emissions inventories reflect the operation of both VAAP and RAAP at
mobilization. Certain assumptions have been made--that two new AFR ’s at VAA P
will be in operation to take care of six continuous TNT lines and that these
AFR ’s will have incinerators to remove TNM from the exit gases. Under these
cond iti ons , the TNM emissions at mobilization woul d be much less than 369
l b/day ’from one old AFR serving batch lines)5 Mobilization wi thout the new
AFR ’s and their controls would be expected to result in emfssions of some 1800
lb/day TNM (5 AFR ’s times 369 lb/day e’ h). -

• Similarly, RAAP was inventoried assuming the new sellite scrubbers were in
operation . Without them, TNM emissions of 490 lb/day from the AFR ’s and 810
lb/day from the purification and packaging area would be expected .15
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Ni trator Dumping

Bes ides the em i ss ions noted for the TNT p roduc ti on and su ppor t p rocesses ,

the common practice of dumping nitrators may prove to be a significant (although
intermittent) source of uncontrolled emissions . Dumping entails the discharge
of a l l  con tents of a n i tra tor vessel (an d alwa ys an assoc iated se para tor)  i nto
the water-filled drown tank in the bottom level of the N&P Buildings . The

• resul ting contaminated mixture is routed outside and vented directly to the

atmosphere near ground level .
Estimating the possible species emitted during dumping means assessing the

contents of the var ious nitra tors.  The onl y chem i cal compos iti on informa tion
found was for RAAP ’s con ti nuous sys tem as opera ted in 1973.2 Although VAAP ’s
present setup is similar , the new lines at RAA P will be appreciably different
when comp le ted . RAAP ’s six old nitration stages (with two nitrators in the
first and third stages) will be replaced wi th eight stages having one nitrator
per stage . S i nce the compos iti ons were g i ven in percen t, the nit ra tor loa di ngs
(in lb per unit) were required to calculate the amount of each compound .
Tele phone conversa tions with VAAP 3 and RAAP4 personnel provided estimates of
the proper weights .

The calculated compositional loadings are shown in Tables 6B-3 and 68-4.
Al tnough the numbers given may not be accurate representations of future
operation , they should yield valuable information with regard to the chem ical
species and relative concentrations present. RAAP’s new nit ra tor l oad i ngs
(which provide less mass in each nitrator) were mated to the old compositions .
Althougn this introduces some error, it does scale the compositions to the

predicted mass contents. The matchup at VAAP should be better.
Nitrators may be dumped for either of two reasons: cl eaning or safety. It

is normal practice to dump the first three nitrators (for example IA , IB , and

II at VAAP) to alleviate the accumulation of white compound (2,2’—dicarboxy-
3 ,3 ’ ,5,5’-tetranitroazoxybenzene). Also , any of the nitrators may be dumped if

• 
- the reaction goes out of control .

301 



----~~ ~~~~~~~-~~-P -

~~~~~~~~~~

LC) ~~~~~~~~~~~~~~ O1.OO(’~,O’~I r- N- C~) ~~~ r- cc ~~ C’.j C~ 1.0
I I l i i i  . 1  — 1 1 1 1 1
I I I I I I C I 00 ~ ) 

~~ C ~~ C ~~ cc i I I I I

— I I_ I-

‘-• ~~
. ccr -~~~~~~~~~~~~ cc

• ~~~ U) (~) C~J U) 0 1 . 0  N- C’4 01.0
l i l t  I • I  . 1 1 1  I

• I $ I I I C  I C (Y) U) C. 000  ~0 0 N- I I I I I
U) C’) C’) C.-J (~) U) C

C P.- ,--

I-
I-

C’) C~~ C~J Lf l~~~- 1.0
• - c~ a-i ~~ ~o a’. ~~~ .— ~~~ ~ - U)

~~~ • I 1 1
I I I $ I p.- 1 0 0’ .  0’.,- 0 cc C 1.0 .— 1.0 1 0  I I I

‘- c1.J~
.

P... ccco

0’. c J  O~’ ~~ ~~ 0 N- ~~~~~~ N- ~ cc ~0’. N- cc o 1.0 N- 1.0 cc ,- 1.0 U) ~~~ ~~~ 0t i l l ,  • $ .
w -~~~ i $ i i t .- i ~~

- cc u 0 ‘.n N- i ~ a-i a-i u C’) 0
Ui C’) .— 0’. ~~~ 1.0 C’.J 1.0 a-.
I- ~o r—.

P- I-

-J

$ I- I_ U) ,- 1.0 1.0 U) C’) ~~ C’) U) U)
C U) U) 1.0 N- 1.00’. 1.00 1.0 cc ~- .- a’.

p... I l i l t  $ • u — . . .

< s5 I $ I I I I ‘~~~ I U) U) C’) cc ‘0 cc I 1.0 1.0 r- I .— r-
~‘, I I~~~ ,- t. cc C’4 ‘o C(I) I

I ‘- I--

O-.
-. $ ~~~0C’J1.0 C’) ,-r-.-1.0r-0 r-.LO ’,O 0r 0 0
U) I 1.00 U) a- C~) 0 U) C~J C ~~ cc 1.00 C’) U) .ø 0 U)
o I .

0. C~J I  I C’) r -N - C \ J Q  I ~~~~~~~r-0C’J 0 I C’J~~~~ 0~ I 0C’.J r-0
I I- C’~J r- 0 N- 0 cc cc

C I r-U) 1.0

C I C’) U) 0’. 0 ~~ a- a- 0’. C’4 ~~ ~~ 14)0’. 0’.
I- I C’4 C’~) a-) 14)1.0 C’) N- a-i 1.0 C’) ,-  CO 0 CO

~~ ~~~~ I I I  I I
a - I  ~~ U) C N- C’) C I C CO CsJ C’4 00 I I Q$ 0 a - I  I I I

p.- 14) C’4 C cc 14) 1.0 ,- a-
— I C’) C’J Lfl - -

C
LU 1.O C ’ ) U) C O  C~J N - C ’ 40~~~ J C ’)  ~~~N-C

C C’) C’) ~~ a- 14) C’) C’J C’) ~~ C’) a- cc a-i cc
~~ 

I t  . . • I I  i t
a - i  cc N- at N- ~~ 0 o cc o c-i 00~~ i cc cc a- t i i I

— I C’) a- a-s U) 14) 14) a- a-
I C’) a-U)

Cd.)
LU

0

C’) a- 01—

CO I 0 0 .1
1 I— I— p.- I— I— I— I— Il-s E U

~~ I C ~~ ~~~~~~~~~~~~~~ 0 -4-’
LU 0 I ~~ CU E ,— p— 1- 1 - 1~-C  ~~. ~.. p I ~~~~ i. ~~I— $ ~~~ 0 I $ I I U S..
~~~ ~~ 

I C W 1 - 1-  1- a- C C C C C r— ‘~~~ U) 14) 1.0 a- 0 ...J U 4.’
~~ I 0. 4~ I I I I I I~ • I~ •‘ S~~ S. ~~~ 4.5 -—

I— I- I Z
1 C 0 1 1 1 0 — —  0~~~ 0”~~~~~~~~ ..0 I

~~ 
I L) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

302

-

~

-

~

-

~

-- —-

J~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ • .  — -- _ - -a.--~~~~~~~~~~~~~~~~~ 
- - — — -- —--- ---. — ~~.~~2..



- - _ - -- _ -
~~~~~~~~~~~~~~~~~~

--
~~~~-~~~~~~~-

_ _

C’) C’)tO a ta - C ’ )a - s a t a- sU) U)
U) C C a- 1.0 at C N- C CO C’) a-
CO CO $ 1 1 1 1  . 1  . 1 1 1 1 1
-i I I I I I C I C C 000  a- C CsJ CO C’) I I I S I

0’—

I-
1.0 a-t C’) CO 1.0 1.0 C’) C’J ~~ 014)
C C LC) 1.0 C’) a- C ’) a- C O C’JI.O

.J N- I I I I I  . 1  • I I I  I I
0. I $ I I I 0 I C C U) 1.OC C’) C 14) CO N- I I $ I I

c-i C
C I
— I
I- I
— I a— a- C a- C’) a- a-I IC C’) C CO C\J ~~C’) C’) I.0’,O C’) N- C ~~ CO 0 ~~~ C’)
~~ 1 . 0 I  I I I  I I  • I . 1  I
~~ I I I I I I C I C C’) at C’) 0 C’J C U) a-- C I C I I C

I C’JC’) N - C O

I 
C-iJ C’J

I C.J U) at C J  CO a- C~i ~~ 0 14) 1.0 1.0 N-
I at N- N- C at C~J 1.0 N- ‘0 C’J U) a-

C 1€) I I I I I  I • I 
I I $ I $ I ,- I C U) C’) a- C a- I C’) 1.0 a- I C C C C

C a -C C\ J  03 a t
L5 I a- a- a- p.-C I

I- I 14) at C\1 03 a- C.J ~~ ~~ C U) 1.01.0 N-
I at N- N- C ~~ 0’. C~J 1.0 N-IC C\i U) a-

I I I  I I • I . • • $  .
U) I I I I I I ,- I C U) C’) a- C a- I C’) 1.0 a- I 0000

a - C C % J  C Oa t
O a- a- a- I-

I-
U) N-a- I0C’) N- 1.O C%J C’4 N- U) U) C’J a- CO 1.O C ’4a-1.O

• 0 C\J C’) C’) C’J a- C’.J N- CO as N- C.J CO (‘4 C’J a- CO C’) a-
• 0. C’) I I I I . • •~~~~ 

.
$ I ~~ C (‘4 C’) C I a-- (‘4 0 3  (‘-4 C C I C at C I C C C C

C a- C’) N- (‘.1 cc at

C
I- C’) 1.0 03 a- U) 03 IOU) U) ~~ 1.0 1.0 C’) CO

at (‘4 ~~~ N- ~~~ (‘.4 a- C 1.Oa- a- C (‘-.1 03
~~ 

(.%J l i i i
I- C’) U) at 1.0a- C I 0 ~~ ~~ at C C I I C’s l o t  $ I I
— 0 0 N- (‘4 (‘.4

a- (‘.4

C $
LU
1- C’) 1.0 CO a-U ) CO IOU) U) ~~ 1.01,0 C’) CO

I at (‘4 ~~ N- ~~~ (‘4 ,- C 1.0 a- a- C (‘.4 03
~~ a - I  $ $ ‘ I  • I I I I
— I C’) 14) at 1.0 a- C S C ~~ at C C I $ a-I 1 0 $  $ I I
I— I 1.0 0N- C’4 C’-J
V.) a- (‘4
144

• 0
o p.-.

I U,
CO a- 01-
10 0

I— I— I— I— 1-1— 1- in E CU
LU ~~ I C 04.5
..,,.j 0 I ~~ ~~~P— I— I— I— I— C I— 1- I— I— I— I. c~I— I ~~ 0 ~~ I I I I U S..

~~ I C CU 1- I— I— a- C C C C C a- .
~~ U) U) 1.0 .— _J U 4-’

~~ I 0.. I I I I I 40 * — - I. 40 ~~ 4.5
1- I ~~ a-
— I Q 0 $ I I 0 - — — — .0 ~~~ - — — o ’ — Z Z . c  t
~~~~~~$ (_, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

303

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



• - _ ~~
-
~-—‘

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ --

6.B.1.3 Nitration and Purification

Process Descripti on

The manufacture of TNT takes place in three distinct stages: nitration ,

• purification , and finishing . Nitration and purification utilize chemical
• reactions to form and extract the desired products from spent reactants and

undesirabl e byproducts. Finishing is a physical treatment used to prepare the

TNT for shipment. This section describes briefly the chemical processes
encompassed by N&P. Flow sheets shown are updated from plant manuals.

Nitration

Toluene is converted to TNT in a series of nitrators and separators by
reaction wi th a nitrating mixture of nitric and sulfuric acids . VAA P uses a
system of eight nitrators (in six nitrating stages) and six gravity separators.
RA.AP also employs eight nitrators but in eight nitrati ng stages necessitating

the use of eight dynamic separators. The reactants and products travel forward
in the nitration process against a counterfiow of nitric and sulfuric acids.
The toluene enters the nitration at the first stage and moves forward to
contact stronger nitrating acid in each succeeding stage.

The nitration takes place in specially designed nitrators. Each nitrator
is a cyl indrically shaped tank equipped with a draft tube positi oned verticall y
on the central axis of the nitrator , an agitator just below the draft tube, and
cool ing coils to remove the heat of reaction . The agitator provides the
necessary mixing. In addition to its downward pumping action , the agitator
causes the liquid within the draft tube to be depressed about eight to ten
inches below the level of the liquid surrounding the draft tube. Thus , there
is a constant overflow down the tube, through the agitator, and then upwards
over the cooling coils In the annulus between the draft tube and inner wall of
the vessel . The l iquid depression in the draft tube permits the reactants to
flow continuously by gravity between the nitrator stages via the separators.
VAA PI 5 gravity separators require decanters but RAAP ’s dynamic (centrifugal )
units do not. This aids In displacing nitrobody from the nitrator and in

controlling the temperature in the separators. Nitric acid is added continuously
to each ni trator to compensate for that consumed in the reaction , whi le oleum
Is added only to the last nitrator.
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Instrumentation of the nitration section normally provides constant

temperature control of all the nitrators but will automatically stop the
process if abnormal operating conditions arise. N itration tempera tures are
staged from 55-57°C in the first nitrator to 105°C in the last vessel . Since
the nitration proceeds continuously, there is relatively little unreacted
material in the nitrators at any instant, thus , the reaction will cease (but -:
not necessarily be compl eted) soon after the feeds are shut off. In the event
of an unusual temperature r ise , the reac tion i s quenched by d ischar gi ng the
contents of the nitrators and separators automatically into drowning tanks
(partially filled with water) located beneath the nitrators . VAAP ’s nitrator

system is shown in Figure 6.B-5. RMP ’s system appears in Figure 6.B-6.

Purification

The l iquified crude TNT leaving the last nitration stage is continuously
washed with fresh water in a countercurrent acid washer to remove entrained and

- dissolved acid. The acid washers at VAA P are five-stage units but the type
used at RAA P has two stages wi th dynami c separators. The TNT wash water
(II ye llow wa ter ll ) is sent to the early nitration stages to both control the
act i v i ty of the nitrating acid and recover dissolved TNT and acid.

Undes i rabl e nitro bodies are removed from the washed TNT by coun tercurren t
extraction with sellite (sodium sulfite—sodium bisul fite) solution .* The
residual sellite solution in the TNT Is removed by countercurrent washing with
water in the post—sellite washer.- VAA P has a two—stage sellite washer and a
three-stage post-sellite washer. RAA P has a three-stage sellite washer fol-
lowed by a two-stage post-sellite washer. The separated spent sellite solution
(0red water ”) is passed to the red water storage area for sale to paper manu-
facturers. After the last wash , the TNT is slurri ed wi th hot water and purnDed
to the finishing building . VAAP I s puri fication system is shown in Figure 6.B-
7.

Was te Streams

The TNT waste stream consists of lIredIl , IIyel low II , and “casual ” waters from
purification operations. The sale of the red water Is mentioned above.

*Sodium sulfi te only, at RAAP.
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Yel low water is usually returned to the nitration process but may be subjected

to charcoal adsorption or neutralization. The casual water (surface drainage ,
floor was h , and condensate) may be pumped to a ditch if uncontami nated .

Emissions at VAAP

Fume Control--Stainless steel ducts are used to contain and direct
fumes in four separate systems within the N&P Building :

1. Ni trogen oxide fumes from the eight nitrators , s i x se parators ,
No. lA nitrator decanter , the disengagement pot, the aftersepara-
tor , and the spent acid tank are collected and pulled by suction

- to the AFR system where they are absorbed with other fumes to
form 47 percent nitric acid.

2. Fumes from the nitrator drowning tanks and the floor area are
drawn through ductwork in the basement and exhaus ted through a
vertical duct at a point above the roof of the building .

3. Fumes from the rewor k mel t tank and filter screen in the mel t
l ine , the yellow water pump tank , the acid washer , and the ac id
washer decanter are passed through a water spray scrubber and
exhausted to the atmosphere. The acidic water from the scrubber
is directed to the yel low water header for disposal .

4. Fumes from the two sellite washers, the sell ite separators , post
sel lite was her , and TNT pump tank are similarly passed through
a separate water spray scrubber and exhausted to the atmosphere.
The water from this scrubber is also directed to the yellow
water header.

• Sources, Controls, and Sampling Points--The emission sources for the
N&P. system are identified below, along with their controls and appropriate
points of measurement.

Appropriate Emissions
Source Control Measur ing Point

8 Nitrators Pulled by suction Emissions from the AFR
6 Separators to AFR system should be measured
No. lA Nitrator on the tail gas exiting
Decanter the John Zink incinera-
Disengagement Pot tion abatement system
After separator
Spent Aci d Tank
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Appropriate Emissions
Source Control Measur ing Po int

Nitrator Drowning Exhausted to atmos- Building exhaust
Tanks and Floor Area phere

Rework Melt Tank Passed through water- Scrubber vent
Filter Screen spray scrubber before
Yellow Water Pump being exhausted
Tank
Acid Washer
Acid Washer Decanter

2 Sell ite Washers Passed through a Scrubber vent
Sell ite Separator water-spray scrubber
Post-Sellite Washer before venting to the
TNT Pump Tank atmosphere

The two scrubbers are both spray chambers two feet in diameter and four
feet in height. The fumes are sprayed wi th water at 80°F, 30 inches Hg and

delivered through a full cone spray nozzle. Cleaned gas is vented through a
six foot stack. The acid washer scrubber is designed to remove N0

~ 
fed at

300 ppm , and atta ins an est imated 90 percent effic iency based on observa tion
of the stack. The sellite-wash scrubber is designed to remove S0,~ fed at
100 ppm, and attains an estimated efficiency of 99 percent.

Material s Flow--The following table gives the flow of major ingredients ,

products , and byproducts for one continuous line at VAAP operating at the

rated capacity of 50 tons/day.

TABLE 6B-5. VAA P MATERIALS FLOW FOR ONE CONTINUOUS LINE PRODUCING
50 TONS OF TNT PER DAY

Mater ial lb/ lO0 lb TNT lb/hr

TNT --- 4139
Toluene 47.31 1958
Oleum 208.43 8627
Weak HNO3 from ac id area 88.48 3662
Weak HNO from AFR 22.68 9~9
Total We~k HNO 111.1 6 4601
Strong HNO3 fr~m acid area 49.07 2031
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TABLE 6B-5. (con’t)

Material lb/100 lb TNT lb/hr

Strong HNO, from Oleum 11.36 470
Total StroPig HNO3 60.43 2501
Sel lite pH 9 7.92 328
Sellite pH 7 37.45 1550
SO., (SCFH ) 0.36 15
Sp~nt Acid 313.05 12957
Red Water 53.52 2215

Emissions at RAA P

Fume Control--Three separate fume control systems are connected by stain-
less steel ducts to RAAP I 5 nitration and purification lines :

1. Nitrogen oxide fumes from the eight nitrators , eight separators,
spent acid tank , rework mel t tank , f i lter screen in the mel t
line, yellow water pump tank , and acid washer are routed to the
N&P fume treatment system for scrubbing. The NO is absorbed
to form weak HNO3. X

2. Fumes from the nitrator drowning tanks and the floor area are
drawn through ductwork in the basement and exhausted through a
vertical duct at a point above the building.

3. Fumes from the two sell ite washers , sel lite separa tors , post
sell ite washer , and TNT pump tank are passed through a separate
water spray scrubber and exhausted to the atmosphere. The water
from this scrubber flow to the waste col lection system for reuse.

Sources, Controls, and Sampling Points--The emissions sources for RAAP I s
N&P system are identified below along with their controls and appropriate

points of measurement.
Appropriate Emissions

Source Control Measuring Point

8 Nitrators Pulled by suction Tail gas from second
8 Separators - to the N&P fume sellite tower of the
Spent Acid Tank treatment system N&P fume treatment
Rework Melt Tank sys tem
Filter Screen in the
Mel t Line
Yellow Wa ter Pump Tank
Acid Washer
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Appropriate Emissions
Source Control Measur ing Point

Nitrator Drowning S Vented to the Exhaust duct
Tanks and Floor Area atmosphere

Sell ite Washers Water-spray Exhaust of scrubber
Sell ite Separators scrubbers to the atmosphere - :

Post Sel lite Washer
TNT Pump Tank

Materials Flow--The materials flow for RAA P, Table 6B-6, di ffers from
that of VAAP due to the different designs of both N&P equipment and peri-
pheral support processes.

TABLE 6B-6. RAAP MATERIALS FLOW FOR ONE CONTINUOUS LINE PRODUCING
50 TONS OF TNT PER DAY4

Mater ial lb/100 lb TNT lb/hr

TNT --- 4167
Toluene 48.5 2021
Oleum 250 10418
Weak HNO3 from acid area 25 to 37 1045 to 1545
Weak HNO from SAR 30 1250
Total We~k HNO 60 to 72 2500 to 3000
Strong HNO3 fr~m acid area 80 3333
Sellite 9.5 400
SO 0.1 4.2
Sp~nt Acid 265 15200
Red Water 55 2292

6.B.l.4 Acid and Fume Recovery Process (AFR), VAAP

Introduct ion

The AFR plan ts recover and recycle waste acids and fumes from VAAP ’s
N&P lines . Each AFR treats three N&P lines . Th...s, the six continuous N&P
lines at VAAP require two modern AFR units . AFR plants are designed with
considerable turndown capacity. For a limi ted time, a VAAP AFR can operate
on the fumes from one N&P l ine wi th no monowaste acid input. In normal

operation, the monowaste acid (withdrawn from the first nitrators in each
line ) is separated into weak nitric and sul furic acids for reuse.
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VAA P’s AFR plants have two major sections, ac id treatment and fumes
processing. The acid treatment part of the plant receives monowaste acid from
the nitration lines of the continuous TNT process. The fumes processing plant
collects fumes (primarily from the nitration lines ) to extract NOx and form
nitric acid. The two sections of the plant interact by use of comon nitric
acid concentraton and bleaching units . A general diagram of VAAP ’s ac id and
fume recovery un it appears in Figure 6.B-8.

Ac id s Process ing

The spent acid from the N&P lines contains both nitric and sulfuric acids .
Before these ac ids can be recycled, they must be separated . The acid proces-
sing unit utilizes the higher volatility and lower affinity for water of the
nitric acid to effect this separation . Major steps in acid processing include
preheating , denitrat ion and separation, condensation and bl eaching , and cool i ng
and storage of product ac ids.

Preheating is essential to the separation process. The monowaste acid is
a mixture of sulfuric acid , nitric acid , ni tro~ylsu1fur ic ac id, water , and
residual nitrobodies. This is bl ended wi th recycled dilute nitric acid before

preheating. A tube and shell heat exchanger uses 300°F steam to warm the acid
blend . Heating vaporizes most of the nitric acid but leaves the sulfuric acid
in the liquid.

The ac id stream flows frgm the preheater to the top of the denitration
towers . As the acid mixture flows down the tower , the nitric acid vaporizes
and rises to the top of the tower. The sulfuric acid liquor that collects in
the bottom of the tower is essentially free of nitric acid. Stripping of the
descending sulfuric acid is accomplished by injecting steam to the bottom of
the tower. To prevent dilution of the nitric acid vapors , the stripping steam
is routed out of the tower before it reaches the top. The steam contains about
1 percent HNO3 upon exiting the denitration tower. The nitric acid vapors

collected in the top of the tower have a concentration of about 75 percent.
Sul furic acid liquor is tapped from the bottom of the tower. After cool i ng in
water cooled heat exchangers, the product sulfuric acid is directed to de-
ni trated acid storage.
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Condensation and bleaching of the nitric acid vapor provides the product

acid. Condensation is performed in a water-cooled heat exchanger referred to
as the denitrator overhead condenser. The condensate contains about 75 percent
HNO3 and ex it s at about 140°F. The condensate and va pors (a i r and oxid es of
nitrogen) are separated in a cyclonic separating pot. The 75 perce~nt HNO3
condensate is mixed with enough 45 percent HNO3 to adjust the strength to 60 - 

-

percent before enter ing the b leac hi ng column. The fume bl ower draws a ir
through a filter and into the bl eacher (maintained under a negative pressure)
to strip NOx from the nitric acid. As the nitric acid flows through the bub-
ble-cap trays, the r i s ing a i r stream removes the NOR . The bleac hed product
nitric acid falls to the bottom of the tower and is passed through water-cooled
heat exchangers to adjust its temperature to 100°F before exiting the plant.
The a ir and N0

~ 
fumes pass from the top of the tower to the fume processing

segment of the p lant.
The denitrator stripping steam (that exited the side of the denitration

tower) is condensed in the weak acid steam condenser. The air and N0
~ 

that

will not condense are removed by a vapor li ne and blower to the fume treatment
system. The condensate is stored in the weak acid condensate tank. Some of
the condense d steam from the preheater also enters the weak ac id condensa te
tank. This tank supplies water (with 1 to 2 percent HNO3) to the nitric acid
absorber in the fume processing part of the plant.

Emi ss ions from Ac id s Process ing

The ac id s p rocess ing unit separates HNO3 and H2S04. Although no po llu-
tants are associated with the H2S04, some NOx is evolved in handling HNO3.
Rather than vent the gases to the atmosphere , the fumes are transpor ted to the
fume treatment portion of the plant. Design rates of input to these units are
shown in Table 6B-7.
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TABLE 6B-7. DESIGN INPUT TO THE ACIDS PROCESSING SEGMENT
OF THE AFR PLANT , VAAP

Compound lb/hr @ 100% design capacity

H2S04 33021
HNO3 1971
HNOSO4 5806

H20 15389
Nitrobodies 282

Note: One AFR uni t serves three TNT li nes .

Sources, Controls, and Sampling Points--Emissions sources and appropriate

measuring po irit~ are gi ven below:

Appropriate Emissions
Source Contro l Measur ing Point

Offgases from Denitra- Contaminated gases None . Emissions occur
tor Over head Condenser , are sent to the in the fumes processing
Ac id Steam Condenser fumes process ing system
and Bleacher system

Fumes Process ing

The gases from the TNT N&P lines are high in NOx • A considerabl e portion

of nitrogen oxides is also evolved in the acid processing section of the AFR
un it. To avoid potential pollution , the fumes process ing unit applies absorp-
tion and incineration to reduce the l evel of NOx emi ss ions from both sources.
Absor pti on of NO2 produces a useful product, HNO3. Inc ineration , however ,
consumes fuel to convert NO

~ 
to N2. Some of the energy consumed in incinera-

tion i s recovered in a waste heat boi ler.
Fumes are col l ected from several sources for reactant recovery and gas

cleans ing. The input blower system draws fumes from the TNT production lines ,
the nitric acid storage tanks , the denitrator overhea d condenser , the acid
steam condenser and the bleacher. The bl ower can operate at various flow rates
but is subject to surging below 50 percent capacity . Air may be bled to the
blower intake to avoid surging.
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In the absorber , a stream of condensate passes countercurrent to the

rising gas stream (Figure 6.B-8). The gas feed to the tower Is a mixture of

oxides of nitrogen , car bon diox ide, water va por , nitric acid vapor , tetra-
nit romethane , and possibly other nitrobodies . As the weak (initially 1 to 2

percent) nitric ac id condensate flows through the tower , it absorbs some of the
rising fumes in an exothermic reaction to form nitric acid. The bubble-cap
trays must be cooled to maintain the desired conversion . Low temperatures
encourage the formation of nitric acid. Temperature control is accomplished by
circulating water through cooling coils. The reaction temperature is main-
tained at slightly above 100°F. The two most important reactions are:

2N0 + 02 2N02
and

3N02 + H20 
-
~~ 2HN03 + NO.

Some HNO2 i s also formed and must be reacted to HNO3 in the bleac her.
The nitric acid recycle system splits the acid from the bottom of the

absorber into two streams. Part of the flow is routed to the preheaters and
the rest i s passed to the bleac hers . The bleacher flow i s regulated to prov ide
the proper ac id concentration when blended with a stream from the denitrator
overhead condenser. The portion sent to the preheater is n~ixed with the
incoming monowaste acids (from the nitration lines) and subjected to separa-
tion. When no monowaste acid is being processed , no flow is permi tted to the
preheater.

The fume abatement incinerator (John Zink) is used to cleanse the absorber
ex it fumes of NO and NO2. Partially combusted natural gas reduces these to N2 .
Emiss ions from Fumes Process ing

The fumes process ing unit has only one s ignifi cant emi ss ions measu rement
point. All airborne emissions from the AFR plant must pass through the tail
gas inc inerator. Al though the inc i nerator is des igned to reduce NOx to N2,
some questions arise when emissions data from the AFR are examined .
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Sources, Control s, and Sampling Po4nts--The fume processing units exist at
VAA P for the purpose of reducing emissions from the N&P lines by capturing
valua ble a irborne NOR. No pollution originates with the unit. However , the
fume processing unit is the exit point for any NO

~ 
or TNM not recovered from

the nitrator feed.

Appropriate Emissions
Source Control Measuring Po int

NO from the N&P lines Reaction of NO to NO2 Exhaust stack from the
an~ from the acids and absorption of NO2 John Zink Noxidizer
processing portion of to form HNO3 product--the AFR fol lowed by inc inera ti on

of tail gases to react
res idual NOx to N2

Feed Rate to the Fumes Process ing Unit

Al though the fumes process ing unit rece i ves some input from the ac id s
process ing portion of the p lant, most of the feed comes from the N&P lines .
The fol l owing tabl e describes the fumes from the N&P lines.

TABLE 68-8. DESIGN NITRATOR FUME INPUT TO THE FUME PROCESSING
SEGMENT OF THE AFR PLANT VAA P5

Compound lb/hr @ 100% design capacity

N2 10686
02 3107
CO2 1499
NO2 895
CO 519
C(N02)4 86

Note : One AFR serv ing three lines.
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Production Rates for the AFR Unit

Due to the interaction of the fume processing section wi th the acid

treatment portion of the AFR unit , the product (nitric acid) of the fume
processing system appears in the output from the acid treatment unit. The
product consists of the two separated acid streams.

TABLE 6B-9. AFR PRODUCTION RATES AT CAPACITY, VAA P5

Rate , lb/hr at
Product des ign capac i ty

68% H2 SO4 55103
60% HNO 3 9427

Note: One AFR unit serves three TNT lines .

Emission Rates

Fairly recent data for VAAP ’s AFR un it exist. A 1976 report gives
the NO

~ 
concentration (after the Incinerator) as 2449 ppm .6 Thi s indicates an

abnormally large concentrat ion in light of the observed 0 percent opacity.
Normally, 0 percent opacit) would imply an NO2 concentration of less than 400
ppm. When the production is scaled from the 40.4 percent at the time of the
test to 100 percent capacity , the detected NO2 rate calculates as 9281 lb/day
for each of the two AFR units.

Since the test method oxidizes nitrogen oxides to NO2 before counting
them, some NO-containing compounds could have been oxidized by the phenol-
disulfonic test procedure to give NO2. If the incinerator does not provide
complete reduction of NO,~ to N2, considerable NO could be present in the tail
gas. After oxidation , the NO would be detected at NO2. TNM, i f broken into
four NO2 groups by the testing procedure, could induce considerable error i n
the assessmen t of NO

~ 
content.

To ascertain what constituted proper operation of the incinerator , some
calcula tions were made for the expected tail gas composition . NO

~ 
emi ss ions at

VAAP were l imi ted to 1.7 to 24 lb/hr (as NO2) from each John Zink inc inerator
at capacity operation. This is based on Beckman instrument indications of 25
to 350 ppm NO2 fumes leaving the furnace when the system is in balance.7
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The total vol ume rate of vented gases was estimated at 450,000 SCFM (70°F), a
total feed from three nitration lines of 214,000 SCFH plus 325,000 SCFH of fuel
combustion products.5’8 The volume percentage composition of the fumes fed to
the absorber system was taken at design conditions for this estimate: 69.2%
N2, 17.6% 02, 6.2% CO2. 3.5% NO2, 3.4% CO , and 0.08% TNM.5

Thus , it seems that some NO-bearing compound other than NO2 was present i n
the incinerator tail gas at the time of sampling. For the purposes of estimating
emissions due to TNT production at VAA P , the excess NO2 detected was computed
to be in the form of TNM.6

While this explanation may be satisfactory for the analytical technique

alone , it certainly does not follow from the chemistry of TNM that this com-
pound could survive passage through the John Zink Incinerator. The TNM fed to
the incinerator is 86 lb/hr per unit.5 This totals 4140 lb/day for two units .
TNM should be compl etely decomposed in the incinerator. Using the rate constant
for its decomposition (k = 10163e -38,300/RT) given by Nazin ,14 its half life
in the recombustion chambers of the incinerator at 1600°F is 7 x l0~~ seconds .
At stack gas temperature (420°F), its half life is 4.3 seconds.

6.8.1.5 Nitration and Purification Fume Scrubber System, RAAP

Process Description

Unl i ke VAAP , RAAP plans not to process its nitration and purification
fumes in an AFR unit. Instead , RAA P will use a f i ve tower scru bbi ng system on
each TNT line . RAAP ’s three N&P lines will each have an independent fume
recovery system. This should impart greater flexibility for low capacity
production . (See Figure 6.B-9.)

RAAP ’s fume recovery system is designed to recover NO
~ 

and nitrobodies
through the use of three different types of scrubbing towers. The fumes from
the N&P Building will be collected and introduced to the bottom of a water-fed
bubble cap absorption tower. As the gases rise against the countercurrent flow
of water, the NO

~ 
will be absorbed to make the product 55 to 60 percent HNO3.

This weak nitric acid stream can be returned directly to the production lines
for consumption in the process.
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Two consecutive sulfuric acid towers are used to further scrub NOx from
the gas stream. The first tower is maintained at 75 percent H2S04 by tapping
more concentrated liquor from the second. The second tower Is maintained at 87

percent H2S04 by the addition of 92 to 98 percent H2S04 produced in the SAR . A
smal l stream of acid must be taken from the 75 percent tower to maintain
equil ibrium . This contaminated sulfuric acid is blended into the spent acid
recovery feed to recover the nitric acid.

At this point , the gas is essentially cleansed of NO
~ 

but still contains

nitrobodies . Two sellite towers will scrub these nitrobodies from the gas
stream by chemical reaction. Sellite makeup is balanced by tapping some
liquor from the first tower to either red water or sodium nitroform salt
treatment.

Emiss ions

The RAAP fume treatment units will both recover reactants and control
pollution . Although fume treatment was formerly pursued at RAA P, the old units
could not approach the effectiveness of the new design . Formerly, sulfur ic
acid and water were used to scrub the gases in packed towers. Present plans
include an efficient water-feed bubble cap tower for N0

~ 
control in addition to

the two sulfuric acid towers and two sellite towers. Pilot plant studies have
shown the sellite wash to be highly effective in controlling TNM .9 Each of the
three TNT lines will have a complete fume treatment system.

Sources, Controls, and Sampling Points--Although no pollutants originate
within the fume treatment unit , emissions do result from imperfect control of
the N&P fumes. The pollutants and exit points are noted below:

Appropriate Emissions
Source Control Measuring Points

NO released in the Waterfed bubbl e cap Exhaust from second
nitration process tower and sulfuric sellite tower

acid towers

TNM and other nitro- Sellite towers Exhaust from second
bodies formed in sellite tower
ni tration react ions
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Emissions Rates--The vol ume flow rate to the new fume treatment should be

about 1200 SCFM if the acid washer exhausts are routed in wi th the other N&P
fumes .9 NOx emissions are anticipated to be less than 200 ppm. Three units
(one for each TNT line) emitting 1200 SCFM each wi th an NO

~ 
concentration of

200 ppm would produce about 123 lb/day of NO - Control of TNM by the sellite
scrubbers should be almost complete.

6.8.1.6 Spent Acid Recovery (SAR), RAA P

Process Description

A SAR Plant is used to recycle was te ac ids from RAAP’ s TNT N&P lines . The
plant treats the rnonowaste acid streams from all three N&P lines . The spent
acid removed from the mononitrators is a weak mixture of nitric and sulfuric
acids. Separation of HNO~ and H2S04 must be performed wi thout emitting exces-
s ive NO

~ 
to the atmosphere.

‘The monowaste acid is tapped from the TNT lines and routed to spent acid
storage. Design rates of input to the SAR plant are shown in Table 6B-lO.

TABLE 6B-lO. DESIGN INPUT TO THE SAR PLANT RAAP

Compound 
- 
lb/hr @ 100% design capacity

H20 8196
H2S04 36272
HNOSO4 2068
HNO3 86

A stream from spent acid storage is piped to a steam-fed preheater to
prepare it for the separation process. The warm monowaste liquor is introduced
to the top of a denitration (or stripping) tower. Steam injected at the
bottom of the tower rises countercurrent to the falling liquid. The heat
causes the HNO3 and NO

~ 
to be evolved as vapors while the H2S04 and most of the

water fall to the bottom of the tower as a weak sulfuric acid stream. From the
bottom of the tower the weak (approximately 68 percent) H2S04 is passed to
coolers before delivery to the sulfuric acid regeneration plant.
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The nitric acid-water vapor mixture passes from the top of the denitration
tower to the cooler-condenser. Here, most of the stream is liquified to form
a 45 to 50 percent HNO3 stream that is returned to the N&P lines . Some of the
HNO3 and NOx do not condense but are collected by a Nash Compressor. Compression

to 20 to 40 psig greatly enhances the absorption that occurs in the subsequent
bubble cap tower. Presently, the fumes from the bubble cap tower are vented to
the atmosphere. Future plans include the pl acement of two sulfuric acid towers
in ser ies to remove NOx from the tail gas.

Emiss ions

The separa tion of the HNO3 and H2S04 in the denitration tower results in
appreciabl e NOR . Al though much of the NO

~ 
is absorbed -in the bubble cap tower,

some escapes to the atmosphere. Additional scrubbing may be incorporated in
future projects. This would consist of two sulfuric acid towers to absorb
additional NOx from the exit gases.

Appropriate Emissions
Source Control Measur ing Point

NO generated in the Absorption by bubble Exhaust from the bubble
De~itration Process ca p tower cap tower

6.B.l.7 Finishing and Packaging

Process Descr ipti on

The finishing and packaging unit receives TNT-laden water and produces dry
TNT in sealed and stamped cartons. The product of the N&P Building is a TNT-
water slurry that has been cleansed of acids and caustics. Before shipping,
the product must be dried , flaked , and boxed .

Finishing and packaging of TNT is a straightforward process wi th no
chemical reactions (Figure 6.B-l1). A water slurry of TNT (approximately 3 lbs
water per lb TNT) is piped from the purification facilities to the finishing
and packaging building. Dynamic separation allows much of the transfer water
to be returned to the N&P Building. The TNT from the separator still contains
about 1 percent water when stored in a hold tank. The hold tank feeds the TNT
drier where air is blown through the product to remove the remaining water.
Screening precedes solidification on a rotating water .cooled drum. Here, the
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sol id TNT is scraped into small flakes by a blade . The product then falls

into a lined box which is weighed , sealed, and stamped automatically. A

conveyor del ivers the packaged product to the loading area.
Fumes and dusts are generated during separation , storage , drying , and

sol idification. A blower draws these contaminants through a water-fed venturi
scrubber and into a separator. From the separator, “p ink water ” is drained to
a primary catch tank while the air is exhausted through the blower. In the
primary catch tank , gravity separation allows some of the water to be returned
to the venturi scrubber. The remaining pink water is passed through the
secondary catch tank and either routed to the N&P process or subjected to
evaporation concentration.

Emi ss ions

The major source of emissions from finishing and packaging is the exhaust
from the scrubbing system blower . The emissions consist of TNT fumes and
dusts generated in the drying and packaging operations .

Appropr iate Emi ss i ons
Source Control Measur ing Points

Separator Water-fed venturi Exhaust from the
Holding Tank 

- 
scrubber scrubber bl ower

Drier
Flaker Drum

Materials Flow--TNT-water slurry is fed to the separator at approximately
17,200 lb/hr (206.4 tons/day), the rate dictated by one N&P line. Packaged
TNT is produced at a rate of 4170 lb/hr (50 tons/day).

Emissions Rates--Although no chemical reactions occur in finishing and
packaging, some TNT is evolved In the drying and boxing procadure . Hauze
estimates that each dust scrubber exhausts 5 ppm of a 3000 ACFM flow.7 Th i s
implies that VAAP ’s six lines emit a total of 73 lb TNT/day. Similarly,
RAA P’s three lines would emit 36 lb TNT/day.
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6.B.l.8 Ammonia Oxidation Plants (AOf)

Process Descr ipti on

AOP ’s are responsible for the production of weak (60-65 percent) nitri c
acid from liquid ammonia and ambient air. The process is primarily dependent
on the catalytic oxidation of NH3 to NO followed by reac tion of NO to NO2 and
subsequent absor pti on by water to HNO3. Figure 6.B-l2 provides a flow diagram
for a typical AOP.

The raw materials for the AOP are anhydrous liquid ammonia and air. The
liquid ammonia is vaporized in a heat exchanger by 50 psig steam . Further
heating by 160 ps ig steam places the ammonia gas well into the superhea t regi on.
The gaseous ammonia stream mus t then be filtered to remove any contaminants
that might harm the catalyst.

Reac tion a ir must also be heated pr ior to mix ing w ith the superheated
ammonia. Ambient air is first fil tered and then compressed to about 134 psia
and 166°C. Further heating is achieved by passage through a heat exchanger
warmed with reaction gases from the converter. Before entering the converter ,

the a ir and va por ized ammonia are mixed to a uniform compos iti on of about 10
percent ammonia.

The production of (‘102 is a two-step process involving high and low tern-
perature reactions. NO is formed by conversion of NH3 over a platinum-rhodium
gauze catalyst that is maintained at about 923°C and 126 psig. The primary
reac tion

4NH 3 + 502 -
~ 4N0 + 6(120

is exothermic. The gases must then be cooled to encourage the formation of- NO2
by the reaction:

2N0 + 02 -
~ 2N02

Recovery of the reaction heat is essential to both the chemistry and the
economics of the process. The heat exchanger series uses the reaction heat to
make hot gas for the expander , to generate steam , and to preheat the Converter
a i r.
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The weak nitric acid is formed in an absorption tower by the reaction:

3N02 + H2O 
-

~ 2HN03 + NO.

Additional water may be added to control the acid strength . Additional air is
added to a id the convers ion of NO to NO2 .
Emi ss ions

The most significant emission from any ammonia oxidation plant is NOR .
The older p lants emi tted large amounts of NOx as an orange pl ume . Newer AOP
units and modified older plants have sharply reduced NOx emissions attributable
to weak HNO3 production .

VAAP has a new 383 ton wea k (~6O percent) HNO3/day AOP for use i n TNT
production . The apparent overcapacity (with respect to six continuous TNT
l ines) allows for the use of the older batch-process lines or the future instal-
la tion of additi onal cont inuous lines . A DuPont Catalyti c Combustor System i s
used for NO

~ 
Control .

RAAP has two older 50 to 55 ton/day AOP ’s and one new 375 ton/day AOP.
The older units in use have been modified to i ncorporated “extended absor pti on ”

in the form of additional bubble cap absorption towers. The new unit may use
a combustor or extended absorpti on for NO

~ 
control .

Sources, Controls , and Sampling Points--Although the units vary in size
and controls , the emissions type and origin are the same .

Appropr iate Emi ss ions
Source Control Measur i ng Po i nts

NO not absorbed to Gas-fired combustor Combustor exit or tail
ma*e HNO3 or extended absorption gas from last absorp-

tion tower

Emi ss ion Rates

No em i ss ions measurements are ava i lable for VAAP ’s AOP. Hauze es timates
that emissions from VAAP ’s new AOP would be 11 ,500 to 12,550 lb NO /day if
uncontrolled at capacity operation . Material balance calculations show an
exit gas rate of 37,740 cfm at 350°C containing 200 ppm NO2 .

5 This gives an
emissions rate of 611 lb/day .
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At RAAP , AOP producti on per TNT li ne i s greater because all nitri c ac id
originates in AOP’s. Si nce there is no DSN unit , strong (98 percent) HNO3 mus t
be made by concentrati ng weak (60 percent) HNO3 from the AOP . Three - TNT li nes
operating at 50 tons/day would requi re about 256 tons weak HNO3 per day.
Emissions of 845 lb NOR/day would result if the standard of 5.5 lb NOx/tori 100

percent HNO3 i s met. No measurements are ava i lable to confi rm thi s.

6.B.l.9 Nitric Acid Concentration/Sulfuric Acid Concentration (NAC/SAC ), RAA P

Process Descr ipti on

NAC/SAC units strengthen weak (60 percent) HNO3 from RAAP’s AOP ’s to
strong (98 percent) HNO3 for use in the latter nit ration stages . The HNO3
concentration side of the plant is similar to the denitration step in SAR . The

H2S04 concentration s ide of the p lant recycles sulfuric ac id for reuse i n the
NAC process. A general diagram of the plant appears in Figure 6.B-13.

NAC-—NAC utilizes sulfuric acids ’ high affinity for water to dry nitri c
acid. Weak nitric acid is preheated and introduced with strong (93 percent)

sulfu ric acid to the top of a packed tower maintained at a vacuum . The HNO3,
NO, and NO2 are evolved as gas and va por to be drawn from the top of the
tower. The sulfuric acid and most of the water are drained from the bottom.
Heating of the sulfuric acid liquor drives dissolved NO and NO2 into a gas
stream that is returned to the column . The weakened (60 percent) sulfuric acid
i s transferred to the SAC s ide of the plant.

Strong nitric acid is obtained by converting NO and NO2 to HNO3 before
condensing the product. The HNO3, NO, and NO2 gas stream from the packed tower
is first routed to a bleacher. Extess air is introduced to the bleacher to
promote ox idat ion of NO to NO2. As the gas stream passes through the conden-
ser , nitric acid vapors are liquified and collected . The liquid (98 percent)
HNO3 is returned to the bleacher before passing to storage. The gas stream
from the condenser still contains appreciabl e NO and NO2 whi ch must be removed
before release to the atmosphere.
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An absorption tower is used to remove most of the remaining NOx~ 
The gas

stream and additional air are introduced at the bottom of the tower to flow
countercurrent to a downfall of acid wash. The acid product is maintained at
65 percent HNO3. The tail gas contains some NO

~ 
and ac id mist. Exhaust to the

atmosphere occurs only after bl ending with gases from the SAC port ion of the
plant.

SAC——SAC is perhaps the simplest peripheral process in a munitions plant.
Weak sulfuric acid from the NAC unit is concentrated to strong sulfuric acid by
driving the water off with heat. The resulting strong sulfuric acid is re-
turned to the NAC unit for reuse . That is , the SAC unit rejects the water that
has been taken from the weak nitric acid. The sulfuric acid travels in a
closed loop between the NAC and SAC. Only a smal l stream of makeup H2S04 is
fed to the NAC/SAC .

Heat is used to drive the water from the weak H2S04. The weak sul furic
acid liquor is heated by steam in the concentrator. The water is evolved as a
vapor that is passed to the condenser. The strengthened sulfuric acid stream
is cooled and removed to storage before returning to the NAC . The water
evolved in the concentrators is condensed along with a small amount of acid and
released to an acid sewer. The portion of the stream that does not condense is
blended with the tall gas from the NAC section and vented to the atmosphere.

Tail Gas Treatment--The combined NAC and SAC tail gas will be low in SO~
and H2S04 mist but rn~y contain signifi cant N0~

. To avoid emitting the NOx to
the atmosphere, combustors will be fitted to the two additional NAC/SAC units
now planned . The combustors are designed to reduce NOx to N2. Retrofit to the
present new NAC/SAC unit is probable.

Emi ss ions

Due to the use of condensers in the SAC process, there is no apprec iab le
emiss ion of H2S04 mist. However, some of the NO and NO2 created in the NAC

— 

system will escape absorption and be released to the atmosphere .
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Sources, Controls, and Sampl i ng Points--There is a single exhaust stack
for all emissions . However, the sources and control s are dist inct.

Appropr iate Emissions
Source Control Measur ing Points

Uncondensed NO fumes Absorption and re- Exit from combustor
generated in t~e con- duc ing combustor
centrat ion tower

H2S04 mist Condensers Exit from combustor

SO~, generated by burning None Exit from combustor
in the combustor

Emission Rates--As yet, a combustor (for control of 
~
O
~

) has not been
installed on RAA P ’s present NAC/SAC unit. The emissions rates for the
NAC/SAC unit now in use are 9 lb/hr NOx and 7.0 l b/hr acid mist.

1° The rate
of production at the time of sampl ing was not sufficient to supply three TNT
l ines . Linear extrapolation (to the rate required to support three TNT lines )
indicates an emission rate of 13.5 lb/hr NO

~ 
(324 l b/day) and 10.5 lb/hr acid

mist (252 lb/day).

6.B.l.lO Direct Strong Nitric Acid Process (DSN), VAA P

Process Descr ipti on

The DSN process utilized at VAA P provides a means of producing strong
nitric acid without an intermediate weak nitric acid product. The DSN process,
li ke an AOP plant, oxidizes NH3 to NO before convers ion of NO to NO2. At
this point, however , the method differs . Rather than producing a weak HNO3
stream , the NO2 is used to produce the dimer N204. The N2O4 may then be
reacted wi th water and oxygen to form strong HNO3 directly. Fi gure 6.B-14
is a block diagram of the process.

Ammonia oxidation is performed in the same manner in both DSN and AOP
units. A precious metal alloy gauze is used to catalyze the reaction :

— 4NH3 + 502 ~ 4NO + 6H2O

This reaction is very rapid and has an efficiency of about 97 percent. The

rest of the NH3 is conver ted pr imarily to N2 .
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The convers ion of NO to NO2 resul ts from the simple reaction :

2NO + 02 -
~ 2N02

The gas stream must be taken to low temperatures to promote the reaction . A

short residence time is employed to minimize absorption of NO 2 in any con-
densate to form weak nitric acid. Weak nitric acid is considered a waste and
is to be avoided . Removal of the condensate is followed by a pressure increase
to accelerate the oxidation process. The oxidation of NO by oxygen is limi ted

to 95 percent by the tower volume. A final oxidation tower is then used to

convert remaini ng NO to NO2:

NO + 2HN03 -
~ 3NO2 + H20

Reaction efficiency is controlled by maintaining exit acid concentration at 75

percent HNO3.
The dimerization sequence is the distinguishing feature of the DSN Plant.

Maximum dimerization is essential to strong acid production . The product gas

from the final oxidation tower is introduced to a gas cooler to promote di-
merization . Lower temperatures sustain almost complete conversion to N2O4 by

the reaction:

2N02 -
~ N204

Absorption of the N204 is performed in a special absorber. The nitrous gases
(essen tially all N204) are absorbed in chilled strong acid. This strong nitric
acid becomes heavily l aden wi th dissolved N204 before transfer to the raw acid
tanks . The offgases from this absorption process are largely free of NO2 but

conta in a large amount of HNO3 vapors. These are controlled by scrubbing in a
final absorption tower. Weak nitric acid absorbs the fumes and is piped to the
N204 tank for water requ i rements.

The bl eaching towers are used to extract the N204 from the raw ac i d. Raw
acid consists of strong HNO3 with substantial dissolved N2O4. The bleac hi ng
tower consists of a stripping section , a rectifying section , and a reboiler .

The bl eaching tower separates the raw acid into strong nitric and N204 vapors .
The product acid is tapped from the bleaching towers for transfer to product
acid tanks . The N204 vapors are withdrawn from the bleaching towers for
transfer to the condensers. Condensed N2O4 liquid is the primary feed for the
reactors.
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Reactor production varies widely with the feed composition . A number
of reactions occur but the net result can be summarized by the equation:

2N 204 + 02 + 2H 20 -, 4HN03
An excess of N2O4 sharply increases the reaction rate. However, excess N204
requires more recycling through the system at added expense in steam and
refrigeration . The acid stream formed in the reactor contains large amounts

of dissolved N204 and must be returned to the bleachin g towers for separation.

Emiss ions

The primary source of emissions from the DSN process is the condenser

— vent for the fina l absorption tower. Non-condensables from the bleaching

tower condenser are fed into suction of the steam driven compressor feeding

the oxidation towers. Vapors from the reactor acid separators go to the

raw ac id tank , whi ch is i n turn vented to the N2O4 precondensers of the
bleaching tower.

Appropriate Emissions
Source - Control Measuring Point

Vent gases from the final Condenser Condenser vent
absorption tower

Materials Flow--The 340 ton/day 98 percent DSN is designed for the

following raw material rates (lb/hr): ammonia , 9044; oxygen, 6111; nitrogen ,
188; water , 45; a ir, 108,500. The corresponding nitric acid production is

28,000 lb/hr (98 percent HNO3).

Emission Rates--The rated capacity of the DSN Plant is 340 tons 98 percent
HNO3/day , VAAP ’ .J six continuous TNT lines demand only about 146 tons strong
HNO3/day, therefore operation is projected at capacity for 13 days/month.
Design material balances show 15.4 lb/hr NO and 4.1 lb/hr NO2, wh ich translates
to 469 lb/day NO R.
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6.B.l .ll Sulfuric Acid Regeneration (SAR)

Process Descr iption

The term SAR is appl ied to oleum plants that produce oleum and sulfuric
acid from a feed stock that consists , at least partially, of sulfuric acid. In
most SAR plants , the feed of weak (68 percent is common) sulfuric acid is
supplemented by liquid sulfur for makeup purposes .

To produce oleum and sul furic acid , an oleum plant must recei ve a gas
stream rich in SO2. Before entering the converter system, the dilute H2S04
and mol ten sulfur must be reacted to yield SO2. This is accomplished by
burning sulfuric acid and sulfur in a combustion furnace system. Here, the
sulfuric acid , sul fur , and fuel o il are mi xed with preheated a ir and burned to
provide 8.5 percent SO2. The fuel oil is necessary to maintain proper reaction
temperatures. The heat from the combustion reaction is partially recovered in
steam production . A waste heat boiler produces 550 psig steam which is routed
to another heat exc hanger to be superheated. The steam supplies the SAR and
provides an excess to be exported w the plant steam distribution system.

The moisture content of the ga~ -eam is critical for a number of rea-
sons. Any moisture content will lessen the mechanical strength of the catalyst
pellets. Moisture combined with SO3 will form H2S04 that can severely corrode
the var ious vessels and the main blower. Since all moisture present after the
SO3 is formed will be retained in the product, too much moi sture w ill lessen
oleum production in favor of sulfuric acid. The gas stream from the super-
heater is cleaned , cooled , and hum idified in a humidifying tower using 35
percent H2S04. The gases must be further cooled to reduce the moisture content
to oleum production l evels. The chilled gas coolers (supplied with chilled
water from a vacuum refrigeration system) operate at low temperatures to
condense excess water from the gas streaii~. The condensate combines with SO to
produce a 2 to 3 percent H2S04 liquor that is conveyed by an ac id sewer to
neutralization facilities-. A mist eliminator prevents condensates from con-
tinuing through the plant. A packed drying tower is employed to completely dry
the gas stream wi th 93 percent sulfuric acid liquor , sprayed against the
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rising gas stream. The purification , cool ing, and mo isture control occur on

the intake side of the acid plant blower. The converter and absorption towers

are on the discharge side. The bl ower is power ed by a steam turbine.

The converter-heat exchanger system must provide the ~~cper env i ronment
for the production of SO3. The catalytic converter uses vanadi um pentoxide to

produce SO3 by the simpl e reaction :

2S02 + 02 
-

~~ 2S03
Two dis tinct types of sulfur ic ac id p lant are use d i n TNT manufacture .
VAAP uses a single contact-single absorption (SC/SA) pl ant whereas RAAP employs

a double contact-double absorption (DC/DA) unit. The two configurations differ
in the arrangement of catalyst beds and heat exchangers with -respect to the gas
flow scheme. A brief description of the two plants will explain the differences.

6.B.l.12 VAAP’s SC/SA System

Process Description

SC/SA impl ies that no SO3 is removed from the gas stream (i.e., no ab-
sorption takes place) until all conversion is per-formed. At VAAP , the converter
has four catalyst beds wi th interstage cool ing between the beds . The conversion
attained in the reaction is ‘imited to the equilibrium value dictated by tem-
perature as wel l as the amount of SO3 present. External heat exchangers cool
the gases leaving the first and fourth beds by preheating the gas~s about to
enter the converter. Cooling coils installed inside the converter reduce the
temperature of the gases entering the third and fourth beds. The air , wa rmed
in these co i ls , is used in the burning of sulfur and fuel oil in the combustion
furnace . Conversion of SO2 to SO3 i s normally about 98 percent.

The SO3 generated in the converter must be absorbed to form oleum and acid
prod icts. Three absorption towers remove the SO3 from the gas stream. The

— 
- first tower produces 40 percent oleum and uses 20 percent oleum as makeup. A

second tower produces 20 percent oleum and uses 98 percent sulfuric acid as
makeup. The last tower produces 98 percent sulfuric acid by the reaction :
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SO3 + H20 H2S04
The makeup for the third tower is 93 percent sulfuric acid.

The gas stream may be further cl eaned by using the SO2 to produce
sel l ite. A sodium carbonate solution may be reacted with the SO2 to form a
useful product. The following three reactions allow the sellite mixture

of Na2SO3 and NaHSO3 to be formed from Na2CO3 and SO2:

SO2 + H2O + Na2CO3 -
~~ Na2SO3 + H2CO3

Na2CO3 + H2C03 -
~ 2NaHCO3

NaHCO3 + H2S03 NaHSO3 + H2C03

The resul ting sellite solution is used in the purification of TNT. A diagram

of VAA P ’s SC/SA plant appears in Figure 6.B—l5. Inputs to the plant are
shown in Table 6B-ll. Production rates are given In Table 6B-12.

TABLE 6B-ll. DESIGN ACID AND SULFUR INPUT TO THE VAA P
SAR PLANT11

Input tons/day @ 100% capacity

Sul fur 25
H2SO4 (100% basis) - 559

TABLE 6B-l 2. DESIGN PRODUCTION RATE FOR THE VAA P SAR 11

Product tons/day @ 100% capacity

H2S04 ( 100% basis) 580
Finished Sellite (16% 53
Na2SO3, 0.6% NaHSO3) 

-
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Emissions from VAAP ’s SC/SA Plant

Although there i s only one major emi ss ions point in VAA P ’s SAR Plant,
there are three signifi cant emission types: NOx~ 

SO2, and H2S04 mi st. The NO
~

results from the combust ion of sulfur ic ac id conta ining some HNO3. The SO2
emi ss ions refl ect incomplete convers ion of SO2 to SO3 in the catalytic reactor.
Ex it ing SO2 must also escape the sellite production scrubber. Acid mists
introduced in the absorption process are diminished through the use of mist
el iminators .

Sources, Control s, and Sampling Points--The point of origin of emissions
from the SAR Plant is noted below, together with controls and appropriate
points of measure .

Appropriate Emissions
Sources Control s Measur ing Points

NO resul ting from corn- None Exit stack from sellite
bu*tion of H2S04 conta ining tower
some HNO3
SO~, from incompl ete con- Sellite Tower Exi t stack from sellite
ve?’sion of SO2 to SO3 tower

H~,SOA mist generated in Mist Eliminators Exit stack from sellite
abso1~pt ion towers tower

Emissions Rates--The fol lowing data for the VAAP SAR unit were taken at
71.5 to 94.3 percent capacity operation .

TABLE 6B-13. EMISSIONS RATES FOR THE VAAP SAR PLANT’2

Ac id Product ion Emiss ions
Compound tons/day ppm lb/ton H2S04

NO2 546.8 352.5 4.05
SO2 414.6 244 5.06
H2S04 414.6 --- 1 .45 -
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Si nce the exit gas rate did not increase linearly as the acid production

rate, emissions were estimated from the average test gas flow of 36,766 SCFM as
shown in the following Table.

TABLE 6B-l4. PROJECTED EMISSIONS RATES FOR VAAP ’s SAR
PLANT AT CAPACITY

NO2 2259 lb/day
SO2 2176 lb/day
H2SO4 mist 599 lb/day

6.B.l.l3 RAAP’s DC/DA System

Process Descr 4ption

DC/DA implies that the convers ion process i s interrupted to remove (absor b )
the SO3 already formed. The gas stream contacts the catalyst , undergoes
absorption , contacts the catalyst again , and undergoes final absor tion. The
removal of SO3 in the first absor ption system allows the convers ion reac tion to
pass farther in the second catalyst contact than would otherwise be possible.
This permits higher overall conversion . At RAAP , the gas stream passes through
three of the four catalyst beds before undergoing intermediate absorption. A
pass through the fourth catalyst bed preceeds entry into the fi nal absorption
tower. Interstage cool i ng maintains the desired gas temperatures in each of
the beds .

Four pac ked towers are used to ca pture the SO3 produced i n the conve rter.
The SO3 generated in the f i rst three catalyst beds i s absorbed in a ser ies of
three absorption towers. The first tower produces 20 percent oleum and uses 98
percent H2S04 as makeup. The third tower produces 98 percent H2S04 from 93
percent H2S04 as makeup. The small amount of SO3 obtained from the fourth
catalyst bed i s absor bed in a second 98 percent H2SO4 tower.

RAAP buys sellite rather than produce it from the SAR tail gas . A diagram
of RAAP ’s DC/DA oleum production facility appears in Fi gure 6.B-16.
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Emi ss ions from RAAP ’s DC/CA Plant

Like the unit at VAAP , RAAP ’s SAR can emit NOR , SOx~ and H2SO4 mist.
Al though no sellite production occurs at RAAP , the DC/DA plant design has the
potential for lower SO2 emissions. The hi gher conversion efficiency of the
converter-absorption system impl ies that most SO2 becomes SO3 and finally acid.
The combustion process does generate some NO

~ 
which will be emitted along with

some H2S04 mist.

Sources, Control s, and Sampling Points--The point of origin of emissions
from RAA P ’ s SAR i s noted below , together with controls and appropriate points
of measure .

Appropr iate Emi ss ions
Sources Controls Measur ing Points

NO resul ting from None Ex i t stack from las t
co~bustion of H2SOA absorption tower
containi ng some HNO3
SO, from incomplete None Ex it stac k from last
cohvers ion of SO2 to SO3 absorption tower

H~,SOA mist generated in Mist Eliminators Exit stack from last
absoI~ption towers absorption tower

Emission Rates--Al though RAAP ’s old oleum plant had been tested for
emi ss ions , there are no data available for the new OC/DA SAR . However, the
new plant , at--startup, showed SO emissions to be 300 ppm and NO2 less than 200
ppm . An estimate by plant personnel places the exit gas volume at 30,000
SCFM. This implies the emission of 2145 lbs of SO2 and 1027 lbs of NO2 per
day.

6.B.l.14 Conclusions and Recommendations

The TNT process emissions inventory should be considered as preliminary
until further sampling and testing define the pollutants more adequately.
W ithout more data , the emi ss ions cannot be identified properly or the ir
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concentrati ons projected for assessmen t as was done for the RDX proce ss.
Although qualitative data are lacking , suspected non-EPA criteria pollutants

(bottom of Table 6B-l) have been included in the study of the air chemistry

(Section 6.B.2). However, no meteorological dispersion modeling was attempted.

Instead , this effort for the present study was concentrated on the RDX process,

whic h had more data and appeared to have more urgent problems .

Source sampling, of a single continuous process line (e.g., the computer-

control led line at NAAP, or one line at VAAP ) , should be conducted in depth to

provide data on the pollutants and the process parameters plus the condition of
the controls. The continuous TNT process has potential for minimiz ing emissions

onl y if the controls are properly functioning.
Further recommendations for TNT plants are in the Sec tion on inc ineration.

~1

~
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6.B.2 TNT PLANT ATMOSPHERIC CHEMISTRY

6.B.2.l Introduction and Definiti on of Terms

See Section 6.A.2.l Introduction and Definition of Terms.

6.B.2.2 Characteristics of Compounds Emitted in the TNT Process

Both VAA P and RPtAP manufacture TNT; however, the types and quantities

of compounds emitted from these plants are different. The emissions from VAA P

include (in order of decreasing mass rate as indicated in Table 6B-l): a

m i xture of nitrogen oxides (NO and NO2); sul fur diox ide (SO2); sulfuric ac id
mist (H2SO4); particulates; organic compounds such as methane , toluene ,
tetranitromethane (TNM), and nitrotoluenes ; and carbon monoxide (CO). In

contrast , the emissions from RAAP include (again , i n order of decreas ing mass
rate as Indicated in Table 6B-2): particulates , sul fur diox ide , nitrogen
oxides , nitric acid mist (HNO3), mono and di nitrotoluenes , and 2 ,4,6-trinitro-
toluene (TNT).

Ni trobodies (e.g., trinitrobenzene , i somers of TNT , nitrocresols , tn-

ni trobenzaldehyde, trinitrobenzoic acid , wh ite compounds , and ct-nitrotoluene)
present in the nitrators can be vented into the air when these nitrators are
dumped . Since these compounds only make up a smal l fraction of the nitrobodies
in the nitrator (< 3.0%), their properties have not been tabulated .’ It should

be mentioned , however , that the nitrocresols are highly toxic. Indeed 4,5-
dinitro—o-cresol , a compound whi ch i s used as an insec tic ide and herb i c ide, has
a reported acute oral l ethal dose of 10-50 mg/Kg (LD50(rat) 

= 10-50 mg/Kg) and
permissibl e threshol d level value of 0.2 mg/rn3. The para i somer, 3,5—d initro -

r--cresol , may be even more toxic wi th a lethal dose of 15-50 mg/kg ;* however ,
its threshold level value was not ava i lable in the literature .2

Properties of the Compounds Emitted During the Manufacture of TNT

Table 6B-15 summarizes some of the physical properties of the emissions
characteristic of the TNT process: the molecular weight , boiling point ,
melting point , density , vapor pressure , and UV-v isible characteristics of
each of the nineteen emitted compounds. For convenience , the compounds are

*Ref: Registry of Toxic Substances (NIOSH, USOHEW , 1976) sequence No.
GO 96000.
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listed according to type, I.e., compounds which contain only carbon , hydro-
gen, and oxygen (CO , CH4, and C7H8); compounds which contain either NO or NO2
substituents (NO, NO2, and RNO2); and compounds which contain sulfur (SO2 and
H2S04). Of these propert ies , the vapor pressure and UV-visib le character-
istics are probably most important in determining the reactivity of a compound

in the atmosphere as well as its ability to absorb light and form an excited

state from wh ich it may further react.
For the most part, the compounds included in Table 6B-l5 are not only

characteristic of the TNT process but are also comon emissions from other

manufacturing processes. These compounds include : carbon monoxide , methane ,

toluene , nitric oxide , nitrogen diox ide, nitric acid , sulfur dioxide , and
sulfur ic acid. Because these emissions are so comon , a great deal of
information about their properties and chemistry has accumulated in the

1Iterature .~
6”17 However , littl e is known of the properties of tetranitro-

methane and the nitrotoluenes and even less is known of their atmospheric

chemistry . Hence, a more thorough discussion of the properties of these
compounds w ill fol low.

It can be seen from the vapor pressures of tetranitromethane and the
nitrotoluenes that, of these compounds , TNM can achieve the greatest con-
centration in the atmosphere . It is expected that a portion of these mol ecules

* 12will absorb light within the wavelength region of 240-340 nm. ‘ From
electron paramagnetic resonance (e.p.r.) investigations of the photochemistry
of TNM, it is known that the molecule initially cl-eaves at one of the carbon-
nitrogen bonds to form nitrogen dioxide and the trinitromethyl radical :18

C(N02)4 + h’v -~~ NO2 + (NO2)3C. (1)

Alt hough the concentration of mononitrotoluenes (MNT) in the atmosphere
may not be as great as that of TNM , they may also have a photolytic ro l e i n
the chem i stry of the atmos phere above the TNT manufac turing installa tion. 

-

The UV-spectra of these compounds have been determined in 5 percent ethanol-
water solutions 13 and hexane)4 The mononitrotoluene i somers have the

*nm = nanometer , 10 ’9m 1 nm = 10 A.
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fol low ing Amex and absorption coefficients ( c ) :

Ama (nm) Amax (nm)

in EtO H/ H20 1/mole-cm in C6H12 1/mole-cm

2-MNT < 210.0 ? 212 and 252 8710 and 6630
3-MNT 242.0 16,580 210 and 258 9980 and 6960

4-tINT 265.0 14,400 208 and 234 9770 and 2380

Although maxima do not occur within the 290-800 nm region , the absorption
curves do extend into it. In hexane, these curves extend to 410 nm for 2-
ni trotoluene , 400 nm for 3-nitrotoluene , and 400 nm for 4-nitrotoluene .
Hence, the mononitrotoluenes are capable of absorbing liaht in the atmosphere

and undergoing photochemical reactions . Since data are not available on
the photochemistry of these compounds , the photochemistry of a similar

compound , nitrobenzene , will be considered . It is known that nitrobenzene
photolyzes to produce nitrosobenzene and oxygen atoms or nitrogen dioxide
and phenyl radicals: 9

~Q~NO2 +h v _—± ~~~~~~ö + o  (2)

NO2 + Q. (3)

>

Since the vapor pressures and, hence , the atrnsopheric concentrations of
the dinitrotoluenes (DNT) are low , these compounds are not expected to be of
concern in the atmosphere . Absorption spectra of the dinitrotoluenes are
s imi lar to those of the mononitrotoluenes . The Amax and absorption coefficients
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(s) for these isomers are shown below .14

3,4- 3 ,15- 2,5- 2,6- 2,4-
xmax (nm) in EtOH/H20 219.0 248.0 266.5 241.0 252.0

~ (1/mole-cm) 10,040 12,020 11 ,600 8,980 14,100

Simi lar to the spectra of the mononi trotoluenes , the absorption curve of the
spectrum of 2,4—dinitrotol uene [A mex (C6H12 ) = 234 nm Cc = 16 ,000 1/mole-cm)]

extends to 380 nm. Therefore, this isomer and , in all probability , the

other dinitrotoluene isomers absorb wi thin this region and are capable of
photochemical react ions in the atmosphere . 

-

Detection Methods of Compounds Emi tted During the Manufacture of TNT

Detection methods for the more common emissions have been recently
rev iewed ,19 and therefore , only detection methods for two emissions
to TNT manufactur ing w ill be rev iewed here , TNM and ni trotoluenes .

TNM can be detected by the color change that occurs when air containing
INtl is passed through a basic aqueous ethanol solution containing hydrazine
sulfate .2° The concentration of TNM is then determined spectrophotometrically
at 350 nm. A less cumbersome method , however , has been recently developed
which involves the measurement of frequency shifts of two piezoelectric sen-
sors coated with Hycar 4041 and Acryloid F-1O .2’1

Methods for detecting nitrotoluenes include : flame ionization ,22

electron ca pture ,23 biolum inescence , mass spec trometry, ion mobility ,24 and
infrared and ultraviolet spectroscopy.25 The sensitivity of electron-capture
gas chromatography is very high for organic compounds with nitro substituents

and very low for other organic compounds . This method can reportedly detect
monon itrotoluenes at the 0.014 ppm l evel . In comparison , gas chromatography
wi th a flame-ionization detector has a minimum detectable concentration
for nitrotoluenes of about I ppm .
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6.B.2.3 Atmospheric Transformations

The atmospheric transformations of the emissions of the TNT manu-
facturing process fall into two main categories: ground state reactions

(reactions which occur wi thout light) and light-induced reactions. Among
the reactions considered will be those which occur between a particul ar
pollutant and a compound normally present in the atmosphere as well as those
between two pollutants . Reactions which occur because of the presence of
light (290 < A < 800 nm) are excited state reactions and may be further
classified into those which directly occur because of light (A + h~ 

-~~ A*
-

~ products) and those which indirectly occur because of light (x + h’.’.~ 
-

~~

x*, x* + A -
~~ products). Known or potential secondary reactions will also

be considered .

Known or Potential Ground State Reactions

Ground state reactions which are likely to occur in the atmosphere above
the TNT plants are listed in Table 6B-l6. In addition to these reactions ,
their rate express ions , the conditions under which the rate expressions and
constants were determined, the rate constants at a particular temperature,
and the literature reference are also included . Those reactions in which one
of the reactants is a carbon-containing compound are listed first and are
followed by those in which one of the reactants is a nitrogen oxide or a sulfur
ox ide.

The role of each of the tabulated reactions is, of course , dependent on the
presence or absence of other reactive species and their absolute concentrations .
Over the course of a day , as concentrations change due to reaction , meteoro-
logical mixing, and the diurnal variation in solar intensity , the importance
of each reaction also changes. To assess the relative importance of any
reaction at a given time for a particular pollutant matrix requires the use
of computerized diffusion/kinetics models.

Based on the relative amounts of emissions given in Tables 6B-l and
6B-2, the rate constants given in Table 6B-l6 , and the results of models of
atmospheric chemistry ,17 the following reactions appear to be the most
important in the atmosphere above a TNT manufacturing facility : the reaction
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between nitric oxide and ozone (4); nitric oxide , ni trogen diox ide , and
water (8); nitric oxide and oxygen (5); nitric oxide and nitrogen trioxide (9);

nitrogen dioxide and ozone (12); nitrogen dioxide and nitrogen trioxide (13);

dinitrogen pentoxide and water (19);- sulfur dioxide and nitrogen dioxide (23);

sulfur trioxide and water (28); and the dissociation of dinitrogen pentoxide (18).

NO+ 03 
-

~~ NO2 +02 (4)

2N0 + 02 + 2N02 (5)

NO + NO2 + H20 2HONO (8)

NO + NO3 -
~~ 2N02 (9)

NO2 + 03 
-

~~ NO3 + 02 (12)

N02 +N03 + M  -
~~ N205 + M  (13)

N205 + H20 2HN03 (19)

SO3 + H2O 
-

~~ u2s04 (28)

N205 + M + NO2 + NO3 + M (18)

Reactions 1-3 , 6, 7, 10, 11 , 14-17, and 20-27 in Table 6B-16 are believed to
be less important.

In addition to the preceding reactions , nitrous acid can react with any
secondary amine in the a ir to fo rm a nitrosam ine:*~

37

R2NH + HONO -
~~ R2NNO + H20 k = 5.4 x IO~~ cm3/molecule-sec (29)

k = 8.0 x io
_2 

ppm~~min~

Al though formation of these species is quite slow , the concentration of N-
nitroso dimethylamine, for example , will build up at night. In light , how-
ever, both nitrous acid and nitrosamine will photodissociate . Hence , the
nitrosamine concentration will diminish during the dayl ight hours . Hal fl f ves
of 30 to 60 mm have been observed in ambient i rradiations conducted in Teflon

bags .~~~~
‘

*Rate constant is the constant for the formation of N-nitroso dimethylamine ,
that is , R = CH3.
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The reac tion between tetran i tromethane and a tertiary am i ne may a l so l ead
to the formation of a nitrosamine :38

CH3 
- CH3

R - N: + 02N-C (N02)3 + R - N - N = 0 + CH2O + H~ + (N02)3C
8 (30)

CH3
Since this reaction is only known to occur in the presence of

glac ial ace tic ac id or pyridine and at hi gh temperatures ,38’39 its importance
in the formation of nitrosamines in the atmosphere is doubtful .

It is believed that only secondary and tertiary ami nes form stabl e nitros-
amines . Primary amines may react wi th nitrous acid to form a nitrosami ne which
may then tautomerize to the diazohydroxide :4°

R

~~N - N = O  R . . N = N~~ OH (31)
/

H

This species decomposes in solution into nitrogen , a car bon i um ion , and
hydroxide ion:41

R - N = N - O H  -~ R~~+ N 2 +OH e

In the atmosphere it may similarly decompose into nitrogen , an alkyl radica l ,
and hydroxyl radical :

R - N = N - O H  R + N 2 +OH~ (32)

Investigations of the pyrolysis of nitrosami nes have shown that these same
radical species originate from the decomposition of diazohydroxide tautomer .
To date, there is no evidence as to the existence of the parent compound ,

H2NNO
Amines have not been identifi ed as pollutants in TNT produc ti on.

Known or Potential Excited State Reactions

Of the nineteen Identified compounds emitted from VAAP and/or RAAP , thirteen
absorb l ight within the 290-800 nm wavelength region. These photoacceptors are
nitrogen dioxide , nitric acid , tetranitromethane , the nitrotoluenes ’. and

sulfur dioxide; the secondary pollutants : nitrogen trioxide , dinitrogen-
pentoxide , nitrous acid , and ozone are also photoacceptors . For these
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compounds , the photolyses likely to occur in the atmosphere are listed in

Table 6B-l7. The majority of these photolyses result in the breaking of
bonds. For these reactions , the bond dissociation energies (kcal/mole),

the maximum wavelength necessary for the occurrence of bond dissociation ,

quantum yields (
~ = number of molecules decomposed or fo rmed per quantum

of absorbed light), and rate of product formation or decomposition (sec~~)
are given. The remaining photolyses only result in the formation of an
excited state species (A*). The known quantum yields or rates of product
formation or decomposi tion are also given for these reactions . Much informa-
t ion is ava i lable on the photocherni stry of gaseous nitrogen diox ide, nitrogen
trioxide , dinitrogen pentoxide , nit rous acid , nitric acid , and sulfur diox ide.
However , l i ttle is known of the photochemistry of TNM and nitrotoluenes .

Therefore , the photochemistry of these compounds in solution , the photo-
chemistry of model compounds , and the gas-phase decomposition of these
compounds have been considered to lend insight into the possible photochemistry
of these compounds in the atmosphere .

Nitrogen Dioxide

Light (hv) can affect nitrogen dioxide in two ways . At wavelengths
less than 390 nm (x < 390 nm), photodissociation can occur to yield nitric
oxide , NO, and ground state atomic oxygen , 0(3P):

NO -0 + h~(X < 390 nm) + NO # O(3P) (33-a)

In the atmosphere with a solar zenith angle of 400 (z = 4 00) ,  the rate constant
for the formation of nitric oxide and atomic oxygen is approximately 8 x 1O~~
sec’*’1 7 From thi s rate cons tant, the half-l ife of this reaction can be
calcula ted (t112 = 0.693/k). Therefore, in the absence of competing reactions
the half-l i fe of nitrogen dioxi de in the atmosphere would be approximately
90 sec.

Competing reactions , however , are important in dictating the behavior
of ii trogen dioxide in the atmosphere . In the absence of organic vapors ,
‘
~~~~~ atomic oxygen produced in nitrogen dioxide photolysis interacts wi th



— - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~ :~~ 
I .’-’

CI —
—I ‘ — C -

IC. ~~~~~~ I n I  ~~~~‘ C
I I ,,_, 1 0 1  1 - CI I  .4 1 II 0 5 -  0

U 0 1 In .5) - =3 C II C
‘0 5 . 3 I ~~~~~~~ UI — —

54 554 -1’II I.;— -~ -‘S
C I C Ie V I l  1~I — C —  C —

I,1 I — — —0.4 0. CI 0 04 IA IC
~~ IS’. — IC 45 45

5- 5)
C I’S 14 013 ‘0 II In . 55)

4 1 0 4 , 4 4  - . 0)
~~~~~C ‘ 0 5 -  5-~~~~~ -. 1  —

.0-
CI- —  In 10)

o 2 -I i.
.45 . 0 -

In 5514 4 5 5 -
U 01 -‘1

5- 41’ C’~..J I4’0 ‘0 0 —
I ‘ — II 

, I 5 5 5

- - — IA-
01— ID 0 ‘0/) L ID ID

1-04 - 0 5- CC . 5- 01
I- . — 55-3

I-

~~~~~ S
~ 3 0 5- 41 554 C l~~ 10) 5- C

- 
I — C 0 3’ ‘C 55. IC 5- 01 C 153

(I ’) - I ‘ VI I - I IA In 0) In 553 153 5-

Q
1
~ ~~~~~~~~~~~~~~~

I-I -

0 - 4 1
— - 3 —

~~~: Z~~~~ 01 553 —w
_ 

I . • • • • • ‘
- - 4.1 0) I C 01 01 01 5511 — C
- - 3 31.— 5- 5 In 41’ 5- 5- 0 —
-~ —

O I l

~~~~~
I r

- C

— 3
C_) 5 ‘0 C’. 01 .0- -- .14

— * - 0 0 0 0 0) 0
- 3 UI = — C -* 11. 01 - “. ~~‘ —Ij.J I 0. 5. 45’ IC IS-S II’. 155 4,’
I ~5 S . U I  - I I - I - I I

0 10 4.5 , 0 -~ 0 551

45’ 55. ~~~~ 0) 55.1 5514

< I  ~~~~
‘S’

_ I I -

E 
I

Lu I

L~~~~I
0 I I
i- il0 1

0
I \~~

(-0 1  -~~~~~~ 5 5 1 3 0  0) 0 ~
I I  ~“ — 0 5 - 1  * + —

5 i ~~~ ~~~
. 2 1 2 *

.4 5 5 00 * — 
45

S =~~~~~ 
_ _  .0-

+ 4 5 4 5  ~~~~~~~
+ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 1 I n I  . 0 1 4  55*4 5514
553 0) 

~~~~~~~~~

~ ~~~~~~~~~~~~~~~
- - ‘ i 0) C’’. 4,’ In I-C .0 — 1’— 5- -5- 0’I 0) 1” 0) 0) -0) ‘. 0) 0) 0) 0)

359

_____



_ _ _ _  - - -- - --- ~~45~~-~~- -~~— - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~

- I.

0- --. — =
55

- 0 ..I ~~~ .4 . I  0
I;

I X I*.. S~~ 44 5-

_ _ _  

~~~~~~~ !:~
L
I 

~45-~~~~3 u I ‘0 ‘C’ 153
I -  C O  CVI 0 0
- - ‘ 3 .5, 41’ 41’ 41’

IC 3’S. IA
1 4 1 C I 3  S V

I 5~~~~ -I- C
- ______ ____________________________________ 0-

C
3 — 0

— CI C. C, C. I’S
- UI — •5.. I~. 55-3

-~~ 0 —
U 45’.’ .. 10 5- 5-
0 01.-’

- ‘0 I A~~ .4 1
- 0 - I A C I I.. -

3 —
- C S.J ’- -

- 
IA

I 
I 3.

- — In 3’
I ‘3 ’  0
I *!.I C - CVI 553

CI CI 45 4 5 0-~4 5 5 ._ I  
‘C’ C’ IA

0 1 3 . 3  I - I I
I C I A J  0 55’ —
- 41.3~~~. — In IC ‘C’- ~~~<. I  551 SI-I

H

0

+ +
CVI 5-

I — 0 ‘C ’ O  41’
I 

~•~~
‘ 2 _

‘o 2 “
~0 =

* 5.5 + 5.5 0 0
0 , ~~

‘ \~~~~

0 

~~

0) 

~~~~~ ~~~~~~~~ 
~~ 

=
55,1 

— 
I~

U 
+ so C ~~ 

~~~~ 0

U~

360



—-- 4 5 -  
- —-

~~
--

~~~~~~~~
_-- - -- - - - - - - - -‘-—5 5 --— -- --

0-
HH 0 0 4 —

U

‘ I ~~~~~~~~
I i  x’-~~

11’.

0-
4 5 —

II’. I’.
*1 —CI 145

3 0 4  3 N 14)
*4 0  ‘0 551
0 - 0

5. ——3* 0. ‘0C’CI- ID

—‘‘0 5 4 1
CI 0- .”

-45 S . 3U  — 1’’. 0) 5- 145
C 3  II) 0) 145 s’~ II)

IC C’S... ‘C’ ~~‘ ‘C’ 5)

1 C J 0’  S V -/ V -,
-— CI 0. 0. 0. 0. 0.
UI — 41’ — — 4,’ —
41 ‘ ‘ ‘ ‘ ‘ ‘0— ‘0 10 ‘3 —

I C 1 0’ 0  In
I I I I -

0_ —  0
U

z —  - — 41’
0 ,, - CVI 5-

- l  —— - IC IC
3 . 4 3

0 . 5 . 1
VI -‘1

IC’

I’l 0)

0.
- ;  013 145 ‘.0)

I 55*4

+ *

C

I ~‘. CII

J I 
~

0)T 

~~~~~~~~~~~~~~~~~

CVI

~~A ; ~~~~~~

I 

~~~~~~~~ ~~~~~~~~~~~

361 -

LI  - - --- -‘~~~
- --‘*- - ------ --- — ,,— - - ~~~~~~- - *

_ _i__ __ _ .45 ___
~

_ _ __ __ _ 
- -



~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ‘

TABLE 6B-17. (cont’d) 
- -

- I P4CO. I (
~~~

‘ I - Pate ~~1

I Range of I Dis soc iatio n - Requi red ~UafltUli1 I FOrnlIi’I’I’. 01
I Ab sorpt ion Energy I for Bond I - Y i elds iIUI(Imt1?5 ’’..~..

No. Reactio n cn.ctrijn (or) (kca I/gele) Di~ socia tion ~ - T i P  rOllucts I - I -

oii -
0,N I I I

TNT * II , 11 _
I ‘0 Z21.I.23OR t  

‘dls 
. 1 . I0 ’~ 1 .04

I I - (125 3. 71 0 
I ’ 1 .

NC2 

- 2 —  
I

45-a Il 3 * I’ . 01 l’; c , ( - - s~ 25 . 4 ‘ H ‘ 1 451. 7~~ -~~ ~~~~~ 
I I i ” -

45~is ‘ 7~ lI~ ‘ 0( 3P(  0
2

( ’ si I 4~~f I 1.-k ‘ 1 - ‘i r- . 35010 I

45 —c C • II - ’ O ( ’  0) * T,C~~~ 1 I 
- 404 -

45— d O~ ‘ C - ‘ 0 ( 0) • 0,( Ig) 93.2 - 30b - i • 1 )~ f.f 3~~ i I ’

lb-a SO, 7-~~) • - SCI..’ 2 0 i) 3lO~4CI01’. ‘S0~ 
1055*

IS 

4 6 b  . so:1 A
t ) • 0. SO,,*) lB,) 240 .320 •

:s.c ept iCr I’AI ~fld the n’ .trotIsIIIenes , t ile bond di500 cia tiorl e l le r g Ies at  7 • 298’ P. ..ere calcu la te d us’ .IIO thn table o f co ern sc. l  tI.CflICSOYII4IIi1C ~ III i45 I  ~Cli
in Re fererce ~6 . il 93.

•a lues for the ma.iasa’.. wenelengu ’. neces sary fOr the occur rence of bond dIssociat i on were c a l c u l a t e d  ls’lflIi tile F’ l I lAtCOIIVt I lO . I’ll. ) ‘ I 1,’ -
*11Cm 0 • bond dis ~~Oc ie t ion  energy il l ccal ,nai l e .

~~0r rea ction nljeers 33-a , 33- b,34 . 36-a , 37-e , and 45—a . the rote of pro duct fOrmatIOn is giv en. For react ion IIIaIOers i1~— v . 4~~-a , ail~ 44 . t I , i  a i m
cli RI -uduct IICCOIIIUOS1t1O0 IS 4 inen. A c oalplete listing of —eact ion s And rate ConS tOn tS Carl be ?Oufld in A ppeodlo 1

4 Tne absorp tion s pectr un of nitrogen d iw o ide can be found In Reference 42.
Ref e rence 26.

Re ference IT .

IT , n atlsurption ep:trsu-I  of tn is  n itrogen oxide froo Reference 49.
T i n  ,Il-, ,Sls ie sDectrsInI of Ilitrolls acid was obrained Y r CIo Reference I C .  Salues for t i e  h yd rOoyl rad ’ .coi 03.551.1.15 y V I 4 I -  ,.1IQ r4 : n  of deI.OIIIP1UI,iiIVI
,,nre .sso obtained fri*i Reference 10.

TIIC Ll, S ’ ti bie silectrIsol 0 nit ’ic acid was ob taine o fr31, Reference 1 1 .
4TY.e qIlantulsI j ie ld , s rn, . for tee nitr ic ac Id photol y s is was Obtaine d fros. Reference 44 .

UY- v i s  spActrIal’. c f  TIll was found In Re ference 12.

See Re ferenc e 41. f o r tOe ca1culat tO ~ of tile TIll bond dissoc iation energy .
°110e U i - as s  Stlectrlrs of this nitrotoluene in f ro’. Rc erenca 13.
II. i~C .III.II tIIAI yieIIi for the disappeara nce of the nitrotoluene at • 253. 7 nr~ is  f rns’i Re ference 4 6 .

°‘Th. rate of product oeccalpos lt lon for this nitrot oluen e is free Reference 47 . The k~p was determ ined in et isa n ol OI s l , e r t

Referenc e CR.. Tn. Bond di ns ociation energies for tile d inltrotoluefles are ir, fact the b3nd di ss ocIatIo n energie s fo , 1.1155 4 . L l~55 5 I- .  , 4 I r 1 1  ~~l , . I t I u -

tle nzenes - I t It  assanled tha t the value of tile bond diss O ciot iO n energies for the d i n t t ro t o )u e nes  Ill11 be c l o s e  to tilotC • .4 r  Ire  J i I I I t r cbn I -2 . I Ic l - .
t i i 1~ Sn. tOOl disbo c la t io n energies of the nitrotoluenes are clos e to that of nitrOR. en tefle.

for t is i t  nitrotolu ene ris obtained fror Referenc e 14.

rat e of produc t detu psot~on was f ound I n  Reference 49~
lIe l’ / , I l  s lIectru IlI of 2,4-dinltrotolia ene was obta Ined froe Reference i t .

t. ac~..orp tio e spectranl of TNT wail obta ined from Reference 46.
~Tre rate of produc t decCIII p OtI tiO n for thiS psiotol ysl i l  Is from Refe rence 50
‘‘.Rc UV —vi s ib l e  spectrula of ozone is ftc. Reference 9-
°i,eis Reference SI for tile ab sorptIo n upectri,’. of sulfur dioulde . Tile quen tuol y ield fo r t O i l  p ’ i o tO lvs i1 .  can a lso be fowlo Ii this Reference.
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atmospheric molecular oxygen to generate small concentrations of ozone. The
following are the major reactions that occur under these conditions ,

NO2 + hv NO + O( 3P) (33—a )

03 +02 +M  -
~~ 03 +M  (47)

03 + NO NO2 + 02 (4)

This sequence is represented below as a cycle. The condition under which the
photolysis of nitrogen dioxide balances the nitric oxide oxidation by ozone
is known as a photostationary state (PSS). tinder the PSS assumption, the
followin g equation may be written.

k33a 
= 

[NO][033

k4 [No2]

~~~~~~~~~~~~~~~~ NO ~~~~~~2

O2 , ~~~ - 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Near the equi nox , a k33_a value representative of the 4-hour period
encompassing solar noon at Research Triangle Park , North Carol ina would be
approxImately 8 x 1O 3sec ’

~~. Table 6B-18 shows the ozone levels calculated
from the PSS assumption for an atmosphere initi ally contaminated by various
levels of only nitrogen dioxide and at a light intensity equal to 8 x 10 3sec 1 .
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TABLE 6B-18. OZONE LEVELS CALUCALTED FOR PSS FOR AN IRRADIATED (k = 8 x
10 sec ) ORGANIC-FREE ATMOSPHERE INITIALLY CONTAMINATED BY
VARIOUS LEVELS OF NO2

Init ial [NO2], ppm [03)1 ppm

2.74 0.2135
0.40 0.0764
0.25 0.0588
0.10 0.0344
0.05 0.0223
0.025 0.0141
0.010 0.0072
0.005 0.0041
0.0025 0.0023

Thus , for an organic-free atmosphere , slightly less than 0.4 ppm of NO2 would
be required to generate the oxidant standard concentration (0.08 ppm), an-i
almost insignificant quantities of ozone would result from initial nitrogen
dioxide levels below 0.1 ppm .

At wavelengths greater than 390 nm , photodissociation cannot occur and
light only serves to activate nitrogen dioxide into an excited state:*

NO2 + hv (X > 390 nm) -~ (33-b)

This exc i ted N02* species can then transfer its excess energy to another
species present in the atmosphere . To date several quenching studies have
been conducted on this excited state species. Transfer of energy to nitrogen
dioxide , carbon dioxide , or oxygen may only result in the formation of ground
state nitrogen dloxide :

’
~
7’52

*Al though wavelengths of light above 390 nm are not energetic enough to produce
nitric oxide and atomic oxygen from ground state nitrogen dioxide , excited
state nitrogen dixoide (N02*) can photodissociate at wavelengths up to 430

nm.
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P402* + NO2 
-
~~ 2N02 k = 9.8 x io ”12 cm3/molecule-sec (48-a)

P402* + CO2 NO2 + CO2 k = 8.8 x io~~
2 cm3/molecule-sec (49)

P402* + 02 ~‘ NO2 + °2 (50-a)

In addition to the formation of ground state nitrogen dioxide , the transfer of
energy to nitrogen dioxide , carbon monoxide , and oxygen also may result in
further photochemistry . The excited state nitrogen dioxide species can react
with a molecule of ground state nitrogen dioxide to form nitric oxide and
oxygen,52 it can react wi th carbon monoxide to form nitric oxide and carbon
dioxide ,53 or it can react with ground state mol ecular oxygen (triplet oxygen)
to form nitrogen dioxide and singlet oxygen .17

N02* + NO 2 -
~~ 2NO + °2 o 

= 0.0055 (x450) (48-b)
2

k = 4.2 x lO~~ cm3/molecule-sec

P402* + CO -
~ NO + CO2 k = 2.2 x io

_16 cm3/molecu ’ie—sec (51)

P402* + 02 ( z ~~ “~ + 02(zg) o (Sd) 0.04 (x400) (50-b)
2

k 1.15 x lO _14 sec ”
~

Al though these reac tions are poss ib le , they are not very efficIent. The
quantum yields for the reactions of the excited state nitrogen dioxide species
wi th ground state nitrogen dioxide and oxygen are low . Onl y 0.55 percent of
the excited nitrogen dioxide species react with ground state nitrogen dioxide
to form nitric oxide . Similarly, only 4 percent of these exc i ted species

react with ground state molecular oxygen to form exci ted state oxygen.

Nitrogen Trioxide and Dinitrogen Pentoxide

At wavelenghts below 567 nm, nitrogen trioxide is known only to photo-
dissociate into nitrogen dioxide and ground state atomic oxygen:26

NO3 + hv(X < 567) -~ NO2 + O( 3P) (34)

Depending on the wavelength of light absorbed , the half-life of NO3 In the
atmosphere is 16 to 26.6 sec. Hence, it appears that any nitrogen trioxide
formed in the atmosphere nay quickly photodissociate into nitrogen dioxide
and atomic oxygen.
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In contrast, the photolysis of dinitrogen pentoxide is not important
in the chemistry of the atmosphere because the amount of light absorbed by
this species is small. The products formed in this photolysis are nitrogen
diox ide , nitrogen tr iox ide, and atom ic oxygen: 17

N2O5 + hv (A < 1290) -p NO2 + NO3 (35-a)

N205 + hv(A 394) -p 2N02 + 0( 3P) (35-b)

Nitrous and Nitric Acids

Two photodissociation mechanisms are possible in the photochemistry of
nitrous acid.’° Bond breaking can occur either between the oxygen and nitro-
gen atoms to produce hydroxyl radi cals and ni tr ic ox ide or between the hydroaen
and oxygen atoms to produce atomi c hydrogen and nitrogen dioxide :

HO - NO + hv(X < 574) — HO + NO (36-a )

H - ONO + h~(x < 362) H + NO2 (36-b)

The -eported quantum yield in Table 6B-l7 shows the first route to be
more important. From the rate of formation of hydroxyl radicals (k 2.5 x
lO ”
~ sec~~), the half-life of nitrous acid In sunlight ( z  = 3Q0) will be

approximately 280 sec.
The photochemistry of nitric acid is somewhat similar to that of nitrous

acid , in that numerous photodissociation mechanisms are poss1b1e .1
~ Photo-

dissociation may result in the formation of hydroxyl radicals and nitrogen
dioxide , nitrous acid and ground state atomic oxygen [O(3P)], hydrogen atoms
and nitrogen trioxide , or ni trous acid and excited state atomic oxygen
[O( ‘D)]:

HO - P402 + h~(x < 578) ‘— HO + NO2 (37-a)

HNO 2 - 0 + hv( X  < 393) -p HNO2 + O( 3P) (37-b )

H - ONO 2 + hv (X < 283) -~ H + NO3 (37—c )

HNO2 -0 + h~ (~ < 242) HNO2 + 0(’D) (37-d )
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Also l ike nitrous acid , only one mechanism is important in describing the
photochemistry of nitric acid. At wavelengths below 325 nm , nitri c acid
photodissociates to form hydroxyl radicals and nitrogen dioxide .44 However ,
unl i ke ni trous ac id, the rate of formation of hydroxyl radicals is much slower.
As a resul t of this slow rate of hydroxyl radical formation, the half-life of
nitric acid is quite long (t112 

= 55.5 hours).17

Tetranitromethane

In contrast to the photochemi stry of the preced ing spec ies , little is
known about the photochemistry of tetranitromethane . At 77°K, using a high-

pressure mercury lamp , the molecule inital ly photodissociates to form a tn-
nitromethyl radical and nitrogen dioxide :18

(N02)3C - NO2 + hv(A < 728) -p (N02)3C’ + NO2 (38)

If TNM is photolyzed to 100 percent decomposition , nitrogen, nitrogen dioxide ,
nitric oxide , carbon monoxide , and carbon dioxide are formed, with nitrogen
dioxide as the major product. After the initial bond breaking step, the mechanism
of this photodissociation is mere speculation . However, an idea of the photo-
chemistry of this compound may be obtained from studies of its gas-phase decom-
position . From the rate of decomposition of TNM at temperatures between 86-
177°C , it is deduced that cleavage of a carbon-nitrogen bond is also the
initial step in the gas-phase decomposition of this compound .54 The rate of
decomposition was found to be unaffected by a six-fold excess of nitric oxide ,

nitrogen dioxide , iodine , cyclohexane , and argon . As in the photolysis of TNM ,
ni trogen, nitric oxide , nitrogen diox ide, carbon monox ide, and carbon dioxide
are also formed in the gas-phase decomposition .55 In add i tion to the previously
mentioned products, ICN is also produced when TNM is decomposed in the presence
of iodine . Therefore, the CN radical may be formed during the gas-phase decom-
position as well as in the photochemical decomposition of TNM .
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Ni trotoluenes

Since little is known of the photochemistry of the nitrotoluenes in the
gas phase , analogies must be drawn from what is known of the solution photo-
chemistry of this group of compounds or from what is known of the vapor
phase photoc hemi stry of model compounds , for examp le , ni trobenzene. Recently,
Sandus and Sla gg46 studied the photochemistry of nitrobenzene , 1 ,3-di-nitro -
benzene, 2—n i trotoluene , 3—nitrotoluene , 4-n itrotoluene , 2,4-dinitrotoluene ,
and TNT in nonpolar solvents (heptane and cyclohexane). At a wavelength of
253.7 nm , photolysis of these species exhibited disappearance quantum yields
of l0’~ . Al though products are formed, these photolyti c reac tions are not
very efficient. In the photolysis of a particular aromatic nitrocompound ,
the corresponding nitrosobenzene or toluene and nitrophenol are formed

(reaction 39-c in Table 6B—l8). In the photolysis of 2-nitrotol uene, 2-n itro-
sotoluene i s formed i n the greates t yiel d .

An additional reaction pathway is possible for the nitrotoluene in which
the methyl and nitro groups are ortho to each other. These nitrotoluenes are
photochrom ic , that is these compounds are colorless in the dark and become
colored in light. In the presence of light , these colo rless nitrotoluenes
rearrange to form the colored ac i i somer , via the following mechanism:46’47’49’5°

H3 0 light H2C OH
+ hv 

dark Nc

ad - isomer

The fading reaction for several of the ad isomers has been investigated ;
rate constants for these reactions are presented in Table 6B-l7. It is
bel ieved that this aci species will be present in the atmosphere; however , its

role in atmospheric chemi stry is unknown . Since it does absorb light , the
species is capable of photochemistry. It may also react with other species

present in the atmosphere.
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The vapor phase photochemistry of nitrobenzene has been studied at

wavelengths of 253.7 and 260 nm. In the photolysis at x = 260 nm , Hastings

and Matsen56 found that nitrosobenzene and ~-ni trophenol were the major pro-
ducts formed . The authors suggested the following mechanism to describe

the formation of these products :

C6H5N02 + hv -
~ C6H5NO + 0

0 + C6H5N02 -p p-HOC6H4NO2

However , Grovens te in and Mosher 57 found that the photolysis at ~ 253.7 nm ,
in a helium atmosphere yielded nitrosobenzene (28%), phenol (51%), and nitro-

phenols (4% 2-, 1% 3-, and 16% 4-N02C~H40H). The ratios of nitrophenol
photoproduct i somers were similar to those found in the oxidation of nitro-

benzene with atomic oxygen.
From the previous information , two potential photochemical mechanisms

are proposed for the nitrotoluenes which do not have methyl adjacent to
nitro groups (3-nitrotoluene , 4—n itrotol uene, 3,4-dinitrotoluene , and 3,5-di-
nitrotoluene). Absorption of light by the nitrotoluenes may result in the
cleavage of the nitrogen-oxygen bond to form the nitrosotoluene and atomic
oxygen :

~~~~~~NO2 

+ hv 

NO 
+ O( 3P) (A)

An alternative mechanism involves the cleavage of the carbon-nitrogen bond

to form subs tituted phenyl radical and nitrogen diox ide:

CH CH 
—

NO2 

+ liv -p + NO2 (B)
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For the nitrotoluenes with adjacent methyl and nitro groups (2-nitrotoluene ,

2,5—dinitrotoluene , 2,6-dinitrotoluene , 2,4-dinitrotoluene , and 2 ,4,6-trinitro-
toluene), an alternative mechanism is proposed in which the absorption of

li ght may result in the formation of the ad isomer:

1
~3 1H2 ~~OH

- 
+ liv (C)

The aci isomer is probably more reactive than its parent isomer. It absorbs

light in the visible region and is , therefore , capable of photochemistry as

well as reaction with other molecules such as ozone . The high reactivity

of this isomer will drive Mechanism C towards completion and the formation

of more ac i i somer .
From the data available in the literature , it appears that Mechanism A

is the most important in describing the photochemistry of the nitrotoluenes .

However , Mechan i sm B may also occur in the atmosphere s i nce the wavelen gths
wh ich are absor bed by the nitrotoluenes are energeti c enough to cleave the
carbon-nitrogen bond (see Tabl e 6B-l7). Mechanism C may also be an important
pathway in the photochemistry of some of the nitrotoluenes . However , it
should be remembered that even at 253.7 nm , the number of nitrotoluene molecules
absorbing light was not very great (~ 

= i0~~) and in the 290-800 nm region

it will be less. This fact, compounded with the fact that the nitrotoluenes

generally have low vapor pressures under standard conditions , suggest that

the photochemistry of the nitrotoluenes exerts a minor role in the chemistry

of the atmosphere above TNT installations .

Ozone

The products formed in the photolysis of ozone are wavelength dependent.
Based on the bond dissociation energies (see Table 6B-17), ground state atomic
oxygen and either ground or excited state molecular oxygen can form from the
absorption of light within the 450-700 nm wavelength region . However , the
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quantum yields given in Table 6B-l7 for the photodissociation of ozone indicate
that most of the light absorbed within this region leads to the formation of
ground state atomic oxygen and ground state molecular oxygen (reaction 45-a).

The more energetic products can form from the absorption of light within
the 200-350 nm region . From the quantum yields for reactions 45-b, 45-c , and
45-d , in Table 6B—1 7, it can be seen that the ozone preferentially photo -
dissociates into ground state atomic oxygen and excited state molecular oxygen
between wavelengths of 310 and 350 nm and exci ted state atomic oxygen and
exc ited state molecular oxygen between 250 and 310 nm.

Rate cons tants were es timated for the formation of ground state atomi c
- oxygne , excited state atomic oxygen , and excited state molecular oxygen from the
photolysis of ozone in sunlight (z = 40°). The rate expressions for the
formation of these products from the photolysis of ozone are given below .17

- d[O(~ P)] 3.5 x 1O~~ [03] sec~

d[0L~D)] 5.7 x 10~~ [0 ] sec~dt

d[O2(’t~ )] 7.2 x l0~~ [O~] sec
dt

Sulfur Dioxide

Within the 290-800 nm region , the photolysis of sulfur dioxide can only
result in the formation of excited state species . The bond dissociation energy
for SO2 SO + 0(3P) i s 131 .993 kcal /mole , and for bond dissoc iation to occur ,
a wavelength of 216 nm or less is required . In the 370-400 nm region , the
absorption of light resul ts in the formation of an excited triplet state
species and in the 240-320 nm region , both excited triplet and singlet state
speci es may be formed:5’

S02(’A 1) + hv (X370-400) -p S02*(
3B1 ) (46-a)

S02( A 1 ) + hv(X240-320) — SO2*(
1B1~ (46-b)
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These excited state species can then react with ground state sulfur dioxide
to form sulfur trioxide and sulfur oxide or decompose into a less energetic

species :58

s02*(
3B1 ) + S02(

1A1) 
-

~~ SO3 + SO( 3z1 k = 7 x lO~~
4cm3/molecu1e-sec (52)

s02*(
181) + so2OA 1 ) SO3 + SO(~z) k = 3.7 x 1O~~

2cm3/mo1ecule-sec (53-a)

S02*( 1B1 ) + S02(
1A1) 

-~~ S02*( 3B1) + S020A 1 ) k 
= 3.0 x io~~

2 (53-b)
cm3/molecul e-sec

s02*(~B1 ) -* S02 (1A 1) + hv k = 8.8 x io14 sec~ (54-a )

S02*(
3B1 ) k = 2 x lO~ sec~ (54-b )

S02*( 3B1) S020A 1) + hv k = 1.4 x io2 sec~ (55-a )

-
~~ SO2 k = 1.3 x io2 sec~ (55-b)

S02*( 3B1) + M SO2 + M (M = N2,CO) k = 1.4 x io 13 (55-c )
cm3/mo lecule-sec

The sulfur oxide formed can further react with itself to form sulfur dioxide
and sul fur or with sulfur trioxide to form two equivalents of sulfur dioxide:51

2S0 SO2 + S k = 8.3 x lO~~
6cm3/molecule-sec (56)

SO + SO3 2S02 k = 2.0 x 10~~
5cm3/mo1ecule-sec (57)

Known or Potential Secondary Reactions

In the two previous sections , the known and potential ground state and
excited state reactions of compounds emitted during the production of TNT were
discussed . These reactions will produce other species in the atmosphere:
atomic oxygen •at two different energy levels , molecular oxygen , ozone , hydroxyl
radicals , carbon dioxide , substituted phenyl radicals , nitrogen trioxide ,
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dinitrogen pentoxide , nitrous acid , tr i nitromethyl radicals , ac i i somers
of the ni trotoluenes , nitrosotoluenes , sul fur ox ide, sulfur triox i de, and of
course , water. These newly formed species , some of wh ich are highly reactive ,

may combine wi th each other or with emitted compounds . The known or potential
reactions which may occur between these reactive species and the compounds
originally emitted are listed in Table 68-19. For the known reactions , the
rate expression , conditions under which the rate expressions and constants

were determined , the rate cons tants at a part icular temperature , and the
l iterature reference are also shown. For potential reactions for which the

rate cons tants are not ava i lable , the heat of format ion or the rate cons tant
of an analogous reaction involving a similar compound is reported , as
ev idence of feas ibility.

Car bon Monox ide

Compared to the ground state reactions , the reactions between an emitted
compound and a particular reactive species are generally much faster and , as
a result, of more importance to the chemistry of this atmosphere. For
example, carbon monox ide , a species which reacts slowly with ozone and is
unreactive to light at these wavel engths , reacts rapidly with hydroxyl radicals

to form atomic hydrogen and the relatively unreactive species , ca rbon
diox ide.59 The atomic hydrogen then reacts quickly with spec ies present in
the atmosphere. A dominant reaction is that between atomic hydrogen and
molecular oxygen to yield hydroperoxy radicals:17

H + 02 + M HO2 + M CM = 02, N2) k = 4.67 x lO 32cm6/molecule~sec (89)

It has been noted in both smog chamber and comouter simu l ation studies17

that the presence 0f small amounts of carbon monoxide in a moist , NO
~
_polluted 1

and hydrocarbon-free atmosphere enhances the reactivity of the system. This
increased reactivity is evidenced by increased concentrations of nitrogen
dioxide , ozone , and atomic oxygen and by the formation of hydrogen peroxi de.
The increase of nitrogen di oxide and ozone concentrations is the direct result
of the presence of the carbon monoxide , the formation of the hydroperoxy radi-
cal , and the subsequent oxidation of nitic oxide to nitrogen dioxide :26
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NO + HO2 -.~ NO2 + OH (66-a )

The newly fo rmed hydroxyl radical will eventually react wi th a species present
in the atmosphere, conceivably with another carbon monoxide molecule to repeat
the cycle of reac tions 58, 89, and 66-a)7

Methane

Al though methane has an insignificant role in the photochemistry of
polluted atmoso heres , it exerts a substantial effect on the chemi stry of the
global troposphere. Many of the radical-mediated oxidation steps of methane

also occur in the oxidation of nonmethane hydrocarbons. These reactions are

therefore incl uded as background to aid the understanding of nonmethane hydro-
carbon oxidation chemistry.

Methane can react with atomic oxygen or hydroxyl radicals to form methyl
0 

radicals.26’59 The dominant reaction in the atmosphere will be with hydroxyl
radicals.

CM4 + O(3P) CH3 + OH (60)

CM4 + OH -* CM3 + H20 (61 )

k The methyl radical may then be oxidized by molecular oxygen ,11 atomic oxygen ,72
-

‘ ozone ,73 and nitrogen dioxide:26

CM3 + 02 CH302 (M = N2) k = 1.2 x lO~~
2cm3/mo1ecule-sec (90)

• CH3 + O( 3P) CH2O + H k = 1.2 x lO~~°cm3/molecule-sec (91)

CH3 + 03 H2CO + H + 02 k = 1.6 x lO~~
3cm3/molecule-sec (92)

CH3 + NO2 CH3O + NO k = 3.3 x lO~~
1cm3/molecule-sec (93)

Because the concentration of molecular oxygen is much greater than that of the
other spec ies , the methyl radical will react primarily with it to form the
methyl peroxy radical (CH202). This radical may then react with ozone,73
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hydroperoxy radicals,26 methyl peroxy radicals ,72 nitric oxide ,74 and nit rogen
dioxide .74 In the atmosphere the reaction wi th nitric oxide is expected to
dominate :

CH302 + 03 
-

~~ k = 2.4 x lO~~
7cm3/molecule-sec (94)

CH302 + HO2 -
~~ CH3O2H + 02 k = 6.7 x l0~~

4cm3/molecu1e-sec (95)

CH302 + CH302 2CH30 + 02 k = 1.6 x lO~~
3cm3/molecu1e-sec (96-a )

-
~~ CH OH + CH O +O (96-b)

k = 3.05 x lO cm /molecule-sec
-

~~ CH3O2CH3 + 02 (96-c)

CH302 + NO -
~~ CH3O + NO2 k = 1.2 x lO’12cm3/molecule-sec (97)

• CH302 + NO2 -
~~ CH3O2NO2 k 1.2 x lO~~

2cm3/mo1ecule-sec (98-a)

-~ CH2O + MONO2 (98-b)

The major product in the decomposition reactions of the methyl peroxy radical
appears to be the methoxy radical (CH3O). Other products include oxygen ,
methanol , formaldehyde, nitrogen dioxide , nitric ac id, and three peroxide
spec ies (CH3O2H, CH3O2CH3, and CH3O2NO2). These peroxide species may not be
stable in the atmosphere and may decompose photochemically as does the analogue
hydrogen peroxide: 17

H202 + hv(A<370) -
~~ 2H0 k = 2.5 x 1O~~ sec (z = 4Q0 ) (99)

They may also thermally decompose. At 391°K, the rate constant for the thermal
decomposition of dimethyl peroxide is S x io l5 sec~ (t1112 

= 1.4 x 1O~~
6sec). 75

In addition to photochemical and thermal decomposition , the peroxide
species may also decompose by reacting with another molecul ar species present
in the atmosphere. The CH302N02 species is known to react rapidl y wi th
nitrogen oxides to form methyl nitrite and methyl nitrate .76

378 

- - • - —— S - - - - -
~~~~



_.5_~~~_
___ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vfl~fl~~ ’. - -‘

CH302N02 + NO ~~~ CH3ONO + NO3 (100)

CH302N02 + NO2 
-, CH3ONO2 + NO3 (101)

The methoxy radical will further react with oxygen ,74 carbon monoxide ,’17

methane)7 formaldehyde)7 nitric oxide ,16 ’74 and nitrogen dioxide .17 ’74 As
did the methyl radi cal , the methoxy radical should react primarily with oxygen

to form formaldehyde:

CH3O + 02 -
~~ CH2O + 1102 k = 1.8 x lO~~

5cm3/molecule-sec (102)

CH3O + CO -
~~ CH3 + CO2 k = 5.5 x lO~~

4cm3/mo1ecule-sec (103)

CH3O + CH4 -
~~ CH3OH + CM3 k = 9.5 x lO ’2’1cm3/molecule-sec (104)

CH3O + CH2O -
~~ CH3OH + CHO k = 1.0 x lO~~

5cm3/moel cule-sec (105)

CH3O + NO -+ CH3ONO k = 3.3 x lO~~’1cm3/mo1ecu1e~sec (106-a)

-
~~ CH2O + HNO (106-b )

CH3O + NO2 -
~~ CH3ONO2 k = 3.2 x lO~~ cm3/molecule-sec (107-a)

-
~
. CH~0 + MONO (107-b)

The formaldehyde which was produced in the previous set of reactions can
-absorb light and photodissociate :17

CH2O + hv (X < 370) H + CHO k = 3.3 x lO 5sec (108-a)

-
~~ H2 + CO k = 8.7 x lO 5sec (108-b)

The formaldehyde can also react with other species in the atmosphere;
atomic oxygen, hydroxyl radical , hydroperoxy radical , and ni trogen triox ide:~

7

CH2O + O( 3P) ÷ CR0 + HO k = 1.6 x 10~~
3cm3/mo1ecule-sec (109)

• CH2O + OH ÷ CHO + 1120 k = 1.4 x l0~~ cm3/mo1ecule-sec (110)

C1120 + HO2 ÷ CHO + H202 k = 1.4 x 10~~
7cm3/mo1ecu1e-sec (111)
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CH2O + NO3 + CI-lO + HONO2 k = 8.1 x 10 ’6cm3/molecule-sec (112)

The formyl radical formed in these reactions will react with oxygen)7

CHO + °2 CO + 1102 k = 1.7 x 10~~
3cm3/mo1ecu1e-sec (113-a)

CHO + 02 + M HCOO2 + M k = 6.8 x l0~~
4cm3/mo1ecu1e-sec (113-b)

The newly formed peroxyformyl radical may react with the nitrogen oxides to

form formate radicals (11CC2) or peroxyformyl nitrate ( HCOO2NO2):

HCOO2 + NO + HCO2 + NO2 k = 6.2 x l0~~
3cm3/mo1ecu1e-sec (114)

HCOO2 + NO2 HCOO2NO2 k = 3.3 x 10~~
3cm3/mol ecule-sec (115)

The formate radicals w ill ul timately yield carbon diox ide and hydroperoxy
radicals:

11CC2 ÷ k= 2 .5 x lO8 sec~ (116)

HCO2 + 02 CO2 + HO2 k = 3.3 x 1O~~
4cm3/molecule-sec (117)

To date, peroxyformyl nitrate (PFN) has not been detected in smog chamber
studies in which it mi ght have been expected to appear . Therefore, it is
assumed that the concentration of this spec ies i s very small or that it i s
very unstable and exists only as a transient species. It is believed that
should PFN be formed it will decompose into the formate radical and nitrogen
dioxide or carbon dioxide and nitric acid:

HCOO2NO2 + NO ÷ [HCOO2NO] + NO2 k = 1.1 x 10~~
6cm3/molecule-se: (118)

[HCOO2NO] ÷ HCO2 + NO2 (119-a)

[HCOO2NO] + hv + HCO2 + NO2 (119-b)

HCOO2NO2 ÷ CO2 + HONO2 k = 7 x io~ sec~ (120)
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The other products formed in the reactions of the methoxy radical ; methanol
• (104), methyl nitrite (106-a), methyl nitrate (107-a), and nitroxyl radi cal

(106-b)) will also be destroyed by light or reactive species present in the
atmopshere. Since methanol does not absorb light within the 290-800 nm range
of wavelengths , it can decompose only through its reactions wi th reactive
species. It is known to react with hydroxyl radicals to form the hydroxy-
methyl radical and water)7

CH3OH + OH + CH2OH + 1120 k = 9.5 x lO~~
3cm3/molecule-sec (121)

The methyl nitrite and methyl nitrate species may decompose photochemica 1ly:’16”
~
7

CH3ONO + h’v(X < 400) + CH3O + NO k = 5 x lO~~ sec (z = 400) (122 )

CH3ONO2 + hv (A < 688) + CH3O + NO2 k = 2.1 x io 6 sec (z = 400,* (123)

For methyl nitrate , its photolysis may be the chief mode of its decomposition
(t 112 = 120 sec). Methyl nitrate should accumulate due to its low photolysis
rate (t = 3.8 days). The nitroxyl radical will react with molecular oxygen
as wel l as light: -

HNO + 02 -.. NO + HO2 k < 2.0 x 10 20cm3/molecule-sec (124)

HNO + hv(502—75O nm) ÷ NO + H k = 1 .7 x 1O~~ sec (z = 400) (125)

Tol uene

Toluene can react wi th several species : ozone, atomic oxygen , hydroxyl
radicals , and other free radicals. Both hydroxyl radicals and atomic oxygen
are thought to react by hydrogen abstraction from either the methyl or phenyl
portion of the molecule as well as by addition to the aromatic ring .

CR CH~
+ +HA (0)

*Rate constant for ethyl nitrate , see Reference 17. z = zenith angle.
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CM CHj3

+ + HA (E)
“S. —

.5-

+ 

E
~~

3 A  

(F)

Since the dissociation energy of the methyl carbon-hydrogen bond is less than

that of the phenyl carbon-hydrogen bond (0° = 88.3 Kcal /mole and D~ - 
=

11 0.5 Kcal/mole*), it is bel ieved that hy~rogen abs traction from the ar

methyl group is the more important of the two abstraction pathways .
The produc ts identi fied i n the ox idation of toluene by atom i c oxygen

indicate that the oxygen initially attacks the aromatic ring and the inter-
medi ate rearranges to form cresols , most of which were identified as the ortho
and para isomers . Of the cresols formed , the quantity of ortho-cresol was
found to be three or four times that of para-cresol . The meta isomer formed
less than 4 percent of the total concentra tion of cresol isomers . In additi on
to these cresol isomers , polymer material also forms.79

From thermochemical data,8° it is believed that the oxygen atom may also
abstract a hydrogen atom from the methyl group to form the benzyl and hydroxyl

radicals (~Hf = -17.2 Kcal /mole). The benzyl radical then may react with
molecular oxygen to form the peroxy benzyl radical . This species may oxidize
nitric oxide yielding the benzoxy radical and nitrogen dioxide in a reaction
analogous to that of the methyl peroxy radical (reaction 97). The benzoxy
rad ical may then react with molecular oxygen or nitrogen dioxide. Benzalde-
hyde is formed by the reac ti on w ith oxygen v ia a route that is analo gous to
that of the methoxy radical to formaldehyde (reaction 102). The reaction
of the benzoxy radical with nitrogen dioxide yields benzyl nitrate via a route
analogous to that for methyl nitrate formation (reaction 107-a). In most
cases , the formation of benzaldehyde should be the dominant pathway . These pro-
posed reactions are shown as numbers 126-129.

*Bond dissociation energy for benzene.
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CR C H O

+02 + I (126)
‘S..
”

CHO cHO2 2  2

+ NO + + NO~ (127)

H
CHO

I II + 02 I + HO2 (128)

+ NO2 + ii I (129)

The benzaldehyde may absorb light to form an electronically excited molecule
which generally does not decompose but returns to the ground state)7

C6H5CHO + hv -~~ C6H5CHO* (130)

C6H5CHO* + M -
~~ C6H5CHO + M (131 )

However , the exci ted benzalde hyde may reac t w ith oxygen to form ground state
benzaldehyde and singlet oxygen :’17

C6H5CHO* + 02 ÷ C6H5CHO + 02 (’~g) (132)

In addition to its photochem ical reac tions , the benzaldehyde may react- ‘au th

oxygen atoms or hydroxyl radicals , the latter yielding a benzoyl radicc i :

~~~~~ •

I + OH -,. + H20 (133)
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Like the -formyl radical in the oxidation of methane (reaction 113-b and 115),
the benzoyl radical may further react to produce peroxybenzoyl nitrate
(PBN)) 7

0 0 H
C6H5C + 02 + C6115C02 (134) H

0 0
ft U

C6H5CO2 + NO2 C6H5CO2NO2 (135)

It is bel ieved that only trace quantities of this compound will form . It is
an eye irritant. :- 

-

The hydroxyl radical , the dominant reactive species in the atmospheric
oxidation of toluene , may also abstract a methyl hydrogen or add onto the
aromatic ring.61 It has been suggested that at room temperature, abstraction
is a minor pathway and that addition to the ring occurs over 80 percent of
the time . Abstraction of a methyl hydrogen would eventually lead to the
formation of benzaldehyde and to subsequent products such as PBN . Addition
of a hydroxyl radical to the aromatic ring results in the formation of a
hydroxyl radical-tol uene adduct which has a lifetime of 1 -30 msec .6’1 The

adduct may then decompose back to toluene and hydroxyl radical or it may lead
to the formation of new products . Examination of the alternative reaction path-
ways of the adduct favors reaction with mol ecular oxygen or nitrogen

+ 02 

CH 

HO (136)

~~L~~OH
+ NO2 ÷ ~~~~ j~~+H 2O 

- 

(137)

The formation of cresols is favored at low NOx concentrati ons . For hi gh
nitrogen dioxide concentrations , the pathway to nitrotoluenes may be important.
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Photooxidation of tol uene in the presence of nitrogen oxides has been
reported to produce considerabl e quantities of carbon dioxide and carbon
monoxide .81 Other species have been identified : formaldehyde , formi c ac id,
glyoxal , methyiglyoxal , PAN, cresols , benzalde hyde , hydroxyl benzyl alcohol s,
nit rotoluenes , ni trocresols , and benzyl nitrate.8~~

84 Many of these products
are compatibl e with the reactions proposed above. The large yields of carbon
dioxide and carbon monoxide and the identification of other simple oxidation
product species suggest alternative reaction pathways involving ring opening
steps in the subsequent oxidation of the adduct.81 The mechani sm descr ibing
photooxidation of aromatic hyrdocarbons is highly uncertain and is currently
under investigation .

Nitrogen Ox ides

The atmospheric reactions of the nitrogen oxides are quite fast. Nitric
oxide can react with oxygen atoms,62 or hydroperoxy radicals 26 to form nit rogen
d iox ide, with hydroperoxy radicals to form nitric acid 63 (a minor product, see
Reference 64), and with hydroxyl radicals to form nitrous acid.59 In addition
to these reactions , it was previously mentioned that nitric oxide is also
oxidized to nitrogen dioxide by alkyl peroxy radicals. Nitric oxide can also
react with alkoxy radical s (RO) to form al kyl nitrites or aldehydes and nitroxyl
radi cals and with peroxy alkyl carbonyl radi cals (RCO3) to form alkyl sub-
stituted fo rmate radi cals (RCO2) and nitrogen dioxide .

Nitrogen dioxide reacts quickly wi th oxygen atoms to form either nitric
oxide and oxygen65 or nitrogen trioxide ,26 with hydroxyl radicals to form
ni tr i c ac id,66a and wi th hydroperoxy radicals to form either pernitri c acid67

or nitrous ac id and oxygen.26 Like nitric oxide , ni trogen diox ide can also
react with alkoxy radicals to form alkyl nitrates or aldehydes and nitrous
acid. The reaction between this nitrogen oxide and peroxy alkyl carbonyl
radicals results in the formaton of PAN or analogues of PAN . The reactions

• l eading to the formation of PAN are given below .*17 ’85 Reactions 142 and 143
define a temperature-sensitive equilibrium for PAN formation .

*The rate constants for reactions 138-143 are those for the formation of PAN ,
i.e., R CM3.
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RCHO + OH + RCO + H20 k = 1 .5 x l0~~ cm3/molecu1e-sec (138)

RCO + 02 + RCO3 k = 6 x l0~~
2cm3/molecule-sec (139)

RCO3 + NO RCO2 + NO2 k = 1.6 x l0~~
2cm3/molecule-sec (140)

RCO2 + R + CO2 k = 2.2 x 1010 sec~ (141)

RCO3 + NO2 + RCO3NO2(PA N when R C H 3)k = 5.0 x 1O~~
3cm3/mo1 ecule- sec (142)

RCO3NO2 + RCO3 + NO2 k = 3.5 x l0~~ sec~ (143)

Nitrogen trioxide may react with hydroperoxy radicals to form nitric
ac id and molecular oxygen ;17 dinitrogen pentoxide may react with atomic oxygen .26

Nitrous and Nitric Acids

Nitrous acid decomposes into nitrogen dioxide by its reactions wi th
oxygen atoms26 and hydroxyl radicals. 63 Similarly nitric acid decomposes
into nitrogen triox ide by the action of these two reac ti ve species .26’68

The reactions of nitric acid and these reactive species are slower than the
respective reactions of nitrous acid.

Pernitric Ac id

Recently, kinetic and spectroscopic evidence has been reported for the

formation of pernitric acid from the reaction of nitrogen dioxide wi th hydro-
peroxy radicals. 67 Al though this reaction was believed to form ni trous acid ,63

the major product has been shown to be pernitric acid. The sequence of steps

describ ing major formation and destruction pathways of pernitric acid are
listed below .86

1102 + NO2 ÷ H02N02 (69-b)

H02N02 + NO2 + HO2 k = 4.7 x io
_2 

sec~~ (144)

H02N02 + HNO2 + 02 k = 1.6 x l0
_2 

sec 1 (145)

Pernitric acid is highly unstable and should --~-ay an important role in atmospheric
chemistry by serving as a temporary sink for oxides of nitrogen.
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Tetranitromethane -

Little is known about the reaction of tetranitromethane wi th atomic oxygen

and hydroxyl radicals. From thermochemical data,26’45 it is projected that
these two species can break one of the carbon-nitrogen bonds to form the
trinitromethyl radical and either nitrogen trioxide or nitric acid. The fate

of the trinitromethyl radical is only speculative . Like the methyl radical , it

may combine with oxygen to form a peroxy radical [(N02)3C02], with nitric oxide
to form the nitroso compound [(N02)3CNO], or wi th ni trogen dioxide to form
trinitromethyl nitrite [(N02)3CONO] or to reform tetranitromethane . The most
important reaction of these three is probably that of the radical and oxygen
since the concentration of oxygen should be greater than the nitrogen oxides .

The peroxy radical formed by the reaction with oxygen may then decompose
into nitrogen dioxide and carbon dioxide or react with nitri c oxide to form
the trinitromethoxy radical and nitrogen dioxide. The methoxy radical may be
temporarily trapped by a nitrogen oxide to form the nitri te or nitrate com-
pound. An oxygen atom or hydroxyl radical may also cleave off a nitro group,
resul ting in the formation of a carbonyl compound ,

O2N\
C =0

/

This too is probably highly unstable and may decompose into nitrogen dioxide
and carbon monoxide . Another nitro group may be cleaved to form a radical
analogous to the formyl radical ,

0
II

Hence, through a series of reactions an analogue of PAN may form. This compound ,
like the other nitro compounds , may not be very stable and i ndeed may decompose
into carbon dioxide, ni trogen dioxide, and nitrogen trioxide :
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O2N~O2NO2 + I I -
~ CO2 + NO2 + NO3

O2N~ )N-
~k

Nitrotoluenes 0

Li ke tol uene , the ni trotoluenes should react with oxygen atoms and
hydroxyl radical s by addition to the ring and hydrogen abstraction. In

addition to these modes of attack , it is possible that the nitro group may

be cleaved . To date, information exists only on the reaction between oxygen
atoms and nitrobenzene. In this gas phase oxidation at 100°C, phenol ,
and ortho-, meta-, and para-nitrophenol are formed in yields ~f 20, 16, 4, and
60 percent, respectively.57 Since both the methyl and nitro groups facilitate

attack at the ortho and para positions , numerous phenols may be produced in
the oxidation of a particular nitrotoluene wi th atomic oxygen. In addition

to these products, cresols and nitrocresols can also be formed by cleava ge of
a nitro group. The possible products of the oxidation of nitrotoluenes with

atomic oxygen are found in Table 6B-~20; the products most likely formed are

underl i ned .

- 
The oxygen atom may also abstract a hydrogen atom from the methyl carbon

and eventually a nitrobenzaldehyde is formed . (See the Tol uene Section for
the proposed mechanism.) The substituted benzaldehyde compounds with ortho

nitro and carbonyl groups can react photochemica lly to form ortho nitroso-

benzoic acid:87

H 0 HO .0 -

\~~

~~~~~1

N( 
+ hv + (146)
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TABLE 6B-20. POSSIBLE PRODUCTS FORMED FROM THE ADDITION OF ATOMIC OXYGEN TO
THE AROMATIC RING OF A NITROTOLUENE. (THE PRODUCTS MOST
LIKELY FORMED ARE UNDERLINED. )

+ 0 + 

NO2 OH

20% 16% 4% 60%

f
.
~~

’S
~J.
_NO

2 ~ 
1
~~~j_OH 

1~~j I~ o2 

HO 
J1III~11~

2 
OH 

HO.~ 5--~~ J~O2

EII~
I\ NO 

+ 

~~~~~ 
c~~~c 2 ~~~~~~ 2 HO ~

I
~~~
1
NO2 ~‘~~

1’S NO2

~~~~~ OR~~~~~~~~~~

02 OH NO2 NO2

NO
2 

+ 

NO2 ~~~~~NO2 
~~~~~ N02 H0~L~~”NO2
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TABLE 6B-20. (cont’d)

~~~~ ou~~~~~~~~~~
02N 

~~~
NO2 O2N ~
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H O2N ~~~~~~~~~~~~~~~~ NO2 02N ’S f2
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~~~~cH 

~~~~~~~~~~~~~~~
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toxic

NO2 
+ 

OH 

c~~J
.NO2 

HO
S.~~~~~

N HO .Y~~~ j
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O2N.’S..f5-~~~...
N02 

+ 

O2N.~~~~J. 
OH 02N 1.~~~~NO2 02N 
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The acid may further react via cleavage of the bond between the hydrogen and
oxygen of the hydroxy group.* This radical species may further decompose
into carbon dioxide and a phenyl radical .

In contrast , the remaining nitrobenzaldehydes will probably be as
photolytically stable as benzaldehyde and remain in the atmosphere until they
are further oxidi zed by radical species or form a peroxy benzoyl nitrate .

The oxidation of nitrobenzene with hydroxyl radicals has only been studied
in aqueous soluti on.69 Initially the hydroxyl radical attacks the ring to
form the ortho-, meta- , or para-hydroxynitrocyclohexadienyl radical :

+ OH + (147)

Oxygen will al so attack the ring to form a nitrophenol or phenol :

ç

~~~~
NO2 

+ 02 

I~~~~~H 

÷ + HO2

*The bond dissociation energy of the 0-H bond in acetic and propionic acids
is approximately 110 Kcal/mole. 9 Hence, it may be assumed that the bond
dissociation energy of the 0-H bond in this compound is approximately the
same . If the bond dissociation energy of the C-H bond i~8this compound issimilar to that found in benzene (D° = 110.5 Kcal/ mole), a hydroxyl radical ,
for example , may abstract either the hydrogen from the aromatic ring or the
hydrogen from the oxygen atom. In either case, a phenyl radical is formed.
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As in the case of the oxidation of nitrotoluenes with atomic oxygen , numerous
products, cresols and nitrocresols , may potentiall y form by the addition of
a hydroxyl radical to the aromatic ring . Likewise, substituted benzaldehydes
will result from the abstraction of a methyl hydrogen by a hydroxyl radical .

Ozone

Ozone is exclusively a secondary pollutant. If organic vapors and nitro-
gen dioxide are irradiated with sunl i ght , the processes initiated by the
photolysis of nitrogen dioxide can generate significant quantities of ozone.
The Intervention of organic vapors into the NO

~
_O3 cycle is illustrated

below . In this cycle, free radicals (R) are generated from hydrocarbons by
processes following the photolysis of nitrogen dioxide . These free radicals
combine with atmospheric oxygen to form peroxy radicals (R02) whi ch are
capable of oxidizing nitric oxide to nitrogen dioxide . Each oxidation
of nitric oxide to nitrogen dioxide by a nonozone species allows the accumula-

tion of an ozone molecule. To illustrate , consider from Table 6B-l8 that in
the absence of organics 0.25 ppm NO2 would generate 0.062 ppm ozone . However,
-f t has been reported that 0.2 ppm NO and 12 ppm n-butane generated 0.65 ppm
ozone after six hours of irradiation.
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The sequence of photolytic and secondary reactions directly or indirectly
involving ozone are listed below. Ozone is formed by the rapid reaction of

atomi c oxygen with molecular oxygen. Ozone may absorb light and photolyze
to yield atomic oxygen (see section on Excited State Reactions). The ground
state atomic oxygen, O( 3P), can react wi th mol ecular oxygen to reform ozone .
If the light is of sufficient energy , the photolysis of ozone can yield
excited state atomic oxygen , 0(’D). This species can undergo collisional
deactivation with air to yield ground state atomic oxygen or it can react
with water vapor to yield two hydroxyl radicals. 26

0+ 0 2 +M ÷ 03 +M (80)

03 + hv + 02 + O(~I’) (45-a)

÷ 02 + 0( D) (45-c )

O( ’O) + H + O( 3
P) + H M = N2 k = 5.4 x 1O~~~cm

3/mo1ecule-sec (148)

O( ’ D) + H2O + 20H k = 3.5 x 1O ’1Ocm3/mo1ecule~sec (149)
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Ozone can also react with hydroxyl and hydroperoxy radical species .26 The
reaction wi th the hydroxyl radical species yields the hydroperoxy radical wh ich
in turn, can react wi th itself to yield hydrogen peroxide ,26 with either
nitric oxide or nitrogen dioxide as mentioned earl ier , or with ozone to refo rm
hydroxyl radicals.

03 + OH + 02 + 1102 (81 )

03 + HO2 + 202 + OH (82)

HO2 + 1102 + 11202 + 02 k = 5.6 x l0 ’12cm3/molecule-sec (150)

Sulfur Oxides

The major fate of the sulfur oxides in the atmosphere is conversion to
sulfates with subsequent sulfate deposition. There are five broad mechanisms

for this conversion: direct photooxidation , indi rect photoox idati on, air
oxidation in liquid droplets , catalyzed oxidation in liquid droplets, and
catalyzed oxidation on dry surfaces . The major pathway in the pollutant matrix
of munitions fac ilities should be indi rect photoox idat ion. Thi s process occurs
in hydrocarbon_NO~_SO2 photochemical systems when the oxidation is mediated by
secondary reactions involving radicals.

The sulfur oxides can react with atomic oxygen , hydroxyl radical s , and
hydroperoxy radicals. With atomic oxygen , sulfur dioxide reacts to form sul fur
trioxide; the sulfur trioxide may then react with water to form sulfuric acid .36

Sul fur dioxide can also react wi th the more reactive species as the hydroxyl7°

or hydroperoxy radicals26 to produce the HOSO2 spec ies or sulfur triox ide and
hydroxyl radical , respectively. Although the detailed oxidation mechanisms
remain poorly defi ned , the fate of the sul fur oxides is conversion to sulfates .
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6 .B.2 .3 Environmental Consequences of the Emissions From TNT Manufacturing
at RAAP and VA1~P

A sumary of the emissions and emission rates from VAA P is presented
in Table 68-21 . These primary pollutants are classified into three groups.
The first calssification is comprised of those species designated as air
pollu tants by the United States Environmental Protection Agency (EPA). The
second group consists of organic compounds, such as solvents or byproducts ,
released dur ing TNT manufacturing processes. The third and final group i ncludes

TABLE 6B-2l. EMISSIONS SUMMARY FROM TNT MANUFACTURING AT VAA pa

Emission Rate
Compound lb/day ton/year

Group 1. EPA Criteria Pollutants

Particulates 200 37
Sulfur Oxides 2,894 528
Carbon Monoxide 75 14
Nitrogen Oxides 6,855 1,251
Nonrnethane Hydrocarbons 123 22

Group 2. Organ ics

Tetranitromethane b b
Trinitrobenzene b b
Isomers of T~initrotoluene b b
Nitrocresols b b
Trinitrobenza ldehyde b b
Monon itrotol uenes b b
Toluene b b

Group 3. Miscellaneous

Sulfuric Acid Mist 599 109
Nitric Acid Mi st b b
Ammoni a d d

aAssumes pl ant operation at capacity , six 50 TPD units.
b~~15510~ rates not available although they are believed to be small.
CMl ghly toxic.
dpjr.~ nia emissions are sus pected , with data to confirm .
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miscellaneous species not considered in the first two groups . Data were not
available in sufficient detail to allow the construction of a similar table
for RAAP. However , it appears that the emission rates of particulates ,
sulfur dioxide , carbon monoxide, nitrogen oxides , and hydrocarbons at RAAP
are even greater than those at VAAP .

EPA Criteria Pollutants

A qualitative evaluation of the impact of the EPA-designated air pollutants

on the l ocal env i ronment can now be made by compari ng the emi ssion rates from
the TNT installations with county wide emission rates. Emission rates from
RAAP and VAAP alon g with the county-wide emission rates are presented in Table

6B-22. From the available data , it appears that a large fraction of the sulfur

TABLE 6B-22. COMPARISON OF RAA P AND VAA P EMISSIONS TO COUNTY WIDE EMISSIONS
(TONS/YEAR)

Locati on Particula tes SO2 CO N0
~ 

HC

RAA Pa,b 13,883 6,357 294 7,933 360
Montgomery ~0.

a
~
c 16,449 7,924 21 ,251 11 ,130 4,349

% 85 80 14 72 8

v~~p
a 36 74 --- 177

(RTI Estimat~)~ 37 S28~ 14 1 ,251 22
• Ham ilton Co. ‘ 14,392 10,165 119 ,070 16 ,002 24,545

0.2 0.7 0 1.1 0

aData were retrieved from EPA ’s Nati~’ral Emissions Data System (NEDS) on
June 7, 1977 (Reference 89). NEDS i~ a computerized data bank which holds
detailed emiss ions inventory data for each county in the country. It shou ld
be noted that differences in practices of reporting and updati ng emissions
data may prevent comparisons on the same basis.

b
~~ission rate is for 1972.
C
~~ission rate as of June 2, 1971 .
dihis value is the percent contribution of the army installation to county
wide emissions.

eRTI U s emissions estimate at six 50 TPD operations.

~An additional 109 tons/year of H2S04 mist are also ind icated .
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oxides and particulate emissions of Montgomery County , Virginia , are comprised

of emissions from RAA P, in particular , from the power plan t at RAAP . In
contrast, the emissions from VAAP make up a small fraction of the total emis-

sions of the highly i ndustrialized Hami l ton County , Tennessee . S i nce the
county emission rates in Tabl e 68-22 were developed for TNT plant operation at

less than full capacity , the impact of emissions under ful l mobilization would

resul t in an increase in the county-wide emission rates . The fraction of the

county-wide emissions due to the TNT plants would also change . It should be

noted that the above comparison of NEDS data does not consider the possibil ity

for elevated ambient pollutant concentrations in the vicinity of or downwi nd

from the plants .
EPA has established source performance standards (SPS) which specify the

maximum permissible emission rates for several types of industri es. Currently,
these regulations have not been establ i shed for the explos i ves manufacturi ng
i ndustry . To set the TNT plant emissions rates (Table 6B-21) into perspective ,

capacities of sources subject to EPA SPS with emissions equivalent to VAAP are

presented in Table 6B-23. The nitrogen oxide emissions from VAA P are equiv-
alent to those from a coal fired boiler in a power plant having a capacity of

38 megawatts or a nitric acid plant which produces 2285 IPO. On this basis ,

the nitrogen oxide emissions appear to be significant and are expected to have
a noticeable impact on the local environment.

A major i ssue for EPA criteria pollutants (Group 1 in Table 6B-2l ) is the

question of compliance with air quality standards (National Ambient Air Quality
Standards (NAAQS) are given in Table 6B-24) and nondegradation guidel i nes (given

in Table 6B-25). Al though it is outside the scope of the present study , an
estimate of ground l evel concentrati ons could be made for the primary pollu tants.*

*

Meteorological d~spersion model s can be applied to primary pollutants only
if these pollutants are assumed to be nonreacting.
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TABLE 68-23. CAPACITIES OF SOURCES SUBJECT TO EPA PERFORMANCE STANDARDS
WITH EMISSIONS EQUIVALENT TO THE VAAP TNT INSTALLATIONS

Emission Rate Emission Equivalent
Pol lutant lb/day Source Category Regula tiona Capacity

Particulate 200 Coal Fired Boiler 0.1 lb/1O6BTU 7.8 MWb

SO2 2894 Coal Fired Boiler 1.2 lb/1O6BTU 9.4 MW
Sul furic Acid Plant 4 lb/ton 724 TPD

Acid Mist 597 Sulfuric Acid Plant .15 lb/ton 3980 TPD

CO 75 ---
N0
~ 

6855 Coal Fired Boiler .70 lb/1O6BTIJ 38 MW
Nitric Acid Plant 3.0 lb/ton 2285 TPD

HC 123 —-—

aSee Reference 90.
bMW = megawatt; conversion assumes power plant efficiency of 32%.

This could be done using meteorological dispersion models as was done for the

RDX/HMX plant. For secondary pollutants (pollutants that are formed in atmo-
spheric reactions), dispersion models coupling both chemistry and meteorology

are required . Because of the inaccuracies inherent to dispersion model i ng and
the many assumptions that are made (e.g., assumptions i nvolving the plant

location , the plan t characteristics, and the emission characterization), ambient
air concentration estimates from such meteorological models may be in error by
a two- or three-fold multiplier or divisor . This dispersion analysis does,

however, give a general feeling for the effect that an industry has on air
qual ity such that a comparison with the applicable air quality standards and an
assessment of the environmental impact of new facilities can be made.

Once in the atmosphere, the ultimate fate of these EPA criteria pollutants
is fairly straightforward. The particulate material will be deposi ted on the
earth ’s surface. The sulfur dioxide will be oxidized to sulfates and sulfuric
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TABLE 6B-24. NATIONAL AMBIENT AIR QUALITY STANDARDS

Maximum Concentration
Averaging Primary b Secondar~Pollutan t Time Standard Standard

Suspended particulate matter Annua1 75 ug/m~ 60 ug/m~24 hr 260 ug/m 150 ug/m

Sulfur oxides Annual 0.03 ppm 0.02 ppm
24 hr 0.14 ppm 0.10 ppm
3hr 0.5 ppm

• Carbon monoxide 8 hr 9 ppm 9 ppm
l h r  35 ppm 35 ppm

Nitrogen oxides 
• 

Annual 0.05 ppm 0.05 ppm

Nonmethane hydrocarbons 3 hr 0.24 ppm 0.24 ppm
(6-9 am)

Photochemical oxidants 1 hr 0.08 ppm 0.08 ppm
as ozone

Additional standards have been proposed for asbestos, beryll ium , mercury, and
lead; they are being prepared for fluorides, polycyclic organic compounds ,
odors (incl uding hydrogen sulfide), chlorine , hydrogen chloride, arsenic,
cadmium , copper manganese, nickel vanadium , zinc , barium, boron , chromium ,
selenium , pestic ides, radioactive substances, and aeroallergens .

aSee Reference 91.
bprimary standards have been established to protect public or himian health .

CSecondary standards have been established to protect soil , water, vegetation,
materials , and animals as well as to maintain personal comfort, weather, and
visib ility .
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TABLE 6B-25 . MAXIMU~ ALLOWABLE INCREASE IN CONCENTRATION FOR SO~ AND PARTICULATEMATTER •

Clas s 3l Class3II Ciass3III
b

Pollutant (~.ig/m ) (~g/m ) - (ug/m )

Particulate matter

Annual average 5 10 60

24 hour maximum 10 30 150

Sulfur dioxide

Annual average 2 15 (0.02 ppm)

24 hour maximum 5 100 (0.10 ppm)

3 hour maximum - 25 700 (0.5 ppm)

aSee Reference 92. The recently promulga ted nondegradation regula tions affect
only new sources , in contrast to NAAQS whi ch affect both existi ng and new
sources. These regulations require weighing the incremental deterioration
against social and economic considerations and l imiti ng increases in sul fur
dioxide and particulate matter concentrations within each of three classifica-
tion areas . The nondegradation guidelines will not allow industrial develop-
ment in areas designated Class I, will permi t a modest increase in industrial
development in Class II areas, and will allow industrial development in class
III areas as long as NAAQS are met.

bFederal Secondary Ambient Air Quality Standard .
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acid which w ill form aerosols. The fate of these aerosols will then include

rainout or dry deposition. The carbon monoxide in the atmosphere will be

oxidized to carbon dioxide . The nitrogen oxides in the atmosphere will be
converted to nitric acid and nitrates with subsequent removal by rai,~out and
dry deposition . The hydrocarbons wi 11 be oxidized into carbon dioxide , water,
and aerosols.

In additi on, the hydrocarbons and nitrogen oxides are also precursors of
the secondary pollutant , ozone (photochemical oxidant). Ozone is generated and
accumula tes in the cyclic process illustrated in Section 6B.2.3. In the cycle,
free radicals (R) are generated from organic compounds by processes following
the photolysis of nitrogen dioxide. These free radicals combine with atmo-

spheric oxygen to form peroxy radicals (RO2) which are capable of oxidizing
nitric oxide to nitrogen dioxide. For each molecule of nitric oxide oxidized
to nitrogen dioxide by a nonozone species , a molecule of ozone accumula tes in
the atmosphere. At high hydrocarbon and nitrogen oxide concentrations repre-
sentative of urban atmospheres, the concentration of hydrocarbons is more
influential than that of nitrogen oxides in dictating the resulting ozone
concentration . At lower hydrocarbon and nitrogen oxide concentrations , repre-
sentati ve of nonurban atmospheres, the ozone concentration is thought to be
infl uenced more strongly by the nitrogen oxide concentration . Thus , •injection
of nitrogen oxides into nonurban air may enhance the ozone generative potential
of the air mass. It should be noted, however, that under conditions where the
concentration of nitrogen oxides is in substantial excess of the concentration
0f hydrocarbons, oxidant formation is inhibited and any ozone that may enter
such an atmosphere is quickly destroyed by its reaction wi th the nitrogen
oxides . -

Since explosives plants are sources of both organic and nitrogen-con-
tai ning compounds, the setting of the facility as wel l as the magnitude of the
emissions relative to the local emissions will determine the impact on both the

local and downwind oxidant levels. The data in Table 6B-2l show that the
emission rate of nitrogen oxides is much greater than that of any other
pollutant and that the ratio of the emission rates of nitrogen oxides to
hydrocarbons ranges from 20 to 60. The dominant impact of this emissions
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profile in the immediate vicinity øf the TNT facility will be to destroy any

ozone which may enter the plume and to inhibit its formation until atmospheric

processes facilitate atta inment of a more favorable nitrogen oxide-hydrocarbon
ratio. Thus , the concentration of ozone in the plume should be less than that
in the surrounding air parcels. In the atmosphere downwind from the TNT
facilities, the ratio may be more favorable to ozone production . However , it
is difficult to ascertain the contribution of a single source to rural oxidant
levels at long distances downwind because the ozone precursors may be emi tted

• by many sources within the region.

Non-EPA Criteria Pollutants

Other atmospheric emissions also are associated with the TNT facilities .
They i ncl ude such compounds as tetranitromethane , tol uene , and nitrotoluenes .
Unfortunately, data that would allow an estimate of emission rates for these
compounds are not available (see Table 6B-2l). Although the source strengths
of these compounds are thought to be low , they should not be dismissed simply
because their emission rates are currently undefined . Instead, this issue
should be addressed by a comprehensive sampling program . The resulting data

base could then be used to develop a list of pollutants prioritized on the
basis of emi ssion rates and also an estimate of ambient air concentrations.

A discussion of the potential atmospheric chemistry of the emi tted com-
pounds was presented i n the previous sections . In general , the l iterature
revealed l i ttle information on the atmospheric chemistry of these compounds ;
therefore , mechanisms were proposed by analogy . For example , although the
details of the atmospheric decomposition of tetranitromethane are currently
undefined it is believed that the TNM will decompose into carbon oxides and
nitrogen oxides .

In the atmosphere , the toluene may degrade to carbon monoxide , carbon
dioxide , and organic species such as acids, aldehydes , and alcohols. These
organic oxidation products may then form aerosols. The to luene may also be
nitrated to form a variety of nitro-substituted aromatics such as the nitro-
cresols. Ni trotoluenes may be oxidized or nitrated in a similar fashion. The
nitro group of the nitrotoluenes may also dissociate from the ring. In addition
to numerous oxidi zed and nitrated products , peroxyacetyl nitrate and peroxybenzoyl
nitrate , known eye irritants , may be produced .
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Atmospheric Chemistry

In the atmosphere, the life-time of an air contaminant is largely deter-
mined by the propensity of the compound to photodissociate and by its reac-
tivity with species such as ozone and hydroxyl radicals. A compilation of
hal f-l i ves (-t 112) has been assembled in Table 6B-26 for selected air con-
taminants associated with TNT installations . These half-lives consider each
pathway to be independent of the others and do not consider seconda ry or
competiti ve pathways . The photolytic half-life assumes a first order reaction
with the light intensity equivalent to that with the sun at a zenith angle of
400 (z = 4Q0)l6~17 The half-life in the presence of ozone assumes a constant

ozone concentration equal to the NAAQS , [03] = 0.08 ppm (see Table 6B-24). A
range of half-l ives is presented for the compound in the presence of hydroxyl
radicals, because the mean ambient hydroxyl radical concentration is currently
not wel l established . Since it is believed to lie between 0.5 and 5.0 x l0~~
ppm (0.5 x lO~~ < [OH] < 5 x 1O~~ ppm) ,93 these two values were chosen to bound
the disappearance rate due to hydroxyl radical attack.

It can be seen that the nitrogen oxides are the most reactive species in
the atmosphere . Half of the nitric oxide in the atmosphere may react within
minutes with ozone to form nitrogen dioxide and wi thin hours with hydroxyl
radicals to form nitrous acid. In the atmosphere , half of the nitrogen dioxide
may photodissociate into nitric oxide and atomic oxygen within one minute . The
nitrogen dioxide may also react with ozone or hydroxyl radical wi thin hours .
Similarly, the secondary pollutant , nitrous acid, also photodissoci ates rap idly
into nitric oxide and hydroxyl radicals. Wi thin six minutes , half of this acid
may photodissociate . Nitric acid photodissociates at a negl igib le rate relative
to nitrous acid; it has a half-life of approximately fifty-five hours . Half of
the toluene in the atmosphere may react wi th hydroxyl radicals wi thin two to
twenty-one hours . In general , the half-l ives of the remaining reactions
between the air contaminants and light, ozone, or hydroxyl radicals are either
much longer or not available.

To determine the total effect of the emissions from RAAP and VAA P on the
atmosphere , the secondary pollutants must also be considered . Two of the chief
secondary pollutants in this atmosphere include ozone and nitrous acid. The
formation and chemistry of ozone as well as the potential effects of munition
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TABLE 68-26 . HALF-LIVES OF SELE~T~D AIR CONTAMINANTS ASSOCIATED WITH THEMANUFACTURE OF TNT°’

Compound (A) A + hv -
~~ t1,~2 A + 03 t1/2 A + OH + t112

Carbon monoxide --- 1 x lO~ days 4.6-46 days
Methane --- 9.4 x lO~ days 87-870 days
Toluene --- 330 days 2.1-21 hr

Ni tric oxide --- 0.33 mm 2.8-28 hr
Ni trogen diox ide 1.1 mm 3.0 hr 3.5-35 hr
Nitrous acid 5.8 mm --- 7.0-70 hr
Nitric acid 55 hr -— -  6.9-69 days

Tetranitromethane ? ? ?
Mononitrotoluenes 157—1570 days ’

Sulfur dioxide 102 hr 6 x lO~ days 26-260 hr
Sulfuric acid — - -  - --  -

alhe half-life of a reaction is defined by the equation t1,,2 = 0.693/k sec.
• Except for the photolyses of nitrous acid and sulfur dioxide , the rate con-

stants are those reported in the preceding sections. The rate constant for• the photolysis of nitrous acid is from Reference 17, and that for the
photolysis of sulfur dioxide is from Reference 16.

bA blank space (---) designates that the reaction between a particular pollutant
and l ight , ozone, or hydroxyl radical is unimportant in the atmosphere. A

• question mark (?) indicates that the rate constant for the reaction between a
pollutant and light , ozone, or hydroxyl radical is unavailable.
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emissions on its formation and destruction were discussed earlier. Nitrous

acid , a secondary pollutant, is formed in an equilibrium reaction i nvolving

nitric oxide , nitrogen dioxide , and water and also in the reaction between
nitric oxide and hydroxyl radicals. Nitrous acid , in the presence of seconda ry
amines , can lead to the formation of carcinogenic nitrosamines either in ambient
air or in the work place. Based on the findings of this study , nitrosarni ne
formation is not anticipated . However , if future sampling programs reveal
amine emissions, then the potential would exist for nitrosamine formation .

Toxicity

None of the compounds emitted from RAAP and VAAP are known to be carcino-
genic; however, some are toxic. Previously, it was mentioned that 4,6—dinitro -
o-cresol and 3,5-dmnitro-a-creso l are toxic. The nitrogen oxides , nitric acid ,
tetranitromethane , sulfur dioxide , and sulfuric aci d are known to irritate the
eyes and upper respiratory tract. In additon, TNM is known to damage the
liver; nitric and sulfuric acids are known to corrode teeth . Permissih e
threshold level values (TLV ) for the emi tted compounds have been established
and are presented in Table 6B-27. 2

6.B.2.4 Conclusions and Recommendations

If the emissions identified and estimated in the engineering process
analysis of the current study were comprehensive and precise , then emission
rates of air pollutants from the TNT facility at VAA P could be considered too
low to have a significant impact on the local environment. On this basis , no
additional action can be recommended .

It should be remembered , however, that the present study is primarily a
literature review . If major emissions do exist , were not documented , and
therefore were overlooked , then a comprehensive investigation is appropriate .
The following is a discussion of an ordered , prioritized approach dealing with
such a problem . In this situation, the suggested approach is iterati ve and
involves :

1. Sampl ing (both source and ambient)
2. Computer modeling (dispersion and photochemical )
3. Laboratory experiments
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TABLE 68-27. PERMISSIBLE THRESHOLD LEVEL VALUES OF
EMISSIONS FROM TNT INSTALLATIONS

Compound TLVa

Carbon Monoxide 50
Methane
Toluene 100
Nitric Oxide 25

Nitrogen Dioxide 5
Nitrous Acid
Nitric Acid 2
Tetranitromethane 1
Nitrotolueneb 5
Dinitrotol ueneb 1.5 mg/m3

Trinitrotolueneb 0.2
Sulfur Dioxide 5
Sulfuric Acid 1 mg/rn3

aUnless otherwise stated , the units of the threshol d
level values are ppm.

blhreshold level values for this compound refers to the
recomended upper limit in concentration which should
contact the skin.

To determine the impact of TNT plants on the atmospheric environment , two
pieces of information are required: pollutant identity and pollutant emission
rate . The engineering process analysis portion of the current study has
addressed these points and has shown definitive data to be lacking in many

• instances . A source sampling program should be initiated to define the emitted
species and their emission rates .
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On completion of the sampl ing study , specific programs can be undertaken
to elucidate the impact of the identified species on local air quality. The
first step includes dispersion model ing to define the range of expected con-
centrations . Pollutant concentrations are needed for several reasons:

1. To enable an assessment of compliance for the EPA primary
criteria pollutants .

2. To estimate bounds for ambient air contami nant concentra-
tions which correspond to the uncertainty range for the
corresponding emissions rates.

3. To evaluate the sensitivity of ambient air quality to
varying degrees of emissions cont rol .

• 4. To facilitate an evaluation of the hazard that could result
from non EPA pollutants in the local environs.

5. To provide concentration estimates for designing an air
monitoring system (instrumentation and siting).

6. To make possibl e a detai1ed assessment of the atmospheric
chemistry of both primary and secondary air pollu tants.

The rate of chemical reaction is dependent on the concentration of the
- reacting species. Maximum concentrations of emitted species are likely to

occur aloft. Formation of secondary pollutants will occur as the plume from
emissions sources travels to ground-based receptors. The dispersion model
employed should be capable of resolv i ng both primary pollu tant concentrations
aloft and at ground level . This would help to estimate the rate of destruction
of primary pollutants and the concurrent formation rate of secondary species .
Ideally, this could be accomplished by a sophisticated airshed model . Develop-
ment and testing of such tool s are currently in progress. Presently availabl e
dispersion/kinetics models should be employed to define the expected range of
air contami nant concentrations within the zone of infl uence of plant facilities.

Without modeling effort, it is unl i kely that much insight can be gained

as to the air chemistry of the plant emissions. The matrix of air contami nants
above the TNT plant is highly complex. The individual reactions that may be
occurri ng over a diurnal cycle , number into the hundreds. Many of these
reactions may be involved in chain reactions. To rank reactions on the basis
of importance is difficult in such an interactive, dynamic system.
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The importance of many reactions varies nonlinearly wi th reactant con-
centration. A good example is the thermal oxidation of nitri c oxide to nitro-
gen dioxide , which is second order in NO concentration . This reaction is
important at high nitric oxide concentrations such as exist in power plant
pl umes and automobile exhaust. At ambient NO levels , however, thermal
oxidation exerts a minor role.

Existing illumination determines the importance of various reactions. It
is evident that photolytic reactions which are significant during the daylight
hours are unimportant at night. Furthermore , secondary reactions involving
products of photolytic reactions assume rol es of various importance at night.
Even within a daylight or nighttime period , different reactions may assume
roles of uifferent importance depending on the reaction time or “state of
progression ” for the reacting matrix.

Two points implicit in the modeling approach are also potential short-
comings . The individual reactions must be identified in terms of both reactants
and products . Secondly, the rate expressions , including rate constants , must be

known . The present review of atmospheric chemistry of emissions from TNT
installations revealed several cases in which this information was lacking and
for which the literature provided little guidance in estimating the desired
information. In spite of the shortcomings of the modeling approach , it
nevertheless appears to be the best approach for bounding atmospheric chemistry
problems . Computerized models of atmospheric chemistry shoul d be employed to
identify the significant reactions under various scenarios .

Laboratory experiments should be conducted in those cases where the
mechanisms of atmospheric chemical reaction of emitted species is lacking. Two
compounds so identified in the current study are tetranitromethane and nitrotol uenes.
Experiments can be conducted in large reaction vessel s designed to simulate
ambient conditions and known as smog chambers .
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