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GLOSSARY OF TERMS

~ Mass transport coefficient constant for compound

- Mags transport coefficient comstant for water

- Mass transport coefficlent ratio for compound

Sorption partition ccefficient based om ovrganic carbon conteut
Heary's Law constant

Hydrolysis rate constant undex acidic conditions
Hydrolysis rate constant under neutral counditlons
Hydrolysis rate constant under hasic conditions
Hydrolysis rate constant

Yhotolysis rate constant

Equilibrium constant for the addirion of QH™
Vapor pressure

Sediment sorption partition coefficient

Sediment organic carbon content

Nanometers

Centimeters

Absorption wavelength maxima
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CHEMICAL ABBREVIATIONS

™I - 2,4,6~-Trinitrotoluene

1,3,5-TKB - 1i,3,5~Trinitrobenzene v
TRBAL - 2,4,6~Trinitrobenzaldehyde

4—-Az - 2,27 ,6,6"-Tetranitro-4-azoxytoluene

b~Az - 2,2',é,a'—Tetranitra—&~azexyte1uene

2-A=4,53-DRT - 2-Amino-4,5-dinitrotoluene

4=-QHA~2,6~DNT -~ &wﬂydroxylamino—z,G«Ginitrotcluene

4-b~2 ,6~DNT - b-Amino~2,6-dinitrotoluene

RBX - 1,3,S—Trinitrohexahydrn—l,S,S~triazine

THG ~ Trinitroglycerine

2,4-TNT - 2, 4-Dinitrotoluene

2-4-4-NT - Z-jmino-éd-nitrotoluens - |
e 4=~ 2=NT - 4~pmino-2-nitrotoluene ;
.g 1,3-DNB ~ 1,3 Dinitrobenzene :
%; 2,6-DNT ~ 2,6-Dinitrotoluene

T
e

2,3,6~TNT ~ 2,3,6-Trinitrotoluene

2~A~4 , 6-DNT - 2~Amino-&,6-dinitrotoluene
3,4-DNT - 3,4~Dinitrotoluene i

5~B8~2, 4~DHT - S~Amine-2,4-dinitrotoluene
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SUMMARY

The purpose of this phase of the project was to review the litera~
ture to identify and estimate the magnitude of the transport and trans-
formation processes believed to be important in describing the environ-
mental fate of 11 munition wastewater constituents in the aguatic
enviromment. These constituents were 2,4,6-TRT; Y; 2,4~-DEY; THG:
1,3~dinitrobenzene; 2,6-DNT; 1,3,5trinitrocbenzene; 2,3,6~TNT; 2-amino~
4,6-dinitrotoluene; 5~amino-2,4~dinitrotoluene; and 3,4-DNT,

The literature was surveyed to obtain rate data pertainiung to the
photolysis, hydrolysis, oxidation, reduction, wmicrobial transformatriom,
volatilization and sediment sorptien processes for each compound.
Physical {solubility anmd vapor pressure} properties were also inves-
tigated o aid in the estimation of process rates.

The results of this review indicate there is little information
available for determining the envivonmental fate of the subject com-
pounds. Although many fate processes were identified for each compound,
the avallable kinetic rate estimates could not be extrapolated to

environmental conditions.

The processes believed to be dominant fate processes were identi-
fied, and recommendations for the necegsary studies to i1l the gaps

in the literature for each compound were made.
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INTRODUCTION

The U.8. Army Medical Bioenginecering Hesesarch and Development
Laboratory (USAMBEDL) is responsible for recommending asblient water
quality criteria for mumition production aod handling facilities.

To make such recommendations, USAMBRUL must know the eavivroamental
impact of pollutants gemerated at these facilities and the potential
hazards associated with thelr discharge.

Hazard assessment for a chemical requires specific informatiocn
about its concentration in the envircument and its toxicity, as well
as about the population likely te be exposed. The envirommental fate
of a chemical can be predicted as a function of time and location by
use of a series of kinetlc and equilibrium esquations that describe the
rates of dominant loss processes {photolysis, hydrolysis, ete.)
under specific emvironmental conditions. Thege equationg help to
identify the major compartments in which a chemical is distributed
and when coupled with the envirommental conditions that represent the

point of discharge, the persistence of a chemical can be assessed.

SRT International has developed a2 methodology and a computer
model® to predict the environmental fate of pollutants in various
aquatic systems based on laboratory measurements of specific environ~
mental processes. This model integrates kinetic and equilibrium data
for microbiological and chemical transformations with physical trans-
port pathways in a multicompartment agquatic model to predict the
concentration and the dowinant processes that transform and transport
organics in aquatic systems. The model can predict steady-state or
time~dependent concentrations of discharged pellutants sc that, together

with toxicity and exposure information, a hazard evsluation can be made.

* A modified version of this model (EXAMS) is now avallable from EPA
{Athens) and will be used for fate asssssment.
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Phase T of this study was to perfors a literature veview on i1
mmizion wastewater constituents o identify possible enmviroaumental
fate processes snd to obtadn kinetic and equilibrium data for these
processes that might be used to estimate persivtence sccording to the
SRY model. From this review, any gaps in the knowledge would be
revealed, defining those areas where further work is needed.

R

USAMERDL grouped the munition wastewater constituents inte thres

categories by priority. The chemicals {u Category I are 2,5,6-
trinitrotoluene {2,4,6-TNT), RDE (1,3,5-trinitrohexshydro—~1,3,%~
triazine}, 2,#-diﬂitr6wlueﬂe {2,6~DRTY, and triositrogiycerine (THC).
Category I chemicals are 1,3~dinitrobenzene (1,3-DNEB), 2,6~dinfrro~
toluene (2,6-DNT), 1,3,5~trinitrcbenzene {(1,3,5-THB), and 2,3,6~
trinitrotoluene {2,3,6-YHT). Category 1IX comprises Z-amino-& -
dinitrotoluene (2-A~4,6~DHY}, S-amino~2 4-dinitrotoluene {5~4&-2,5-DET},
and 3,4-dinitrotoluene {3,4-DKT). These chemicals emanate primarily
from the TNT manufacturing industry and from load, sasemble, and pack

- factlities as well as from RDX and TNG production facilitvies. This

: review, and the subsequent studles proposed, arve designed o aid the

. Arwy in defining water quality criteris at munition facilities and
in guiding its pollution abatement programs,

sl

Fha
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The published literature was surveyed using both computer and
manval search methods. The computer ssarches incliuded such data bases
as Chemical Abstracts (1872-1979), TOELINE, WTiS Raports (1564-1978},
Bislogical dbetvacte (1969-present), POLLUTION, ENVIROLIRE, ERVIROBIR, |
and AGRICOLA. The chemical name was uvsed 3s the key word to obtain ’
articie titles and abstracts. The indices to chemical abstracts from
1906 to 1978 vere scanned sammally under esch chewlcal’s heading for
key words related to tramsport and transformation processes. Relevant
articles were obtained from those abstryacts that appeaved promising.

Also reviewed in this survey were monthly and final reports om
pagt and cuyrrent conirsche supported by the USAMBRDL on tranaport and
transformation processes of the subject chemicals.

The objective of the literature review was to obtain specific
data ou the physical properties and rate processes of the 11 compounds
relevent to environmental transformation processes at Army discharge
sites. These data are the necessary components of emvironmentsl fate
rodeling. The specific physical properties and rate constants inves-
tigated, along with thelr relevance to the determination of environ-

mental fate, were:

*  Solubllity in water--Necesgary for the determination of wean-
ingful vate constants and gorpt’wn partition coefficients aand
for estimation of the Henry's law constant.

s Vapor pressure--Necessary for estimation o. the Henry's law
constant, which in tura can be uged to estimate the volatili-

sation rate of a chemical from water.
» Sorption and blouptake partition coefficients~-Iundicate how
strongly the chemical will partition to soils, sediments, and

biomass.




Yolzrilization Tate constaunt from water--Uged to estimate how
vapidly 3 chemical will wolatilize under conditions represen—
tative of different freshwater sguatic systems.

Absorption spectrus at wavelengihs greater thas 290 ao--
Necessary for determinarion of the porentisl for direct photo-
chemical transformstion in the anvironment.

Guantuz yield-~Measyres the efficlency of & phoatochemical
procass; necesssry for the caleulation of the photochemical
rate constamt.

Photochemical rate constant-—Kinetic rate coanstant derived
from the guantum yvield, abszorprion spectrum, and light inten-
sity; gives the rate of photolysis of a chemical in sunlight.
Hydrolysis rate comstant--Kimetic rate constant frow which the
rate of loss of a chemical due to hydrolysis can be determined
under relevant emvironmental conditions (pH, temperature, etc.).
Ozidation or reduction vate constant--Kinetiec rate constants
from which the rate of loss of a chemical due to oxidation ovr
reduction processes can be determined wnder enviromsental
conditions.

Biodegradation rate congtant~~Kinetic rate constant fvom
which the tate of losz of a chemical due to biotransformation

can be determined.
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RESULTS

SUMMARY

Although the literazture on the chemistry of the majority of the
compounds 1is abundant, little of it relates directly to the data
necessary to determine environmental fate. Most of the data concern
physical transport processes as summarized in Table 1. Some of these
data are insufficient for the proposed assessment, so laboratory
studies are necessary to measure the property or comstant. Detailed
evaluations and citatlons to the literature on nitro compounds are

presented in the sections on each chemical.

Table 2 summarizes the kinetic data for hydrolysis and photolysis
transformation processes including equilibrium constants for the
addition of hydroxide ion. Table 3 is a summary of biotransformation
processes. These transformation processes are detailed for each

chemical in the subgequent sections.
CATEGORY I CHEMICALS

2,4,6~Trinitrotoluene (2,4,6~INT)

Sunmmary and Recommendations

A volatilization rate constant for 2,4,6~TNT can be estimated
from extrapolated values of vapor pressure to calculate Heurv's law

constant. This estimate should be verified by laboratory atudies.

Data from the literature suggest that sediment adsorpticon should
not be significant. However, experiments were not performed umder
total equilibrium conditions, and a trend toward irreversible adsorp-
tion was noted. Further studies are needed to define the partr -ioming
processes for 2,4,6-TNT.

Photolysis 1s projected to be a significant fate process. 2,4,6~

TNT has uv absorption above 290 am, and molar absorptivity needs to be
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measured in the solar reglon. Detailed rate studies are necessary, as
are studies on the effect of pH ou the photolys’s rate.

Biotrancformation may alsc be a significant fate process for
2,4,6~TWT. Both degradatiom rate studies with enrichment cultures
obtained from natural waters and studies in the presence of sediments
are necessary. BReduction of the nitro group appears to be the primary
step in the tranasformation of 2,4,6~-TNT, =0 both aerchic and anserchic
trangformation studies may be important. Studylng biotransformation
in the presence of light may alsc elucidate the ultimate fate of
2,4,6~INT.

Physical Properties

Solubility in Water

The solubility of 2,4,6~TNT in water at 20° C reported by
Urbanski (1964), 0.0130 g/100 g of water (5.7 x 107* M, 130 ppm),
agrees well with the value of 117 ppm (5.2 x 10~* M), which was
recently measured by Spanggord (1977). The average of these values
is 124 ppm (5.4 x 10~ M). The values of 86 and 83 ppm at 21° C,
reported by Battelle (1978}, sre probably erronecus because the
saturated solutions were filtered before analysis; the filter may have
adsorbed some of the dissolved TNT.

Vapor Pressure

The vapor pressure of solid 2,4,6-TNT was measurad by Pella
1977), who used a gas saturation technique. Hiz data fit the

equation

logio P{torr) = (12.31 * 0.34) - (5175 = 105)/T .

At 25°, the vapor pressure of sclid TNT measured by Pella was ;
8.02 x 10~% + 0.16 x 10~* torr. j

Maksimov (1968) obtained data using 2,4,6-INT when it was
near its boiling point. BReasonable estimates for the extrapolated
vapor pressure of the supercooled liquid are 1.7 x 10" torr at 25° C
and 1.0 x 107° rorr at 20° C.
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Ritta et al. (1950) measuved the vapor pressurs of THT over
a temperature ramge of 68 to 88° C using a wodified Knudsen technique.
Those data can be extrapolated to 20° C, giving values of 4.5 x 10™°
torr {solid) and 2.8 x 10™° torr (liquid).

Physical Transport

Volatilization Rate from Water

A value of the Henvry's law constant, Kc, for a chemical

oan be calculated using the equation

Hc = Pslicsat 4 (1)

where Psl is the vapor pressure of the supercocled liquid and csat is
the solubility of the chemical in water. TFor 2,4,6~THT,

H, = 1.0 x 107%/5.2 x 107 = 0.18 torr M .

Because the value of Hc is much less than 10 torr ¥M-*, we prediet
that the volatilization rate of 2,4,6-TNT will be limited by mass

transport resistance in the gas phase.

The literature search revealed no measurements of the wolatil-
ization rate of TNT. The estimated value of the volatilization rate
*
constant in the environment, (kc) s 18 estimated from equation {2)

v’ anv
3¢ W
C MH Hc k 20V
kv env  \ C L RT (2)
M env  env
where
MF = molecular weight of water
MC = molecular weight of the chemical
(%z ony = Dass trangport coefficient of water in the enviroument
L = depth of the water body
env

*See Appendix A for the development of wolatilization rate equations.
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Using values of (%g)euv = 2100 em hr™*, and Lenv = 200 om,

(RC)Q s
v fenv

O _fueys_ Ee @100
v Jenv u° (2003 {(62.4)(293)

2.44 % 1073 ﬁc{xc)'}‘-‘ (hr™?)

2.44 x 107° (0.18) (227) %

§

2.9 x 10™° he?

<
in 2}'kv

o
[

990 dave

This is an approximate estimate, and, because of the assumptiong
required to wake the estimate, it could be in error by an order of
magnitude or more. Screening studies of the volatilizarion of

2,4,6-TNT are recommended.
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Sorption on Soills and Sediments

Syracuse Research Corporation (1978a,b,2) measured THT sorp-
tion on four sediments and cbtaived KP values of 5.5 to 1%9.3 after
24-hour egquilibration times. These partitiom coefficients indiecate
that sorption iz not a significant fate for INT, because strongly
adsorbed materials have partition coefficlents greater than 100. The

5 it Sl B ks i e Bl LN KoM S AL

adsorption experiments indicated that adsorption equilibrium was not
fully obtained in 24 hours, but they did not elucidate the mechanism
or estimate the extent of the continued adsorption. The sediments

used were not characterized, so we cannot predict sorption partition

coefficients for other sediments,

Battelle (1978) conducted s50il column tests o determine
whether THT migrates into groundwater. However, the experiments were
terminated before encugh data were collected to determine migration
rates., The experiments cannot be used to determine partition

coefficients.

Karickhoff et al., (1978} and Kanaga and Coring (1778} have
shown that sediment and soll partition ccefficlents are strongly
correlated with the organic carbon contents of the soil and with the
solubility of the chemical in water. Figure 1 summarizes thelr data,
as well as dats obtained by Smith et al. (1978). These results suggest
that the value of ch = KpfFoc can be estimated from Figure 1 within
about an order of magnitude. The equation for the line representing

the linear least-squares fit to the data is

log K = -0.27 ~0.782 x log(solubility, ¥). (3)

Using the average solubility of 5.4 x 10~* M, the predicted value of
Koc ig 190. Using a value Foo= 0.07, which is “typical," the
et = E . = LA
predicied value of Kp K, Foo {190)(0.07 = 13.3
Additional sorption experiments are recommended to determine
how the partition coefficient is related to sediment and soil proper-

ties and how exteuded contact times affect the partition coefficient.




& Karickhoff et al. {1878}
| o Smith et al. {1978
106 | @ Kenaga and Goring {1978)
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Ly Absorptlion Spectrus > 230 om

Schroeder et al., (1951) veported that im ethauwol aolvent,
2,4,6-THT has an absorption coefficient of ~ 10® at 310 mm; the dats
do not extend beyond 320 nm., Abe (1959} measured the uv spectra of
2,4,6-I8T in several sclvents in the range of 300 to 400 nm. In water,
-

absorption coefflcients were approximately 650, 250, and 30 ¥ cm
at 300, 350, and 400 am, respectively.

Photolysis

Burlinson (1978} has studied the photolysis of TNT im a natural
river water and in distilled water. He found that in the sunlit
naturs’ water {(pH 8.2; TOC, 4.48 mg/liter), the INT concentrations
neared zerc after & to § days; in the dark, the same solution reguired
30 days for S0% loss of TNT. The products identified from the natural
water reaction were 1,3,5~TNB, 2,4,.6~trinitrobenzaldehyde (TNBAL), and
three biotransformation products {amino nitre compounds). 1,.3,5-INB
was the major product formed, with s 10Z yield obtained after 8 days;
yvields of 1,3,5~TNB were subseguently reduced by biotransformation.
Burlinson also reported that TMRBAL in the river water was 85Z converted
to 1,3,5~T88 in 30 minutes, but the reason for this rapid conversion
of TNBAL to 1,3,5~TNB is not known. In distilled water, photolysis of
TNT produced only TNBAL.

Burlinson zad Glover {1976) reported earlier that photolysis of
141 ppm THT at > 290 nm was more rapid in Mississippi River water than
in distilled water; they attributed the rate difference t¢ the higher
pH of the river water, which changed from pH 7.1 to 6.8 during the
photolysis. This was similar to the observation of Burlinson et al.
{1973} that 60 minutes of photelysis of INT at > 290 nm in D0 gave
3, 48, and 70% losses of THT at pH 1.1, 3.0, and 6.0, respectively.
In the TRT recovered from the pH 1.1 and 6.0 solutions after the
photolysis, deuterium incorporations were 73 and 50%, respectively.

In that 1973 study, Burlinson et 2l. also examined “pink water,”
which was prepared by exposing saturated 120~ to 130-ppm solutions of

1s
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INT to a By lamp source filtered by borosilicate glass. The pink water
contained a2s products ITNBAL, 1,3,5~THB, 2,4,6-trinitrobenzonicrile,

a1t

’ and 4,6-dinitroanthanil. Burlinson et al. also found that when TNT E
in an aquecus solution was exposed to sunlight for § days {30 hours of B
. sunlight), about 75% loss of starting material occurred and an addi- :

tional four substituted azoxybenzene compounds were produced. Only
20% of the products were obtained in the benzene extract of this pink

water solution. When the THT photolysis was performed in tetrabydro~

?f furan solvent, a 472 yield of azoxy compounds was obtained, and the
'%1? authors reasoned that the formation of azoxybenzene compounds in pink 3
gf water must also require a hydrogen atom donor.

Burlinson and Glover (1977a) have alsc reported that TRT photo~

120t it

B T

products in photolyses at > 290 mm were not significantly different

s st
PR I,
-

when the initial concentrations were 113 aand 4.5 ppm. In a subseguent
report {1977k}, they did find that phnotoproducts were different
depending on whether the Hg lamp scurce had the borosgilicate filter.

E2

In contrast, Spanggord et al. (1978) found no significant difference :
in photoproducts from TNT photolyses performed using sunlight or a '

borosilicate~filtered Hg source.

Suryanarayanan and Capellos (1972, 1974} investigated the photo-~
lysis of TNT using flash photolysis technigues. They found that the
formation or decay rates of the aci-quinoid intermediates were
unaffected by the presence of molecular oxygen. In nonpolar solvents
{benzere or cyclohexane}, the asbsorption maximum was at 460 nm, with a
decay rate constant of 1.04 x 10° sec™', 1In polar solvents (methanol
or acetonitrile}, Amax were found at 300, 540, and 630 nm. Decay rate

-l

constants of the transient were mneasured as 1.74 sec in methancl

N 3

and 0.44 sec™" in acetonitrile solvents. In the 1972 report, the

authors alse wrote that the aci-quinoid INT isomer has a pKa of -0.9%3.

Y N i e A RS

Sandus and Slagg (1972) have reported a disappearance quantum
yield of 1 % 10™® for the photolysis of 2,4,6-TNT in heptane solution
at 254 nm, with the quantum yield independent of exygen. The authors
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glsc measured 2 mean lifetime of 1.5 % 0.3 moec for the THT interme-
diate formed in a flash photolysis experiment; the maxisum absorption
for the intermediate was sbout 470 mm.

Hydrolysls

Ho hydrolysis of 2,4,6~THT is expected wnder envirommental

conditions.

Biodegradation

The microbial degradation of 2,4,5~TNT has besn a subject of
iunterest since the 1940s. Rogovskaya (1951} observed biological
decomposition of TNT at the 5-mg/1'cer level. He reported that THT
concentrations of 0.5 to 1.0 mg/iitar have negligible effects of stream

self-purification, but increasing concentrations inhibit it.

Using phenol-adapted mixed bacteris from soil, compost, or mud,
Chambers et al. {1963} evaluated the blodegradation of mawy aromatic
compounds by resgpiratory techmiques. They obseived a slow but
significantly higher oxyger uptake rate with 2,4,6-T8T at 100 mg/liter
than endogencus respiration, indicating TNT is oxidized.

Enzinger (1970} adapted organisms from sewage treatment plant
samples to 2,4,6~TNT. When 100 ppm TNT was incubated with those
organisms in trypticzse soy broth, the concentration decreased to
1.25 ppm in 5 days. The cells had only trace smounts of 2,4,6-TNT,

80 the decrease was not due to adssrption.

Bringmann and ¥uehm (1971) used a two-stage model wastewater
purifier; the first stage was an aerator with Azatobsctor agilis, and

the second was an overflow basin with activated sludge. They reported
that 128 mg/liter 1,4,6-TNT was 99.6% transformwed after the second
stage.

Camon and Klausmeier (1972} reported that TNT was degraded in
agar plates or flirsks when other organic nutrients weve added to the
media, Flasks containiog 100 ppm TNT, mineral salts, and yeast

extract inoculsacad with sewage effluents, soil, or poud water gave
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> 99% loes of THY sfter 6 days. NHo T dissppoarance was

cbserved in inocculated flasks containing only wineral salts and

2,4, 6~THT. ¥lausmeder et al. (1973) then tested graw-vegative bacteria,
antincmycates, yveasts, and fungl. They found that THY at 50 mgfiiter
geverely inhibited the growth of these orgusnisms in moet cases. How-
ever, wany of the cultures did grow well and degraded THT at lower
coacentrations with other organic mutriepts. In studying treatments

of TNT wastewater, May et al. {1974} foupd that THY waste can ba
biolngically treated when combined with domestic waste. THT was
removed by blodegradation and blesorption.

Bvidence of orgenisms using THT as a scle carbem source was first
reported by Won et al. (1974)., TIHT envichment cultures frosm mud and
water could grow ip TNT asd basal salts, and they degraded the TNT.

For accelersted TNT degradatiom, the addition of glucose or veast
extract was essential. Complete dissimilation of 80 wg/liter TKT
within 24 hours occurred in medium supplemented with 0.3% yeast extract.
In the medium filtrate, THT was metabolized to 2,3%,6,6', tatraoitro—
d~amoxyioluense {4~Az}, 2,27,4,4'-tetranitro-6-azoxytolusene (§-&Z),
2-amino-4,6-dinitrotoluene {2-4-5%,5DNT), 4-hydroxylamino-2,6~dinitro~
toluene {(4-0BA-2,6~DNTY and nitrvodiawinotolusne. Azoxy compounds dis-
appeared at later stage of iucubation. 4-Amino-?,t-dinitrotoluene
{(4~4~2 ,6-DNT} was not found. According to Chamnon et al. (1944}, the
aroxy compounds may be formed by & coupling reactiom of the corres-
ponding hydroxylamines and are not the divect metabolic products of THT.

Traxler et al. (1974} also reported that gram-negative bacteria
isolated from various scurces can use TNT as the sole source of
nitrogen and carbon. They also reported that addition of yeast
extract at 100 ug/ml stimulated microbial growth on THT. With an
isolate mutant, 627 of the TNT was removed from a medium containing
yeast extrsct and 100 pg/wl TNT in 20 hours. The presence of nitrite
in the medium indicated removal of the nitre group from the ring.
Uging ring-lsbeled *“C~THT, Traxler and his co-workers dewonstrated
the incorporation of TNT into the gellular materfal by two isvlates.
Release of *“(0, was observed, and they cencluded that cleavage of
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the benzene ring occurred., However, the "0, activities were very
low (0.3 to 1.2% of added *“C-THT). To explain this phenonemon,
Trazler ot al. copducted heterotropic €O fixstion experiments with
Raf'*“COs and found that €0, was taken up by the cells when the crgan~
ismg were growing o unlabeled THT. On & wolar basis, €0y fixastion
accounted for at least 417 of the THT consumed,

in addition, Traxler (1975} demonstrated that >“C activicy from
metabolized ring *“C-THT was in ninhydrin-positive materials cbtained
from the hydrolysis of cellular protein. He used washed cells at high
eoncentrations and found that they effactively removed TNT from the
medla with or without yeast extract, or other organic nutrients; 94%
TRT was rewmoved from 100 uwg/m) in 18 hours with 14 mg/ml cells. At

low cell concentrations, the removal was poor.

Io a shaker flask with TNT-enriched medium Weitzel et al. {(1975)
reported that sediment bacteria transformed THT without additiocnal
organic materials. TNT was reduced 6.7 to 9.4 mg/liter from 10 mg/
liter in 5 days. The addition of glucose and peptone and farty acids
increased the formation of transfcrwmation products. Disappesrance of
IHT wag 9.9 wg/liter from 10 mg/liter fu 5 days. The metsbolites found
were simiiar to the products reported by Woa et al. (1974).

Using an enzyme preparation from Veillonella alkalescens, Melor-
mick ot al. (1976) tested a variety of nitroaromatic compounds,
ircluding 2,4,6~TRT, for their reduction by hydrogen to form corres—
ponding arylamines. The relative rate of reduction to other nitro~

aromatics was measured. McCormick et al. showed that TNT can be
degraded by anaerobic microorganisms as well as gerobic organisme.
Jerger and Chynoweth (1966) reported the snaerobic wicrobial degrada-
tion of THT. In benchtup anaserobic digeaters, they cbgerved partial
disappearance of TRT and the sppesrance of transformed products, one
of which was identified as 4~-0HA-2,6-DRT. Parvish {(1977) tested 190
pure cultures of funpl and reported that 183 strains were able to
trangform 2,4,6~THT in a medium containing 100 wmg/liter THY, glucose,
and basal salis., Eozyme activities were in mycelia and not in

i9
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culture filtrates. The transformation products were 4~A-2,6-DNT,
4~0HA~2,6~DRT, and 4,4'-azoxynitrotoluene. Studies with ring~labeled
*4C-TNT gave no evidence for cleavage of the carbon skeleton.

Carpenter et al, (1978) used an activated sludge system to inves~
tigate the fate of *“C-labeled 2,4,6~TNT. *“C~INT was not detected in
the aerated vreactor and no significant '*CO, was formed; the radio~
activity was found in both the floc and supernatant. However, the **C
in microflora was not the characteriatic constituent of lipid and

protein material (fatty scids and amino acids), but it was bound to
these compounds as polyamide macromolecules. No evidence indicated
that the nucless was cleaved. In a 3-year study of a 3000-gallon

é » pilot-gcale treatment facility, Hoffsommer et al. (1978) used a
variety of conditions to degrade TNT and obtained the best results

-
. NI

with activated sludge microorganisms and supplemental nutrients. With

] THT at 10 to 50 ppm, 97% of the TNT was removed at a feeding rate

€  o of 8 to 0.25 litevs/minute, Using labeled TNT, Carpenter et al. (1978)
' obtained similar reguits. The metabolites found were 4-A-2,6-DNT,

2~A-4 6~DNT, 2,4~dismino~6-nitrotoluene, and 2,6-dismino-~4-nitrotoluene.

Burlinson {1978} conducted river die-away degradations of TNT
with river water. 7The ewperiments were conducted in the dark and in
sunlight under aerobic conditions. Under darkness, 90% of the INT
{initially 20 ppm) disappeared in 30 days. The data indicated that the
tranaformations were first order relative to TINT concentration (.087 day~?!)

(without lag pericds). Although microblological plate counts were

mada, the fraction of the microbial population responsible for TNT
transformation was not known. ATP analveis of the waters was cone-
ducced, but the concentration found did not correspond to the biomass.
In sunlight, 'INT transformea much faster, suggesting that photodegra-

dation occurs at a faster rate than bilotransformation.

1,3,5~TNB was found in the phctolysis with river water; photolysis
of TNT in distilled water produced TNBAL. Uader both darkness and
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4=-A~2 ,6-DNT were found, but the concentrations were higher in the
experiments conducted in the dark, 3,5~Dinitrosuilios {3,5-DHA} was
found in the sunlight conditions and appeared to be the bhilotransfore
mation product of TNB,

In summary, 2,4,6~TNT iz biotransformasble by micrcorgenisms
including bacteria, yeast, and fungi, although THT inhibits their
growth at high concentrations. For many of the organisms tested,
additional organic nutrients are essential. For others, added
nutrients are helpful in the transformation of INT when it is used
as the sole carbon and nltrogen source. Burlinson's data (1978) show
that biodegradation is a first-order loss of INT in river die-away
tests, but no rate study was conducted with an enriched culture.
Reduction of the nitro group to the amino group seems to be the first
step in bictransformation. Both the ultimate degradation of INT to
€O, and evidence for ring cleavage were reported by Traxier and his
co~workers (1974), but no evidence for either reaction was found by
Carpenter et al, (1978) or Hoffsommer et al. (1978).

1,3, 5-Trinltrohexahydro-1,3,5-Triazine (RDX)

Summary and Recomwmendations

The volatilization rate of RDX, estimated from the available
literature data, suggests that volatilization should unot be a signifi-
cant environmental fate. A screening study should be performed to

validate the predictive method, however.

Sediment adsorption fs not expected to be a significant fate
vrocess for HDX because of low partition coefficients determined for

various sediments.

Photolysis appears to be a rapid process, and detalled rate
studies in natural waters are needed., A reaction quantum yield for
RDX at a wavelength above 290 nm as well &s its uv absorption spectyrum
above 29C nm should also be measured for use in calculation of rate

constants for direct phetolysis in aquatic systems.




L ere e g « = e o e g
LU I TR S TR U LD Taand e, e
s s 2 i Y - e

e T pir . A

Hydrolysis of RDX at environmeotally relevant pH values iz slow,
Detailed hydrolysis studies are not recomwended uniess the screening
srudies from other fate processes show a half-iife for RDX of greater
than 170 days.

Biotransformation studies of RDX need to be performed. They
should include the development of enrichment cultures, the function
of sediment in bilotransformwation, the use ¢f RDX as a sole carbon
source, and the identification of metabolic products.

Physical Properties

Solubility is Water

Spanggord (1977) determined that the solubility of RDX in
water at 18° C was 44.7 ppm (2.0 x 10-" M). Syracuse Research Corpora-
tion (1978) reported a solubility of 42 ppm (1.9 x 10~* M) at 20°% C--
in excellent agreement with Spanggord's result. The values reported
by Battelle Columbus Laboratories (1978), 24 and 18 ppm at 21° C, are
probably erroneous because the saturated solutions were filtered before
analysis. The filter probably adsorbed some of the dissolved RDX.

Vapor Pressure

Using a Langmuir method, Rosen and Dickinson (1969) deter-
mined the vapor pressure of solid RDX over the temperature range of
56 to 98° C; the extrapolated vapor pressure at 20° C was 4.1 x 10~°
torr., Edwards (1953) used a Knudsen method, and the extrapolated vapor
pressure was 8.2 x 10°% torr at 20° C. This value is probably less
valid than that of Rosen and Dickiunson because Edwards used a narrower

temperature range (110 to 138° C).

Physical Transport

Volatilization Rate from Water

An estimate of the Henry's law constant for RDX using the
dats of Rosen and Dickinson and of Spanggord is 2.0 x 10~° torr M™%,

22
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That constant is very low, and the correct wvalue of Ke may be an ovder

of magnitude higher. The calculated value of (ko) __ 18 3 x 107* hx™*

- and the estimated half~1ife for velatilization is 9 x 10% days.
Volatilization should not be a significant envirormental fate for

- BDX and volatilization studies are not recomsended.

Sorption en Soils and Sediments

RDX sorption was measured on three sediments (Syracuse

bt ot ne A

Research Corporation, 1977a,b; 1978a}. The measured partition coeffie-

ients varied from 4.2 for a highly organic sediment to 0.8 for a sandy
loam., These values indicate that RDX is only weakly adsorbed to
sediments, and the experiments did not show increases in adsorption

L e

with extended contact times.

Battelle Columbus Laboratories {1978) conducted soil column
tests to determine whether RDX migrates into groundwater. Unfortu-
nately, the experiments were terminated before enough datz were
collected to determine migration rates and the experiments camuot be

e S e e

used to determine adsorption partition coefficients. WNevertheless,

AR

RDX sorption apparently does not change with Increased contact time,

PGS

80 additional experiments to study the nature of the interaction of

RDX and soil or sediment are not required.

Photolysis

Spanggord et al. (1978) reported that of 44 ppm RDXK in aqueous
solution, about 3Q% lost after exposure to sunlight for 7 days.
Syracuse Research Corporation (1978c) reported that 12 ppm RDX in
aqueous solution had a half-life of 10.7 hours; they noted that this
half-life compared favorably with half-lives of 9 to 13 hours that

were previously determined.

Kubose and Hoffsommer (1977) found that the major product from
photolysis of RDX at > 280 nm in acidic aqueous solution was the

mononitroso analog of RDX,

23
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The product formation was independent of the oxygen concentration in
solution, and this product was not found in neutral o basic wmedia.
The authors suggested the initial step was photolysis of BDX to RO,
and the azgyl radical followed by the sequence of reactions shown

below.

?02 }502
N
hv
M = (1.
7N / ) :
NO. NQ, ROz

ROz + Ha0 + NOs™ + NOy~

NO.~ + HY -+ HNO; -+ NO + NO

Kubose and Hoffsommer also reperted that nitrosc products were formed
directly from photolyses of RDX at > 220 nm through cleavage of the
N~0 bond; the formation of nitroso product(s) under these conditions
was independent of the pH of the solution. Syracuse Ressarch Corpora~
tion (1978c) reported a quantum yield of 0.67 for photolysis of RDX

at 254 nm in an aqueous sclution, pH 8.1. The product formed was the

24




mononitroso analog of BDX, and the rate of photolysis was independent
of oxygen. The work by FRubose and Hoffsommer (1977} suggests that NN
" bond cleavage is the primary photochemical process at wavelengths

greater than 230 whereas N-O0 cleavage occurs at ghorter wavelengths,
- Hence, the qusatum yield of 0.67, measgured at 254 nm may nct be
relevant to photolysis of EDX in the environment.

Hydrolysis

Roffsommer and Rosen {1973) have reported that RDX in seawater
{pHl ~ B) at 25° C was 11.6% hydrolyzed in 108 days; this coaversion
rate is equivalent to a hydrolysis half-1ife of 1.7 yeaxs. A subase-
quent report by Hoffsommer et al. {(1977) gives a second-order rate
constant for alkaline (TOH) hydrolysis of RDX at 25.0° C as 3.9 % 0.2
x 107" M ? gec™?; using this rate constant, the calculated half-life
for TO0H hydrolysis of RDX at pH 8.0 is 5.6 years. 1In the same report,
Hof{fsommer and his colleagues present data indicating that the hydrol-
ysis half-life of RDX at pH 9 is 200 days. A Syracuse Research Cor-

- poration report (1978c) gives a rate comstant of 1.6 x 10~ ¥"* sec™?
for hydrolysis of RDX at pH 9.1 and 31° C. This information indicates
. that alkaline hydrolysis will not be an important process In aquatice

environments compared with sunlight photolysis.

No reliable data on the neutral or acid hydrolyses of RDX are
available. Information presented in a Syracuse Research Corporation
report {1978a) indicates, however, that the half~life for RDX hydrol~
ysis at 30° ¢ will be greater than 170 days in the pH range of 2.1 to
7.1, Because the photochemical transformation of RDX in sunlight is
rapid, neither neutral nor agid hydrolysis of RDX will be important

AL

processes in aquatic systems.

M‘dw':gm-?éia‘.;‘a‘»f'-‘i‘r—x.«’!&f
i I

Biodegradation

Osuen and Klsusmeier (1972) studied the dlodegradation of TNT,
RDX, and picrate. Some RDX disappearance was indicated during the
8011 enrichment studies, but preoof of RDX degradation by microorganisms
was not obtained.
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Soli (1973) observed disappearance of ROX when it was incubated
with purpie photosyathetie bacteria. About 97% of REDX was trausformed,
from the initial concentration of 20 mg/liter, after 5 daym'af incuba-
tion. Soll hypothesized that rather than belng metabolized, RDX is
reduced by an electron “storm” durinmg the photosyathetic procsss in the

organisms,

In their pilet-plant study of INT biodegradation, Hoffsommer et al.
{1978) found nc biodegradation of BDX elther alone or in the presence
of TNT. THT bioconversion was not inhibited by the presence of RDY.

r
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In an environmental fate study of RDX, Sikka et al. {1978) reported
that 10 ppm RDX was decreased only when sediments were added to river
waters in river die-away experiments, with about a 20-day lag perioed.
During a l~month period, no loss of RDX occurred in uwmsupplesented water
samples or in samples that contained yeast extract. The evoiution of
*4c0, from ‘“C-RDX was observed in water and water pius sediment after
the lag phase. When '“C was added to wastewater samples from HMX pro-
duction lines with sediment, as high as B0Y¥ *“C0, was produced after 38
days of incubation, including 10 days of lag phase. Other river waters
with sediments did not preduce significant amounts of *°C0,, despite
their ability to tranaform RDX (nearly 80% loss from an initjal level
of 10 ppm). Whether the sediment in these experiments provides extra
nutrients, essential nutrients, or cometabolic substrates or whether it

provides more organisms needs to be studied further.

Trinitroglvcerine (TNG)

Summary and Recommendation

A volatilization rate for TNG can be estimated from literature data
and detailed studies are not recommended. Also, sediment adsorption is
not believed to be a significant process based on estimates of the parti-
tion coefficient; however, screening studies are recommended. Photolysis
studles should be performed to establish a limiting environmental photole
vals rate for TNG. Hydrolysis of TNG under neutral and acidic conditions
will be slow. A screening study is needed to determine a limiting rate
constant at alkaline pH. Complete bilotransformation rate studies are

recomuended to detail the importance of this fate process for TNG.
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Physical Properties

Solubility in Water

The solubility of TNG in water is reported to be 1.0 g/800 ml
of water (5.5 x 10~® M, Merck Index) and 0.138 g/100 g of water
(6.1 = 107* M) at 20° € (Ledbury and Prost, 1927).

Vapor Pressure

Kemp et al. {1957} reported that the vapor pressure of liguid
THG at 20° ¢ is 2.0 x 107% torr. Yokogawa et al. {1968) measured a
vapor pressure of 3.8 x 107% torr at 20° C. Vacek and Stanek {(1959)
report data from which the extrapolated vapor pressure of TRG at 20° C
is 4.2 x 107¥ torr. Obviously, the sgreement between these data is

poor.

Physical Transport

Volatilization Rate from Water

Estimates of the Henry's law constant for TRG, using the
various literature values are that ﬁc is between 3.3 and 0.06 torr M™%,
Using Hg = 0.06 torr M ', the estimated value of {kg)env is sbout
10°% hr-? and the half-life for volatilization is about 3000 days.

Yolatilization rate studies for TNG are not recommended.

Sorption on Soil and Sediments

Ne sediment or soil adsorption isotherm data for TNG were
found during the literature search. Baged on the sclubility of TNG
in water at 14% and the correlation of K . and water solubility shown
in Figure 1, the estimated value of KQC is 20. This vaelue suggezts
that adsorption on sediments may not be a significant eavironmental

fate. WNevertheless, screening experiments are recommended,

Photolysis

No data suitable for assessing the photolysis of TNG im aquatic
systems are available, Urbanski (1947) found that TNG is decomposed

to acidic products when irradiated in a quarte well/Hg iamp system.
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Osada et al. (1965} reported that filwms of cellulose nitrate are
decomposed by uv light and supligbt. By analogy to the sunlight
vhotolysis of cellulsase nitrate, THG Is also probably photolyzed in
sunlight,

Bydrolysis

DiCarlo (1975) has reviewad the chemistry and biochemistry of THG
and notes that the wmechaniasm of TNG hydrolysis Is unkpown. According
te DiCarlo, bLinetic and mechanism studies are difficylt because of
competitive gide reactions that are hydrolytic, oxidative, and reduc-
tive in nature, Thus, the reaction of THG in alkaline solution has
been found to proceed by the following stoichiometry: TNG + 5KOE =
KNOs + ZKNQ: -+ HCOzK + CHRC0:K + 3H,O0. Glycercl was found as a
hydrolysis product of TNGC when the reaction was performed in the
presence of a compound such as phenyl mercaptan, which is oxidized

preferentially to glycerol.

Svetlov et al. (1976) have studied the kinetics of the neutral
hydrolysis of several polynitrates of polyhydric alcohols, including
THG. The kinetle experiments were conducted with solutions of the
nitrate esters in distilled water; aitric and nitrous acid were
generated by the hydrolysis, so the kinetic data reported were based
on the first 5X of the reaction. The rate constant measured for TNG
hydrolysis at 80° C was 6 x 10™° sec™', which corresponds to a half-
life of 134 days. Assuming that the rate of hydrelysis iz halved for
each 10° C decrease in temperature, the half-life for TNG hydrolysis
at environmentally relevant temperatures will be on the order of years

at neutral pH values (nominally pH 5 to 7).

Rogzeel et al. (1974) measured the hydrolysis rate constants
for TNG and its hydrolysils products at 37° Cin 1 to 4§ MECl, In 1l M
HCl, the respective hydrolysis rate constants for TNG, 1,3-dinitro~
glycerine and l-nitroglycerine were 1.6 x 107%, 3.7 x 107, and 2.40
x 1077 gec™?; the half~-life for TNG under these conditions is 5.0 days.
Assuming that the process studied was first order in both acid and
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nitrate ester, the acid hydrolyses will be 10% slower at pH 3,
with an acid hydrolysis bhalf-life of over a century.

Capellos et al. (1978} thoroughly examined the alksline hydrolysis
of TNG and 1ts derivative esters. The alkslipe hydrolysis of TNE at
25° ¢ was determined to have a second-order rate comstant of 2.15 x
107 ¥ gec™t (average rate constant for two experiments). Using
thie rate comstant, the half-life for alkaiine hydrolysis of THG at
pH 8 ds 37 days.

From these data, rhe hydrolysis half-l1ife of TRG at 23° C is
reliably predicted to be more than 1 vesr at pi 3 to 8; at pH values
sbove 8, the hydrolysis half-life iz less than 1 year; and the half-
1ife at pH 9 is 37 days. Therefore, unless other transport or trans-
formation procasses are all =wpusually slow for TNG, hydrolysis of THG
will not be au environmentally significant fate process except possibly
at high pH levels.

Biodegradation

Relatively little information has been publiszhed oo the mierobial
degradation of ING, although many papers reporied the metabolism of
this compound in mammalien systems (DiCarle, 1%75). Microbial degra-
datiou of TNG was first reported by Wendt et al. {1978) who found that
the compound was readily bicdegraded when batch or continuous tech=
niques were used with activated sludge cultures. TNG was not a sult-
able carbon or nitrogen source; other organic nutrients such as
glucose are needed. In shaker flasks containing 67 mg/iiter TNG,
glucose, and miniwsl salts, a 33.5% decrease in THG concentration vas
obgserved after 5 days of incubatiom. Without glucosas, only 3.1Z loss

was observed.

2, 4-Dinitrotoluene (2,4-DNT)

Supmary and Recommendations

Volatilization rate estimates show that volatilization may be an
important fate process for Z,4-DNT that requires detalied study. Sedi-

ment adsorption may alsc be an important fate process, as indicated
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by estimates of partition coefficients. This, too, reguives Further
study. Photolysis studies also should be performed ie view of the
rapid photolysis of other ortho-aitrotoluene compounds. Blotransfor-
mation of 2,4~DRT is likely to occur in the enviromment, sod detailed
investigations of this fate are recommended.

Physical Properties

Solubility in Water

The sclubility of 2,4-DHT at 22° € has been reporved as
0.027 g/100 g of water, or 1.5 x 10™° M (Desvergnes, 1925). We found
no other solubility data. The solubility should be remeasured at 20° ¢
ugsing the technique of Campbell (1934). That technigue is described
in Section IX.

VYapor Pressure

Pella (1977) measured the vapor pressure of solid 2,4-INT
using a gas saturation methed. The vapor pressure extrapolated from

his data is 1.1 x 10™* torr st 20° C.

Msksimov (1568) used 2,4-DNT near its boiling point. The
extrapolated vapor pressure at 20° € is 5.1 x 10”7 torr, which should
be a reasonable estimate of the vapor pressure of supercooled ligquid

2, 4-DNT.

Physical Transport

Volatilization Rate from Water

4n estimated value of the Henry's law constant for 2,4-~DNT
is 3.4 torr M*. The estimated value of B, suggests that the velatili-
zation rate of Z,4-DNT is limited by gas-phase mass transport resistance.
The estimated value of (kg}env is 6.1 x 107" hr™' and the half-1ife for
volatilization is 47 days. The volatilization rate data of Spanggord
et al. (1978) can be used to calculate a (ks)lab value of 2.96 x 10~°
hr™! and a (kg)lab value of 3400 cm hr™'. These values can be used to

caleulats {k&’kg)lab and (Kg) using equation (A-28).

N~
Ry

envy




&
.5
E
63
PR
=
-5
I b,

Them, from Bg. {A-30), (A-31}, and (428},
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= 8.66 x 1077 ew™?
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- £8.66 x 16773 (7,8)(2100)
(2603 ~

= 7.1 x 107% hr~?' = 1.7 x 10~° day

and the estimated environmental half-life for velatilization is

410 days. This value is within an order of magonitude of the
volatilization half-life estimated using the procedure described im
the TNT gection, which ls excellent comsidering the approximﬁtions

that were made.

These results suggest that volatilization of 2,4~-DNT may
be an important environmental fate and detailed volatilization rate

studies are recommended.
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Sorprion on Soils aud Sediments

%o sediment or soil adgorption isotherm dats for 2,4-THT
were foend during the litersture search. Based on the solubility of
2,4-IHT in water at 20% and the correlasticon of Kﬁg and water solubility
shoun in Figuwre 1, the estimated Rbc is about 90. This valus sugpests
that adsorption on sediments may not be a significant envirommental
fate. WHowever, screening experiments are recommended.

Fhotolysis

Spanggord et al. {(1978) reported that 50X of the 2,4-DN? component
of a T condensate water was lost after euposure to sunlight for
about 5 days. A control solurion maintained in the shede showed that
the same amount of 2,4~DNT was lost io about 11 days. These data
suggest that valstilization is competitive with direct photolysis of
2,4~DRT under the conditions of the experiment.

Burlinson and Glover {1977a) have reported that 2,4-DNT photo-
lyzes more rapldly at higher pHs. Thus, photolysis at > 290 nm of
125-ppm 2,4-DHT solutions at pH 3.3 and 10.8 gave 44 and 927 reaction,
respectively, after 3 hours of irradiation. In the same report, the
authors summarized thelr previous work om idemtifying the 2Z,4~ONT
photoproducts, accounting for 52% of the starting material lost. The
products and their yields were-—

* 2,4~Dinitrobenzaldehyde, 6%

*+ Z-Amino-&-nitrobenzaldehyde, 10%

¢+ 2,2'-Carboxaldehyde-5,5'-dinitroazoxybenzene, 3%
¢ 2. 4-Dinitreobenzoic acid, 7%

¢  Z-awino~-4-nitrobenzoic acid, 16%

¢ 2,2'-Carboxy~5,5'-dinitroazoxybenzene, 10%

Wettermark and Ricel (1963) and Wettermark et al. (1965} igves-
tigated the photolyeis of 2,4~DNT in terms of the aci-quincid inter-
mediate formed during the flash photolysis of 2,4-DNT in a solvent of
1% ethanol in water. The transient intermsdiate in stroag acid showed
an absorption minimum at 400 mwm and a peak abscrption at 420 nm; in
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strong base {(G.1M Ha0H), the sdinleen was at 450 ne and the saxisws

at 530 pm. The ransiticon from the aeld specirum to base spectrun for
the 2,4-DNT intermediate occurred at about pH 1, and the basse spectrusm
was unchanged over the pH range of 2 to 13; the spestrws was also

unchanged by the presence of orypen or buffer zalts. The spectrum of
the ponirrediatced 2,4-DNT was also found To be unchanged in the pH
region of O to 13,

rpransch
“

Wettermark et al. also reported that in NadH solutlons of pE 10

4

to 13 the first~order rate coastant for decay of the bese intermediate

was 1.0 sec™?. The rvate of decay was affected by the buffer salt

i; | concentration, but the first-order rate comstant for decay was alse
.ié determined to be 1.0 sec” ' at pd 2.4 after extrapolation to infinite
;%i dilution for buffer salts., Below pH 3, the decay rate Imcreased with
g; lowered pH. Rate constants for neutraiization of the basic transient
v_§;'; intermediates were measuvred to be 7.4 % 10% M * see™® for BY and 1.8
 §% ﬁ . x 1072 ¥ * sec”? for reaction with water. The decay rate constsnts
;%} # . . for both the acid and base intermediates were unaffected by ouygen at

all pH levels except near pR 1 where the intermediaste undergoes the
actdfbase cﬁange in spectrum.

TR

The authors also reported that in addition te the transient spec—
trum, permenent visible absorptions appeared in the range 380 to 600
nm, with .the extent of coloration from these photoproducts depending

strongly on pH, buffer concentrations, and the presence of owygen.

e o

ez

Sandus and Slagg {1972} reported a disappearance gquantum yield

]

of 1 x 107° for photolysis of 2,4-DNT in heptane sclvent at 254 nm;
the quantum vield was not affected by oxygen in solution.

o

Hydrolvsis

¥o hydrolyais of 2,4-DHT is expected under environmental
conditions,

Biodegradation

. Chashers et al. {1963) reported evidence of degradation of 2,4-DRT
with phenol-adapted bacteria and 100 mg/liter 2,4-DNT using respiratory
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rechniques. 2,4~DNT (100 mg/lirer} was transformed by some fungl in
basal medium with glucose (Parrish, 1977}, Only 5 of 190 organisms
tasted transformed 2,4~DNT, compared with 183 for 'INT.

MeCormick et al., {3978) identified the products of transformation
by a fungus Microsporum species grown in DNT, glucose, and basal
medium. Those products were Z-amino-4-nitrotoluene (2-A~4-NT},
beamino~2enitrotoluene (4~A-2-NT), 2,2'-dinitro-4,4'-azoxytoluene,
4,4'-dinitro-2,2'—azoxytoluene, and 4-acetamido~Z-nitrotoluene,
2,4-DNT was also reduced by hydrogem in éhe presence of an enzyme
preparation from Veillonella alkalescens (MeCormick et al., 1976).

Wo environmental fate stvdy was performed.

CATEGORY 11 CHEMICALS

1,3~Dinitrobenzene (1,3-DNB}

Summary and Recommendations

Velatilization of 1,3~DNB is expzeted to be an impoyiant environ-
wental fate process, so detailed studles are recommended. Sediment
adsorption is not coasidered to be an impcrtant fate process; however,
screenfng studies should be performed. Photochemical screening studies
shoulé be considered in natural waters hecause of a téiling of the uv
absorption spectrum into the region above 200 nm. Bilotransformation
studies are n=cessary to determine microbial reduction rates of 1,3-DNB

and the potentfal for occurrence of other biotranaformations.

Physical Properties

Solubility in Water

Several researchers have measured the solubility of 1,3-DNB
in water: Urbanski (1964) obtained 0.02 g/100 g of water (1.2 x 107> M)
at 20° C; Leiga and Sarmousakis (1966) obtained 0.533 g liter™* (3,17
x 107* ¥) at 25° C; Kueifets et al. (1974) obtained 0.36 g liter™*
(2.2 x 107* M) at 20° C. The data of Khelfets et al. are probably
the best available,




Yapor Fressure

Maksimov (1968} messured the vapor prassure of iiquid 1,3-DHE,
His data, extrapolated to 20° €, give a vapor pressurs of supercocled '
liquid 1,3-INB of 3.9 x 10™° torr.

Measures of the vapor pressure of solid 1,3-DNB have boen &
raported (CA 59:12206f; 70:61315v). However, the units and some of 3
the data ave unclear, and we have not tried to analyze them becausse

-

Maksimov's dats are satisfactory for our purposes.

Physical Transport

Volatilization from Water

The estimated value of H, for 1,3-DNB at 20° C is 1.8 torr M},

The estimsted value of (kg)env’ using equation (A-31), is 3.9 x 10~ hr™?
i Cw

and (c&)env iz 73 days. The estimated value of (kvfkg)lab' using data |

from Spanggord et al. (1978), is 6.4 x 1077 cw™*, which gives a value of :

(kg)eav = 5,2 x 107° hr™? and a half-life for volatilization of 550 days. ?

These results suggest that volatildzation of 1,3-DNB may be an
important environmental fate and detailed volatilization rate studies
are recommended.

Sorption on Soil and Sediments

No sediment or soil sdsorption isotherm data for 1,3~DNB
were found during the litermturs ssavch. Based on its .02% solubility
in water and the correlation of Koc and water solubil 'ty shoun in
Figure 1, the estimated value of Koc is about 64. This suggests that
adsorption on sediments may not be a significant environmental fatey

however, screening experiments are recommended.

Photolvsis

Spanggord et al. (1978) reported that 50% of the 1,3~DNB compounent
of a TNT condensate water was loat after exposure to sunlight for about
12 days. A control solution maintained in the shade, however, showed
that the same amount of 1,3-DMB was lost in about 14 days. The data

suggest that volatilization is more rapid than direct photolysis of
1,3~DNB under the conditlions of the experiment,
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Sandug and Slagg (1972) measured the disappearance quantum yield
for photolysis of 1,3-DNB in heptane at 254 mm; the quantum yield of
1 x 10”7 was independent of oxygen in solution. For veasons discussed
under “Other Cousiderations,” this informatlion cammot be applied in
praedicting an environmental photolysis rate for 1,3~DNB at this time.

Several research groups have studied the interesction of chlore-
phyll and 1,3-DNB in stabilizing chlorophyll toward photolysis. As
discussed under "Other Considerations,” research has not revealed how
this chemistyy may be important in phototransformations of nitro=
arcomatics (in this case, 1,3~DNB) in aquatic enviromments., The folw-
lowing information on the chlorophyli-1,3~DNB chemistry, however,
indicates the possibie existence of the charge transfer cowplex or
radical anion species of 1,3~DNB, which may result in 1,3~-DNB trans-
formetions in aqueous environments if less simple (l.e., irreversible)

reactions were to occur.

Vrbaski (1950) found that the photofading of chlorophyll 1is
retarded by the presence of 1,3-DNB and suggested that a chlorephyll-
1,3~DNB complex is respousible for the stabilization. A more mecha-
nistic explanation for this apparent stabilization is provided by
Chernyuk and Dilung (1965), who found that when chlorophyll in an
ethanol-glvcerine mixture containing 1,3-DNB was irradiated at -75° ¢
the chlorophyll was bleached with the appearance of a new absorption
band at 470 to 570 nm. This low-temperature product gave a complex
epr signal and was believed to be due to an ion-radical pair formed
by transfer of an electron from chlorophyll to 1,3~DNB. The transfer
was mostly reversed in the dark in fluid medium, although a amall

amount of chlorophyll was oxidized irreversibly.

Ivnitskaya et al. (1968) reported that the photoreaction of
chlorophyll, 1,3~DNB and the leuco base of malachite green proceeds
by oxidation of the photoexcited chlorophyll by 1,3-DNB, with subse-
quent reduction and oxidation of the oxidized chlorophyll and veduced
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1,3~-DHB spacies, respectively, in s more complex wechanism. Such
reversible oxidation~reduction ssquence(s) should serve to slowsthe
. photofading rate of chlorophyll.

Hydrolysis

Hydrolysis of 1,3-DNB is not expected to occnrr uvnder envivron-
mental conditions. '

Biodegradation

Cartwright and Cain (1958) repcrted that an extract of Nocardia
gerythropolis reduced 1,3-DNB to corresponding arylamines, In a
respiratory study with phenol-adapted bacteria, Chambers et al.

{1963} showed that oxygen consumption was not significantly higher
than endogenous respiraticn with 1,3-DNB or with 1,3,5-TNB, indicatiug
that little or no biodegradation of these chemicals occurred., Alex-
ander and Lustigman {1966) reported that 1,3-DNB is resistant te
attack by soll microorganisme as measured by less of uv sbsorption in
medium with 5 ug/ml 1,3-DNB.

Bringmann and Kuehn (1971) reported that 1,3-DNB and 1,3,5~TNB,
both at an initial concentration of 136 mg/liter, were reduced 100 and
98%, respectively, in a two~stage model wastewater purifier.

2,6-DNT, 1,3-DNB, and 1,3,5-TNB were reduced by hydrogen with
an enzyme preparation of V. alkalescences (McCormick et al., 1976).

Further studiss are needed to determine the importance of
biotransformation for 1,3-DNB.

-

1,3, 5~Trinitrobenzene (T¥B)

Summary and Recommendations

Volatilization and sediment adsorption are expected to be signif-
icant for 1,3,3-TNB, and detailed investigations are recommended.
Since uv absorption tailing into the region above 300 nm oeccurs,
photochemical screening studies should be performed. Also, photol-
yols screening studies should be perfermed in the presence of a
natural water. Biological studies of 1,3,5~TNB are needed to delineate

this fate process.
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Phveical Properties

Solubility in Water

: The solubility of 1,3,5-TNB has been measured by several
workers. Urbanski (1964) reported a solublility of 0.03 g/100 g of
water (1.4 x 10™* M) at 17° C. Desvergnes (1925) found 0.0278 g/i00 g
of water at 15° ¢; other measurements at 30 and 100° C are also
reported. The extrapolated solubility of 1,3,5-TNE at 20° ¢ is (0.034
g/100 g of water (1.6 x 10™* M).

Vapor Pressure

Maksimov (1968) measured the heat of vaporization, AHV, of
1,3,5-TNB as 17.5 kcal mole™'. That value can be used to calculate
the vepor preassure using the Clausius-Clapeyron equation. Using »
boiling temperatcure of 3153° € at 760 torr, the vapor pressure of the
supercooled 1,3,5-TNB liquid is approximately 2.2 x 107° torr at 20° C.

Nitta et al., (1950) measured the vapor pressure of 1,3,5-TRB
over a temperature range of 80 to 132° C using a modified Knudsen
technique. Those data can be extrapolated to 20° C, giving values of
3,2 x 107° torr (solid) and 5.1 x 107° torr (liquid). The agreement
between the data of Maksimov and Nitta et al. is poor.

Physical Transport

Volatilization Rate from Water

The estimated value of H for 1,3,5~THB using the more recent
data of Maksimov (1968) is 1.3 torr M-?, which gives an estimated (k )env
using Equation (A-31), of 2.2 x 107* hr™* and (tk)env"lso days. These esti-
mates suggest that volatilization of 1,3,5-INB may be significant and

detailed volatilization rate measurerents nre recormesn’ecd.

Sorption on Solls and Sediments

No sediment or soll adsorption isotherm dats for 1,3,5~TNB
were found during the literature search. Based on the solubility im
water at 20° C and the correlation of Kbc and water solubility shown
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in Figure 1, the estimated value of LI is 520. 7Thie value suggests
that adsorption on sediments may be a significant envirommental fate.
Therefore, detailed adserption {sotherm experiments are recommended.
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Photolysis

In a study of the stabiliry of 'THT photoproducts, Burlinson et sl.
{1973) reported that 1,3,5~TNB in aqueous solution was unchanged after
irradiation for & hours with 2 Hg arc (presumably with a borosilicate
filter to exclude light > 290 mm)}. The asuthors apparently did not

pursue these studies further.

Other studies that provide information on the chemistyry of THB
but that have no obvious application to envirommental aquatic systems
have been reported. Cold and Rochester {(1960) reported that irradia-
tion of a solution of 107* 1,3,5-7NB in 0.5 N NaOH with a 150-watt
incandescent bulb caused the colored mixture {(presumably o-complex)
to fade 50 times faster than an identical solution maintzined in the +
dark. Yields of pitrite and 3,5~dinitrophenocl of 95% were obtained
in the irradiated solution. In the dark reaction, small amounts of
ammonla and pieric acid were found in addition to nitrite and
3,5-dinitrophenol. In the irradiated solution, the rate of nitrite
formation was equal to the rate of fading of the complex; but in the
dark, the nitrite production lagged behind the fading process.

Letellier and Gaboriaud (1975) reported that the uv-complex of OH
and 1,3,5-TNB ultimately gave picric acid as a product. Abe {1961)
also found that the colored complex of 107" M 1,3,5~T%B in a solvent
of 4% water in acetone containing 0.04 M NaOH faded within hours and
that the solutions then became turbid. The information in these
papers is insufficlent to make comparisons on the similarities or

differences in the chemical processes, however.

Stenberg and Holtzer (1964) found that 1,3,5-TNB in ethancl sol-
vent irradiated for 36 hours with a Hg lamp/quartz well system gave
up to 28% yields 3,3',5,5'~tetranitroazoxybenzena. Stenberg et al.

{1977} cite references in which photoreduction of nitrcbenzene

39

o
- . T B b et e o M e & e S R -




B T sk s e R v o I T

proceads by triplet state abstraction of hydrogen atoms from amine,
aleohel, ether, and hydrocarbon solvents. ¥n that paper, the authors
report that phetolysis of 1,3,5-THB in l-propanol at 366 am gave
reaction quantum yields that decreased from 0.071 to $.015 with

longer irradiation; nltrobenzene reduction gquantum yields decreased
from 0.067 to 0.010 in the same system. Stenberg et sl. suggested

that a nitroxide fo.med during photolysis was responsible for gquenching
the triplst state nitroaromatic and hence for the lowered quantum
yields.

Capellos and Suryanarayanan (1972) reported flash pholelysis
studies on 1,3,5-TN8 in air-saturated alechol solvents, with a trap~
sient species having lmax at 4350 and 500 nm. - They state that the
photolysis mechanism requires a polar sclvent with proton affinity as
follows,

TNR -+ TNB -+ INB

NO .,
' +
CH:O0H + *NB + NOg 8 & CH (),

NO3

NOz NO; 9
02
NO 8 +0: > {transient

04 NO NO2 species)

In oxygen—free wmethanel, a permanent product is formed, which the
authors believe is a methoxide/TNB complex.

The electrophilic nature of 1,3.5-TNB has been described. The
interaction of nitroaromatics in the photostabllization of chloreophyll
was discussed in the preceding section on 1,3~-DNB. Larry (1967)
studied the charge transfer complexation of 1,3,5-THKB with chlorophyll.
Kawal et al, (1969) found that flash photolysis of p-dimethoxybenzene
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{(DMB) in oxygen-free acetonitrile in the presemce of 1,3,5~INB prpduces
DHB cation radical vias electron transfer to 1,3,5~THB. In this system,
the radical pair disproportionates back to atartiecg material. Although
the ability of 1,3,5~INB to serve as an electrophilic agent is well
established-~as would be expected for such a nitro-substituted
molecule~~the significance of its electron-accepting character in its

environmental chemistry is vet to be determined.

Bydrolysis
Hydrolysis of 1,3,5~IHB is not expected to ocecur uader enviroo—

mental conditions.

Biodegradation

The biodegradation of 1,3,5-TNR is described in the preceding
section on 1,3~DNB {see page 36).

2,6~Dinitrotoluene (2,6-DNT)

Summary and Recommendations

Volatilization and sediment adsorption are expected to be signifi-~
cant fate processes for 2,6-DNT and are recormended for detailed study.
Fhotolysis will be a rapid process, and in-depth studies of that
process are alse recommended. The effect of pH on photolysis rates
should also be investigated. No evidence was found for the biotrans-
formation of 2,6-DNT. However, by analogy to other DNT isocmers,

biological screening studies are recommended.

Physical Properties

Solubility in WYater

No solubility data for 2,6-DNT were found. Measuriang its
sojubility in water at 20° C is recommended using the technique des-
cribed in Section II., A reasonable estimate, based on the solubility
of 2,4-DNT, is 1 % 107™* M.
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VYapor Pressure ' ;

Palla {1977) repérteﬂ that the vapor pressure of solid 2,6-
DNT st 20° C is 3.5 x 107" torr, as measurcd by a gas saturation
techunique.

Maksimov (1968) reported a vapor pressure that can he used tw
ezstimate the vapor pressure of supercoocled 2,6~-DNT. His dats give a
vapor pressure of 0.018 torr at 20° €, This estimate seems high com-
pared with the value for solid 2,6-IRT measured by Pella.

Physical Transport

Yolatilization Rate frowm Water

The value of Hc for 2,6-DNT, which was estimated from the
estimated solubility of 1 x 10® M and the vapor pressure repurted by
Maksimov (1968} of 0.018 torr, is 18 torr M~*. Then, the estimated

H - -
value of (kv)env’ using Equation {(A-31), is 3.2 x 10°® hr™' and {t%}env =
9 days, Using the data reported by Spanggord et al. (1968},

C, W - - __wy c -2
(kv/kg)lah 2.5 % 107° cm™?, which suggests that (kv}env is 4.8 x 10
day and (t%)env = 140 days. These estimates suggest that volatilization
may be a significsnt envirommental fate and detailed volatilipation

studies are recommended.

Sorption on Soils and Sediments

No sediment or soil adsorption isotherm data for 2,6-DNT
were found during the literature search. Based on its .02Z selubility
in water and the correlation of Koc and water solubllity shown in
Figure 1, the estimated value of Koc ig sbout 100. This value sug-
gests that adsorption on sediments may be a significant environmental
fate. Hence, detailed adsorption isotherm experiments are recommended.

Photolysis

Spanggord et al. (1978) reported that 50X of the 2,6~-DHI compo-
pent of a INT condensate water was lost after exposure to sunlight
for about 1 day. A control solution maintained in the shade showed
that the same amount of 2,6~DNT was lost in about 5 days. [his sug-
gests that volatilization is slower than Jirsct photolysis of 2,6~.DNT
under the conditions of the experiment.
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Burlinson and Glover {1977¢} have reported that g 150-ppm 2,6-DNY
solution contained only 0.2 ppm 2,6-DNT after exposure to sunlipht for
5 days. The solution comtained at least 40 products (by hple) and
30 to ADX polymeric matexial., Some products idemtified by hplc were
agoxy and azo benzene structures with methyl and nitro substitusats

and their derivatives (i.e., aldehyde, acid and nitroso, oxime groups,
Tespectively). Subsequently, Burlinson and Glover {(1977b) further S
reported that 2,6~DHT is photolyzed more rapidly with increased pH;

4, 18, and 31 losses of 2,6-DNT cccurred when 100-ppm solutions at

pH 4.6, 6.7, and 10.8 were irradiated for 5 minutes with a dorosilicate-
filtered Hg lamp.

Langmuir et al. (1969) studied the flash photolysis of 2,6-DNT
in the same system as described previously. The aci-guincid isomer of
2,6-DNT was determined to have a pKa of 1.8, with a rate constant for
tautomerization to the nitro form of 2 x 1077 sec™ at 30° €; the lat-
ter rate constaat corresponds to & half-life of 3.5 x 107° sec.
Langmuiy et al. also determined that above pH 6 & limiting rate cons-
tant of 0.95 sec~? is attained for fading of the anion. The rate cons~
tants for protonation of the anion by H,O and EY were measured as
1.6 x 107 X% sec”™ and 1 x 10® M sec™?, respectively.

Hydrolysis

2,6-DNT is not expected to hydrolyze under envivonmental
conditions.

Biodegradation

No studies were found on the biodegradation of 2,6-DNT, except
by enzyme preparation {see "Biocdegradation” section for 1,3-DRB). By
analogy to 2,4~DNT, bilodegradation will probably occur in the
environment.

2,3,6-Trinitrotoluene (2,3,6~TNT)

No reports were found on the envivonmental fate of 2,3,5-THT.

Therefore, all the screening tests are recommendad for this compound.
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CATRGORY IIX CHEMICALS

2—-Apino-d, E-Dnitrotoluene {2whed, 6-0HT)

Summary and Becommendationg

Ho publications were found on the enviroumencal fate of Zeded 6~
DT, Therefore, a2ll screening studies should be performed to identify
dominant fate procasses.

Photolysis

Burlinson and Glover (1977b) have reported that photolysis of
50 ppm 2-A-~4,6-DNT at > 290 mm in an wnbuffered agqueous solution
produced asbout 70% logs inm 7 hours. Six preducts were evident by tic
analysis of the CH,Cl,; extract, but the largest product yvield was
only 2%. The only product identified from the photolysis was &,6-
dinitroindazole.

N
ac” \
NG N

NO,

Biodegradation

2-A~4 ,6~INT was identified as a metabolite of 2,4,6~TNT (Wen et
al., 1874; McCormick et al., 1976; Hoffsommer et al., 1978), and
2-4~4 ,6-DNT was further reduced (Heffsommer 1978). Im a batch study,
13 ppm 2-A~4,6~DNT was lost after 3 days of incubation with sludge
microbes., 2,4~Diamino~6-nitrotoluene and 2,6-diamino~é-nitrotoluene
were produced. No other studies have besen reported regarding blotrans-
formation of 2-A-4,6-DNT.
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3;4-Dindtroteluene {3,4~DNT)

Suwmary aund Eecommendations

®o literature on the environmental fate of 3,4~BNT was found.
Solubility and volatflization rate studies and detailed adsorption
isotheym experiments arxe recommended. Photolysis screening studies
in narural water should also be performed.

Volatilization Bate from Water

Ko solubiliry or vapor pressure data for 3,4-DNT were found. The
volatilization vrate data of Spanggord et al. {1978) can be used to esti-
Cp¥ = -7 1 c = T -1
mate &vfkg}lab 6.9 x 1077 om™?, (kv}ezw 1.4 % 107% day™}, and (t%)anvs
500 days. These estimates suggest that volatilization of 3,4-INT may be
a significant environmental fate and detailed volatilization studies are

recoumended.

Photolysis

Spanggord et al. (1978) reported that 50% of the 3,.4-D8T component
of a TNT condensate water was lost after exposure to sunlight for sbout
10 days. A control solution maintained in the shade, however, showed
that the same amount of 3,4-DNT was lost in about 13 days. This aug-
gests that volatilization is more rapid than direct photolysis of 3,4~DNT
under the conditions of the experiment.

5-Amino-2,4-Dinitrotoluene (5-4-2,4-DNT)

Summary and Recommendations

Ko literature on the environmental fate of 5~A~2,4-DNT was found.
Performance of all screening studlies is recommended to identify dom-
inant fate processes.

Volatilization and Photolysis

Spanggord et al, (1978) reported that 50% of the 5-4~2,4-DAT com~
ponent of a INT condensate water was lost after exposure to sunlight for
about 16 days. A control solution maintained in the shade showed that
only 4% was lost in about 17 days. This suggests that volatilization is
much slower than direct photolysis of 5-A-2,4--DNT under the conditions of

the experiment.
45
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The estimsted value of (‘kﬁj‘zﬁm 8 1.2 x 1077 ow~*, using
the data reported in Spanggord et al. (1978). This
suggests that the half-life of 5-42,4-DHT would be 2800 duays, and
wolatilization studies ave not recommended.

HER CORSTUERAYIONS

In the literature, a number of processes ave described, related
mainly to the nitroarcmatic compounds, that may occur under selected
snvivonmental conditions. These include the processes that depend on
the acidity of nitvoaromatics, v~ and o-complexzation of nitroaromatics
including charge-transfer couplexes, photoreduction, reduction in the
presence of metal ions, and oxidarion. Should these processes cocour
to any degree in the enviromment, the rate and eguilibrium constants
governing them would need to be incorporated into the total modeling

expression.

The following sections describe these processes and thelr poten-
tiazl emvironmental significance.

The Xgture of the Acidity of Nitroaromatics

Information on several nitruaromatics ceotaining two or three nitro
group substituents irdicates that the acidity of these compounds is
due to the lewis s0id character of the aromatic ring (Scheme 1) rather
than to the more familiar protom donor mechanism as defined by the
Lowry~Bronsted acid-base theory. In the chemical equations

and equilibria expressions for the two processes, Ar is the neutral
nitroaromatic species; the anionic species B, and B; have the

general stryctures iliuvstrated below,

- e
OH + Ar &« B, Keq (AD) ¢ 3

Scheme 1
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Both B, and structure 2 of B, are stabilized by resonance when
electron-withdrawing substituvents such as nitro groups are locatred
orthe or para to the -OH and -CH, groups om the respective anifons.
Stgble anions such as B, formed by razction of nitroaromatics with
nucleophiles are konown and are csliled c:-campiezés or Meisenhejver

complexes.,

In basic aquecus solution, the structures B, and B, are indis~

* tinguishable ipsofar as the mathematical treatment of the eguilibrium
‘ process 1s concerned, and the eguilibrium expressions can then he
defived i{n terms of a general anionic intermediate B~

4 ,.@:)_@i). 4 = gB‘} .
a (Ar) el Tary ()

Using these equilibriz expressions and the autoprotolysis relation.
ship, @ty (on™y - K. the relationship between the appsrent acid
digsociation constant, Ka’ and the equilibrium comstant for g-complex
formation, Keq" can be shown to be

Xa - KBK g

Thus, the gcidity of the nitvearcamitics can be evaluated in terms of
conventional acidity or as the hydroxyl fon complexation reaction.
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Schaal (1954) reported the pK values tsbulated below for some
posynitroaromatic compounda.

Ritroaromatic
Compound pky at 25° ¢
NE 14.45 (pK,, 18.0)
1,” -ouB 6.8
2,4-DT 17.1
2,6~DNT » 19
TNT 14.4 (p¥;, 17.6)

He did not specify which TNB or INT isowmers were studied, but presum-
ably they were 1,3,5~THB and 2,4,6~TNT. Schasl also noted that at
lezst one proton must be ortho to twe nitro groups for a pK < 19.
Schaal suggesteh that the acidity of the nitrcaromatic was the result
of TOH addition to the aromstic ring as showm below for TNB. In
gupport of this mechanism, Bernasconl (1970) measured the equilibrium
constant Ko for the reaction of TNR with OH™ as 3.73 M™' at 25° C;

NO, ngz
K X OH
o« O] S P
RO, ’ Oz NO., " NOz

when this is recalecu: -ed according to the acldity formalism of Schaal,
the pK; is 13.4, In fair agreement with that of Bernasconi, the THB

+ OH” Z (TNB~OH ) equilibrium constant measured by Abe (1960) was
2.7 ¥* at 25° ¢,

in accord with the mwechanism of revergible OH addition rather
than reversible E' removal from TNB, Gold and Rochester (1960) and
Ketelaar et al, (1934) found no H-D exchange when 1,3,5-TdB wasa
placed in Dy0 at 0.5 N and B N NaOB, reapectivaly. The difference
betwean use of water and ethanol as solvent for measuring the acidity
af ™NT 18 difficuit to assess. WNevertheless, the data presented by
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Caldin {1959} indicate that in an ethanol/ethoxide system, proton
transfer frow the methyl group is about two orders of magnitude
slower than the rate of ethoxide addition to the INT aromatic ring

at 25%° ¢,

Although this Iinformation indicates that nitroaromstics in
agueous solution will not be jonized in the environmental pR region
of about 3 to 10, Letellier and Gaborisud (1975) reported almost
complete ionization of TNT in micellar solution (using hexadecyltri-
methylammonium bromide, CTAB) with 107° N NaOH. The relevance of
such a wicellar effect on the environmwental chemistry of nitro-

avomztics is not knowm.

Charge Transfer Complexes with NHitroaromatics

Zeichywann (1972) has discussed the interaction of humic substances
with various chemicals., He cites 1,3,5-~TNB as an electron acceptor
that may form charge transfeyr complexes with humic subkstances serving
as the electron domor. Chlorophyll, present in both terxrestrial and
aquatic systems, also forms charge transfer complexes with 1,3,5~TNB
(Larry, 1867). ¥No information has been found, however, that is ugeful
for assessing whether these complexes occur at the dilute concentra-
tions of nitroaromatics and of naturdl substances that are expected
in aquatic systems o¢ whether the formation of such complexes alters
the environmental chemistyry of the nitroaromatic relative to its

chemistry in less eutrophic waters.

Regarding the charge tranafer complex between nitroaromatics and
chlorophyll, the role of nitrosromatics in stabilizing the photofading
of chlorophyll has been attributed te the electron-acceptor properties
of the nitrcaromatic system; this chemistry is described in the sec~
tion on 1,3-DNB. Vrbasgki (1950) suggeats that the stabilization is
due to a complex between the nitroaromatic and chlorophyll, The
atabilization mechanisms suggeated by other researchers do not require
complexation but only a net reversible electron transfer betwaen
chlorophyll and the nitroaromatic., No information is available to
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determine vhether irreversible electron transfer from chlorophyll or
other patural substances may produce transformations of nitrosromatics
in aquatic enviroomeuts. The irveversible formation of such a reactive

radical anion would probably produce some reaction of the aitroavomatic.
Charge traunsfer complexation of nitroaromatics with natural substances
requires investigation., If the nitroaromatic complexes are formed in
the aquatic environment, their uv-visible absorption spectra would be
different and therefore the photochemical transformation rates would

be different than those fer uitroavomatic in pure water. The
t-complexed nitroaromatic may also alter the relative importance of

the various fate processes (l.e., oxidation, sorption, photolysis)

than for the nitroaromstic alone.

g~Complexes of Nitroaromstics

Sasaki (1973) has measured the kinetics and equilibriuvm coustants
for sulfite addition to 1,3,5~TNB at 25° C. 80, + INB E:; (TNB-505")".
Tae forward reaction has a rate constant, k., of (3.70 * 0.22) x 10*

M * gec™, with an equilibrium constant, K, of (3.22 % 0.45) x 10% M3,
These values may be compared with the data for OH addition te 1,3,5-
TNB reported by Bernasconi (1970): k, = 37,5 % 1.8 M sec™® and

Kw 3,73 £ 0.37 M™%, The o~complexes for acetonitrile anion/2,4~DNT

, and 1,3,5~TNB (Gitis et al., 1975) and for cyanide fon/1,3,5-TNB

) (Gan and Norris, 1974a,b) have also been described. Because the high
concentrations of strong nucleophiles required for these complexes

do not exist in natural aquatic enviromments, formation of o-complexes

most likely will not be an important infiuence on the environmental

fate of nitroaromatics.

g
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Photoreduction of Nitroaromatics

Several astudias on the photoreduction of nitroaromatics have been

SR

reported. These reactions appear to proceed by a hydrogen atom trans-
fer from a donor molecule to the n-w triplet state of the nitroaro~

5

Eiiz
=3
£

¢

; matic. Sandus and Slagg (31%72) have measured the disappearance guantum
' - yields for photolysls of several nitrosromatic compounds. These data
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are useful only for determining the relative reactivity of these com-
pounds insofar as envirommental photolyels evaluaticns are coneerned

because the photolyses were carried out in heptane solvent aud at

254 nm. Some of the disappearance quantum yields reported are tabu-

lated below.

Disappearance
Nitrosromatic Compound Quentum Yield x 10°
Ritrobenzene 3
o~Nitrotoluene 4
m-Nitrotoluene 2
m-Dinitrobenzene (1,3-DNB} 1
2,4-Dinitrotoluene (2,4-DNT) 1
2,4,6~TNT (ia cyclohexane) 1

Sandus and Slagg also found that oxygen did not affect the quantum
yields. The products of the reactions were suggested to be uitroso-
aromatles, with a nitrophenol also suggested to be a photoproduct

of nitrobenzene.

Hurley and Testa {(1966) reported the photolysis of nitrobenzene
at 366 nm in isopropyl alcohol solvent. They claim that the photolysis
proceeds through the triplet state of nitrobenzene, which abstracts a
hydrogen atom from the solvent to ultimstely form phenylhydroxylamine.
This product is then oxidized in the presence of ailr to give nitroso~
benzene. Reaction of nitrosobenzeue and phenylhydroxylamine produces
azoxybenzene. The latter product was quantitatively formed when both
nitroso and hydroxylamine compounds were present at greater than
2 x 107* M, but in dilute solutiops at 10™* M only nitroscbenzene,
and net azoxybenzene, was formed, The quantum yield for the disap-
pearance of nitrobenzene measured in this system was ~ L x 107, How-
ever, Stenberg et al. (1977) subsequently reported that the quantum
yields for photolysis of nitrcbenzene and 1,3,5-TNB in isopropyl
alcohol decreased with increased irradiation time. They suggested
that formarion of a nitroxide radical during photolysis quenched the
triplet state of nitrobenzene, decreasing the quantum yield.
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The photoreduction mechanism described does explain formation

of nitrogoaromatics and szoxy benzene cowpounds, but the envircomental
relevance of such processes is difficult to evaluate. Unlike isoprowyl
alcohel or even heptane, water 18 & very poor hydrogen atom dopor in
radical abstraction reactions. Furthermore, although some evidence
suggests that naturally occurring substances possess efficlent radical-
trapping properties, the ability of these substances to gzerve as
hydrogen atom donors in reduction processes has not been determined.

Reduction of Nitroarometics by Metal JTom

The facile reduction of nitroaromatics to intermediate or fully
reduced forms by a variety of reducing agents, ranging from bagic
glucose to stromgly acidic stannous don, prompts consideration of
possible environmental agents that might also effect their reduction

by electron transfer.

A mode of electron transfer in the envirconment iz found in
sediments in the form of simple or complexed Fe®'. Electrom tramsfer
from Fe®t can effect cleavage of C~Cl bonds, probably via radical

intermediates.
Fe?*+ 4 R-Cl »Fat 4+ Re 4+ C1™

Thig process can also be envisioned as a loss mechanism for the easily
reduced nitroaromatics. Examples of this process for chloro compounds
are found in reduction of DDT in soil {(Glass, 1972), reduction of
toxsphene in estuarine sediments (Williams and Bidleman, 1977), and
by Fe protoporphyrin (Khalifa, Holmstead and Castro, 1973).

Although the high electronegativity of nitroaromatics suggests
that this class of structures would be susceptible to electyon trans~
fer from Fe®t in some forms and thus would suffer partial reduction,
no published reports om such studies have been foumd., (In circumstan-
ces where nitroaromatics are rapidly lost by photolysis or by sowe
other process, reduction by sediment~bound Fe®+ probably would not
compete, especially in view of the generally low sorption equilibrium
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constants exhibited by wost nitroaromatics.} Nonetheless, a brief
examination of this possible loss prucess seems warvaanted because
virtually nothing is kuown about the possible range of rate constants
and the fact that nitrosromatics in water may be exposed to large
smounts of Fe! sediments.

Oxidatfon of Nitrcaromatice

Nitroaromatics in aquatic systems may be oxidized by & direct
photoprocess involving reaction of some intermediate guineid or
diradical form with oxygen, in which case the photochemistry {(guantum
yield and spectrum) will control the rate of the process. XNonphoto~
chemical oxidation may also occur via reaction only with free radicals
such as RO,+ or ROe; singlet oxygen probably is too selective to
exhibit any reactivity toward nitroaromatics. The literature records
only one or two citations to quantitative studies of oxidation of
nitroaromatics via the radical process

X
NOJATCH, + ROze OF NO,ArCHas + ROLH .

The rate constant kOX for nitrotoluene is about half that for toluene
at 30° ¢ (kox = 0.012 M™* 87') and indicates that additional nitro
groups will probably deactivate the ring further. Since toluene
reacts with ROz* with a half-life in aquatic systems of 2 x 10° years,
and polynitroaromatics should be less reactive, we conclude that free
radical oxidation of unitroaromatics will not be an important environ=-

wental fate process; hence, no studies are needed.

i
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Appendix

PREDICTION OF VOLATILIZATION RATES

Two-Film Theory

The two~film mass transport theory is the simplest mathematical
description of the evaporation process from a liquid phase to a gas
phase., This theory was originally developed by Whitman (1923) and was
recexntly applied to the problem of the evaporation rate of chemicsls from
water by liss and Slater (1974), Mackay and Leinonen (1975}, Smith et al.
{1977}, and Smith and Bowberger {(1978}. The basic concapt is that there
are two boundary layer regions near the gas-liquid interfacial surface:
the liquid phase boundary layer and the gas phase boundary layer.

The transport of a substance through s boundary layer is agsumed to
be by molecular diffusion, because the fluid flow is laminar. The
diffusion process can be described by Fick's law in one dimension, where

the flux of the substance, N {(moles cm”zsecul) is

3C
N = - B_é.z- (A"‘}.}

where D is the diffusion coefficient, ¢ is the comcentration of the
chemical, and z {s the vertical distance. If the concentration gradient
3C/3z is constant within the boundary layer, equation {4-1) can be

rewritten

N = KAC (A-2)

The mass transport coefficient k has the units of velocity {cm sec“l}

and is
k = D/§ (4-3)

where § is.the boundary layer thickness., This equation is correct for
both the gas and liquid phase. In the development below, the subscripts
g sud % refer to the gas and liguid phasgsez, respectively.

A-2




The flux through the liguid phase boundary laver, N

E’

N, - kg{cw - €..) (&b}

where k is the mass transport coefficient of th& chemical in the liquid
phase, cw is the concentration of the chemical in the bulk liquid phase,

ard € a2 is the comcentration of the chemical io the 1liquid phase at the ;
3
gas~liquid interface (moles cm ) 3

The flux through the gas phase boundary layer, Hg' is

yN =%k {C - g -5 g
4 8( 88 8) (a-5) 2

s IS

where kg is the gas phase mags trangport coefficlent, ng is the gas
phase concentration of ¢ at the gas-liquid interface, and cg is the

concentration of the chemical ia the bulk gas phase.

For any substance, the flux through each boundary layer must be
equal to the overall flux from the bulk liguid to the bulk gas phase, N. ;

ERTINE N DR P92
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Henry's law relates Cag and csg

Css = H ng (A~}

where K is the Henry's. law constant (unitless, us defined here). Then,
subatituting equations (4-5) and (A~6) into (A-4), we obtain

N = kx[cw - 'ill"(%; * cg)] (A-7)

Collecting terms in N and solving for N gives

N - (%: Hkg) {c“ ) (4-8)

In the laboratory, Cg s« 0. The volatilization rate of the chemical, Rv’
is

(A-9)

Rv = N/L = kv Cz
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wvhere %L is the depth of the bulk liquid phase {em), and

-1
-1 f1 1 g
k =5 (kﬁ + mﬂkg ) (4100 :

Henry's law can also be written as

< . ‘
4 B C, {A~11)
where ?C is the vapor pressure of C above the solution, aud ci is the

concentration of the chemfcal in solution {in moles 1iter™!

= M}, The
Henry's law constant, ﬁc, is in units of torr E-i-l. ¥row the ideal gas

equation,
c .
P = RY Cg (A~12)
where R is the gas constant and T I8 the temperature. Substitutiang

equation (A-12) in (A~1l) and comparing the result with the form of
Henry's lav as expressed in equation (&6},

Hc = RT H {A~13)

Making the conversion to Ec end cg in M, equations {A-8) and {(A-10}

becone
-1 c
1 RT ?
N (k *"ﬂ“) (Cg " ¥ ) (4-14)
2 c g c
and
1 -1
‘ 1( 1 RT \
v Kk ow =i (A-15)
v Lk~ BX )

When the liquid phase is water and the gas phase is alr, typical
) values of k, and k_ for molecules are 10-50 cm el and 1000-4000 cm hr”
[T {Liss and Slater, 1974). The value of RY is 18,300 torr !(1 at 20°C.
) Therefore, if Hc ~ 183 torr Hul, the second term in equation (A~13) is

small and k.v will be determined by the vaiuve of kz‘ This wmeans that the

4
0
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rate of mass transport {volatilizatiom) is limited by diffusion through
the liquid phase boundary layer. We huve called conmpounds that fit withig
this class “high volatility compounds.” Similsrly, if B_ < 10 torr X0, |
the gecond tern in egquation {A-15) dominmates and the rate of volatilization
is limited by wmass transport in the gas phase. We haove called these

"low volatility compounds.” If H_ 1s between 10 and 1000 torr K T, both
terns are lmportant. We have called these "intermedisnte volatility

compounds.”

Estimation of the Benry's Law Constant, Hc

If & value of Hc can be estimated, then, as shown in the following
sections, the volatilization rate of a chemical can be estimated. When
the iiquid phase is water, the value of ¥ A for a liguid (at 20°C) can be
weasured (Mackey et al. 1979) or estimated from the vapor pressure and
the solubility in water using

u_ = e (4-16)

(3 sat
where Pc is the vapor pressure of pure iliguid €, and csat is the solubil-
ity of pure ¢ in water (M) at 20%¢.

If the vapor pressure of the liquid is avallable cnly at some temp-
erature other than 20°C, tbe integrated form of the Clausius-Clapeyron

equation
e (- 1) - P (- 2)
Pl RT Tz 1 .55 ig

can be used to estimate the vapor pressure at ':{‘1 - 2§°{:; P2 is the vapor
pressure at temperature T, {X), P, is the vapor pressue at 293 ¥, and
48 ia the heat of vaporization {(cal mole 1), Because this extrapolation
may not be accurate over @ wide temperature vamge, the vapor pressure
ghould be weasured at 2ﬂ°c, if possible., Methods for messuring vapor
pressure (Thomson and Dovslin, 1971) and solubility (Hader and Grady,

1971) have been reviewed.
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If the ehemical is & solid at 20°C, the vapor pressure that should
be used in equation {&-17) is the wapor pressure of the supercocled
1iquid {(Prausnits, 1969; Mackay et al., 1979}, ygsﬂ‘ which can be calew-

lated using
C
¥ AH
vsi £ T % -
mPC £ ( ¥ ) {4~18}
@
Vs

where ?gs is the wapor pressure of solid € at temperature T (393 R}, éﬂf

iz the heat of fusion of C {cal moleﬂi}, R ig the gas constant {1.987 cal
- - %

K i mole 1), and Iﬁ is the melting point {K}.  Then, Ec for a golid at
20°¢ 1=

m .

s C £ 283 ‘ TS

Ec ‘va =P 3g7.2 (% - tm )} icsat (A-19}
Py

Low Volatility Compounds

Por low volatility compounds, only the gecond term in eqguation
{A-15} is significant. Then

Bk
K, = “{."m”& (A~20)

If the volatilization rate is gas phase mass iransport gesistance
limited, a useful equation would have a form that would allow the ratio
of the velatilization rate constant of the chemical to a second chemical
found in the enviromment to be wmeasured in the laboratory. The obvious
choice of the second chemical is water. Thus, the water evaporation rate
would be measured in the laboratory and used to estimate the volatiliea-
tion rate constant in the environment,(kc)

v’ env
rate for water evaporation. This concept is complicated by the fact

» using the environmental

that the rate of water evaporation is, for dilute soclutions, a zero-order

*
This equation contains several approximations, which are discussed by
Prausnite (19639).

A-6
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process because the concentration of water does uot change duvring evapo-
ration. Water evaporation rates are usually expresssd in units of depth
(Qeugth) time L, which is ecutvalent to units of flux, volume area L
time T,

The value of the gas phase wass transport coefficient for water,
EG, iz calculated from the water evaporation rate or flux, ﬁﬁ‘* Por
dglute aquecus golution, the eguilibrium psrtial pressure of water above
a solution, Fg, is expressed by Raoult’s law {which, like Henry's law,

cannot be derived from first prisciples),
¥ = p¥ 5" (a-21)

where Pi iz the vapor pressure of water at the surface temperature, and
XH is the mele fraction of water, which approximately equals 1 for very
dilute solutions. Then

3
t: = %;-T-— (&~22)

Alsc, for water Cg -C hence, wass transport of warter is only gas

phase limited. Then

si;

W W W 4 1Y B
R A Sl I ~23
(sg s) (A-23)

Two~film theory assumes that the mass transport coefficient is
k =D /& ' A-2%
4 g B ( !
Then, the ratio of mass transport coefffcients should be independent of
the gas phase turbulence. Therefore, we suggest that

k:fkg = nglng = gongtant {A=25)

*
The superscripts € and W refer to the chemical and to watex,
ragpectively.
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R &

& B
= —% = .% = constant {A~26}
g /1 Ty

L

5
Py

Solwing equation [A~20) for kg, substituting into {(A-25}, auwd solving

gt

a5

c
for (kv}w gives

(rethesd

F.L . C
ferry (oo (a-27)
W ! W
Hckg fenv Eckg iab
andd
K L, T
P Jlab “lsb ¥ (a-28)
v’ env k'e: Lemr Temr g env
g Jlab

These equations suggest that the ratic should be constant and independent
of turbulence in the gas phase {(wind spead}. Also the value of the ratio
(kﬁik‘;} can be estimated by calculating or measuring the diffusion
coefficients or the ratio can be measured in the laboratory amd be used
to estimata (k:) » We are ot aware of any expevimental data that

env
support equation {A-~28}, but studies to verify the eguation are currentiy

L
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in progress at the SRI laburatory.

Diffusion coefficients can be estimated using methods reviewed by
Reid and Sherwood (1966). BHowever, Liss and Slater (1974) have proposed

o
»

i

that
1
k 2 \k
£ ?il_ {A~29)
kg M

where M is the molecular weight of compounds 1 and 2. This equation is
A~8




a crude approximstion that has little sciestific basls,” hut is &ﬁ&éﬁ&tﬁ :
for prelisinary estimates of k &g Then, solving {4~20) for kg aad
substitution inte the first terw of equation {426}, we sbtain

. R g |

= ) = --g- T gr = constant {4-30}

kg env kg lah OBV eav
avad

‘ W '
[3 B o\ B
(kc} x I .§\ ..g.....-..._ (kw} =% EW.;. m {&“31}
v ety i RT g env uC L RT
1ap oW ew . env  env

Equation {A~31) can be used to estimate the volatilization rate constant
7 of & low volatility compound. The value of {kz}env must be estimared

i from field data., The water evaporation rate has besn carefully messured
for several lakes. The vesults are shown in Table A-1,

thategechy

K]

L3

TABLE A~1. WATER EVAPURATION RATES FOR LAKES
Average evaporation rate

. Location {cm gec—t x 10 )] kefarence
lake Hefner, Oklahoma 4.8 Harcisno & Barbeck (1932}
Lake Mead, Arizona 6.8 Harbeck, et al. (19%8)
Pretty Lake, Indiana 3.8 Ficke (1872)
Average 5.1

Assuming that the average relative humidity is 30X, the average

value of kz for freshwater laskes is,

- w, R/ Py - P (A-32)
J _ £5.1 x 107%) (62400) (293) () ]
, (18)(17.%) ]
; . ;
&‘ - s This approximation would be correct if diffusicn through the Kpudsen layer, :

which is 1 to 2 mean free paths above the interface, determined the net
! _ evaporation flux, However, it can be shown that this diffusion is fast
compaved with both liquid and gas phase mass transport.

@ A~9
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= 0.50 cm sec +

= 2100 cm bt

The following procedure was used to estimate the lower limit of B
that would cause the envirommental half-life for volatilization of 2 low
volatility compound to be less than three montha. The half-life for

volatilization of the chemical, t%’ can be calculated from
£, = 1o 2/(9) (A-33)
) v env

If the half-life is less than three months, (k&)env must be greater than
9 x 10-8 sec-l. Supstituting the following representative values into

equation (A-21) and solving for Hc, we obtain

(kc) >9x 10-8 sec

v env

uC = 250

R = 62.4 torr liter mol * k71
Lenv = 200 em
= 20°C = 293 K
(k:)env « 2100 cm hr Y = 0.59 cm sec t

g > L9 % 107°)(62.4) (293) (200)

€ (18) (2502 (0.59)

1

> 2.1 torr M

Thus, if Hc is greater than about 2 torr Mﬂl, the envirommental volatiii-

zation rate of the chemical may be less than three months.

A-10
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