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EXECUTIVE SUMMARY

Laboratory studies were conducted to estimate the rate constants

and half-lives for the photochemical and microbial transformations of

TNT, RDX, 2,4-DNT, and trinitroglycerin (TNG), as well as their sediment

[ and biomass sorption partition coefficients in selected water bodies

receiving munitions wastes. The data from these studies were integrated

into a computer program designed to simulate the water-receiving bodies,

and concentration-time dependent curves were constructed to estimate

the component concentration at various locations in the receiving water

jbody. These curves can be used to estimate the persistence of munition
compounds in the aquatic environment.

The photochemical and microbial transformation rate constants,

estimated half-lives, sediment and biomass sorption partition coeffic-

f i ients, and volatilization rate constants for- TNT, 2,4-DNT, :RPX, and TNG

in various water bodies appear in the suumary table on the next page.

Photolysis was found to be the primary process for. TNT i.oss in the.

environment. Naturally occurring substances accelerate the,,photochsmical
transformation and the photochemical rate constants are Wat -body Avpen-

dent. Microbial transformation is slow -in most natural envi-onrments'(coll

populations of about 106 cells ml') .but can beeome rapid when cell popu-

lations exceed 1 0 9 cells ml - '. TNT was not useU as a.-sole carbon source.

When we used chemical loadinigs of the mid-19700s (Rosenblatt et al., 1973),

computer simulations of the 1lolstom River, New iRiver, and Wacowida Bay

indicated that TNT concentrations will rapidly decline to very low levels

within short distances frbm the discharge point.

RDX is transormed slowly through photolysis, leading to half-lives

of up to 14 days in the lolston River during the winter. Biotransfor-

mation did not occur under aerobic conditions common to most rivers;

however, in localized anaerobic environments, biotransformation readily

3,1



00

C,'n

0 44J 0n

0 ~

044

0*

6 6~

044-

e4 N

1. 141)

ti) "4 "I

0-
1-4 * L

II I I
.- d "4.4



occurred. Computer simulations of RDX in the Holston River indicate that

the RDX concentration is controlled mainly by stream dilution, and that

RDX may be found beyond the Holston Army Ammunition Plant boundaries.

i oThe loss of 2,4-dinitrotoluene (2,4-DNT)in the aqueous environment

is controlled by both photolysis and biotransformation. Half-lives

are estimated to range from 3 to 6 h in natural waters. Although the

photolysis rates of 2,4-DNT are slower than those of TNT, similar

photolytic-rate-accelerating effects were observed in natural waters.

Compared to photolysis in distilled water, 2,4-DNT is readily converted
to CO2 by microorganisms that use 2,4-DNT as a growth and energy sub-
strate. Computer simulations of the New River and Waconda Bay indicate

that 2,4-DNT will approach very low concentrations under mid-1970s

loading and mean flow conditions within short distances from the dis-

charge point.

. D jTrinitroglycerin (TNG) was found to biotransform readily with high
cell populations (l0 cells mf), yielding a half-life of I h. In the

SIi New River, where microbial populations are estimated to be 106 cells m1l,
the half-life was 29 days. Photolysis was also slow, yielding a half-

-. w life of 60 days in the New River. Thus, in the absence of high cell

I populations, TNG appears to be stable in the aquatic environment.

. Computer simulations of TNG in the New River indicate that TNG will be

5 diluted where the waste stream meets the New River and remain at a

constant level until further river dilutions occur. lydrolysis of ING

is unimportant under these environmental conditions.

The sediment sorption and biosorption partition coefficients for
tTNT, RDX, 2,4-UNT, and TNG are extremely low, indicating that sorption

will not be a significant process for removing these compounds from the

aqueous environment.

Volatilization is not a significant process for any of the cheiicals

I investigated.

1 3
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S , I INTRODUCTION

The U.S. Army is developing a scientific data base to assess the

human health and environmental hazards of munition-related water

pollutants. This data base consists of toxicological effect data inJ both mammalian and aquatic species and environmental fate data from

which the persistence of the chemical in the environment can be

estimated. From these data, the Army can assess the hazards associated

with these wastewaters and take appropriate ameliorative actions.

J The pollutants for which the data base is being developed are

2,4,6-trinitrotoluene (TNT), hexahydro-l,3,5-trinitro-l,3,5-triazine

(RDX), 2,4-dinitrotoluene (2,4-DNT), and trinitroglycerin (TNG). While

the toxicological data are being obtained elsewhere, this study was

undertaken to identify the transport and transformation processes

that affect the persistence of these compounds in the aquatic envir-

onment. In Phase I, a literature review was performed to determine

the processes that transform or remove the above chemicals in the

environment (Spanggord, at al., 1980). In Phase II, laboratory studies
were perford to investigate the importance of biotr sformation,

photolysis, sorption, and volatilization as fate processes, and
detailed kinetic investigations were performed to obtain rate constants

... and half-lives for these processes in both distilled and natural

waters.

Our investigation is based on the now well-accepted ideas that the
. fate (loss and movement) of a chemical in the environment can be

expressed as the sum of all physical, biological, and chemical processes

acting independently on the chemical and that int many cases these

j processes can be formulated as second-order kinetic or equilibrium

processes (Smith, et al, 1978; Mill, 1980). Tius, for a single kinetic

I" process the rate of loss follows the relation:

A5



R = k(C)(E)n  (1)

where k is the second-order rate or equilibrium constant, and E is
n n

the environmental component (such as acid, micro-organisms, or photons)

acting on the chemical C, (C, k, and E are in units to give R in moles

liter- ' second-'). If we assume that for the interval of our measure-

ment, En is constant, then the second-order process becomes pseudo-

first-order

1 k' (C) , (2)
n n

where k' - k (). The total rate of loss of the chemical is then:
n n

]Rr =kW(C) ,(3)

and the net half-life of the chemical is

t ln2/Ek' . (4)

In previpus stuaies we and others have shown that only a few

environiental processes are important in controlling loss or movement

of chemicals in aquatic systems. These processes include sorption to

sediment, volatilization, oxidation, hydrolysis, photolysis, and micro-

A biological transformation (Smith et al., 1978; Mill, 1980). In Phase I

we showed that oxidation, reduction, and volatilization would most

likely be unimportant for the munition chemicals selected by the Army for

investigation. Therefore, in Ptase II we focused our attention on sorp-

tion, photolysis, hydrolysis (TW), and microbial transformation.

Figure 1 illustrates the overall tecinical approach, beginning

with selection of the chemicals. In most cases, the information in the

literature on these compounds was insufficient to allow us to decide

which of the environmettal processes was most important for detailed

1 6
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study. Therefore, screening studies were conducted to estimate the

relative importance of each process. Pathways that appeared to be

most important were studied in detail to obtain rates and to identify

products. To maximize the amount of relevant data produced and minimize

the cost, processes that did not appear to be significant were not

3 carried past the screening stage.

After all the important rate constants were measured for a chemi-3 cal, its environmental fate was assessed using a multicompartment com-

* puter model developed at SRI under a previous contract (Smith et al.,

1978). With the model we estimated the probable concentrations and

.distribution of a specific munitions chemical resulting from low-load

continuous discharge of the chemical into a specific receiving-water

body.

1 I This model was programmed to simulate the hydraulic and hydrolog-

5 ical properties of the New River in Radford, Virginia (Radford Army

Ammunition Plant); the Holston River in Kingsport, Tennessee (Holston

I Army Ammunition Plant); and Waconda Bay of the Tennessee River near

Chattanooga, Tennessee (Volunteer Army Ammunition Plant). These sites

are or were the primary receiving bodies for munitions discharge and

represent critical areas where water quality criteria need to be estab-

lished and pollution abatement requirements need to be estimated. Lab-

I .oratory studies provided the key rate constants, k, for the model.

These rate constants, together with environmeatal parameters (En), pro-

I vide the basis for estimating concentrations and distributions of a

chemical as a function of time and distance from the source.

I ,.This information will allow the Army to develop an optimum strategy

for pollutant abatement for these sites and will assist in the overall

1 hazard assessment of mtuition-related water pollutants.

.1

ffiII1
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II OBJECTIVESI
The objectives of this study were to:

j (1) Identify the important transformation and transport

processes that affect TNT, RDX, 2,4-DNT, and TNG in

3 selected water bodies.

(2) Determine the rate constants and partition coefficients

for the important processes through laboratory studies.

(3) Simulate by computer modeling the movement and losses

of each compound in water bodies having hydrologic and

environmental parameters similar to the Holston River,

New River, and Waconda Bay.

I

I

I

I
I
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III BACKGROUND AND METHODS

The environmental assessment contained in this report is based on

1 the assumption that the fate of the studied chemicals can be estimated

from the rate constanto of the transport and transformation processes

leading to the loss of the chemical from the aquatic environment. The

following sections describe briefly (1) the mathematical development

of the rate constants used for this assessment and (2) the simulation

model requirements for the sites in this investigation. The experi-

mental methods are described in detail in Appendix A, and the input

i- parameters for the SRI model are detailed in Appendix B.

I A. Photochemical Transformation Rate

Chemicals undergo photochemical transformation in the aquatic

environment through the absorption of photons at wavelengths of

. 290 nm and above. These wavelengths represent the solar spectrum

penetrating the earth's upper atmosphere and reaching the surface.

The rate of absorption of light, IA. by a chemical, C, at a par-

ticular wavelength in dilute solution in pure water can be determined

by the following equation (Zepp and Cline, 1977)

I ''A . cl - k a [CL) (5)

where

c molar absorptivity in liters ceta~ c4 1 I a light intensity term it Einstens: liter's -

(C) chemical concentration it moles liter"
k - rate constant for light absorption

r a correction term for water depth.

1 10



If the quantum yield, 4, represents the fraction of absorbed light

leading to a chemical reaction, then the rate of chemical loss can be

expressed as follows:

- =IA =k k[C] k k[C] (6)

where (at a single wavelength)

I k = 2.3re I. (7)

j Integration of Eq. 6 gives

C
ln- 2 kt . ()

t

where C0 and Ct are concentrations of the chemical at time zero and at

time t. This equation allows us to determine the rate constant for

photolysis at a single wavelength from a regression fit of In C t as a

function of time, in which k p is the slope of this first-order plot.

Once k is known, the quantum yield, 0, is obtained from equation 7,
pj for which tile molar absorptivity is measured from the absorption spec-

trum at the studied wavelength aud tilo light intensity is obtained by
~~act inomotry-.

-since tile quantum yield, 0, ill gonelral, does not vary significtatly

with waveltngth, the photolysis rate constant in sunlight, k) (S), cal

be represented (Eq. 9) as the quantum yield times the summation of thle

molar absorptivity timus tle light intensity over tile solar spectral
i ., tegion;:

, ~k -CcI 9

, . and tie half-life ill suilight is

i n ) (10)
w.k

r 11



Values for e are obtained from laboratory measurements, while

' I values for the sunlight intensity IV, are obtained from the literature

for a particular time of day, season, and latitude. The calculated rate

constant, k can be compared to the measured value, kp , obtained
p(s), p (Mn)

in pure water in sunlight using equation 8. In our experience, the

calculated and measured rate constants obtained by the above procedures

give excellent agreement, usually within a factor of two.

B. Biotransformation Rate

In natural waters many types of microorganisms are found; the

., populations may v",.,'; with the type of water body, season, and organic

substrates being introduced. In this study, we attempted to obtain

4", microorganisms biotransforming specific chemicals by enrichment pro-

cedures using water from the water bodies receiving the munition chem-

icals of interest. Once an enricment culture was developed, studies

wre performed with a specific chemical to determine the biotransfor-

mation rate constant.

The biotransformation rate is a function of biomass and chemical

concentrat-on. When an organic chemical is utilized by microorganisms

as tihe sole carbon sourec and its concentration limits the rate of

microbial growth, the relationship between the chemical utilization

.:.- rate and the chomical concentration can be expressed by the ,4ouod

kiatic equatiow as:

.dr Y Y K +1C)' (-) +1

Ii i
':whlutre IX) is the biomass per unit volume, ti is the specific growth rate,

S Is thLe maximum specific growth rate, [C) is the concentration of

growth i1viting chemical, K thjiO concentration of chemical supporting

1 12
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The parameters Vm Y, and K can be evaluated by performing a

I series of experiments with different chemical concentrations and low-

level inocula or with continuous cultures (Smith et al., 1978). How-

ever, these methods are time-consuming, and large amounts of chemical

are required.

3' For many pollutants in the environment, chemical concentrations

are very low and C << K . Under these conditions, equation 11 reducesc

to equation 12, which is a simple second-order relation:

dC [C][X] (12)
dt kb Kc  kb2[C(X]

c

Furthermore, if the rate study is conducted using a large microbial

population and a low chemical concentration, the bacterial cell count

will remain constant under the experimental conditions because the cell

growth will not be affected greatly by the consumption of the test

chemical. The biotransformation rate is then assumed to be a pseudo-

first-order rate process with respect to the chemical, C, and is

described by equation 13:

j_ . IACk ,(13)
dt

I where N' is a pseudo-first-order rate constant. Integration of

equation 13 yields equation 14:

I C-

1in C kbt ,(14)

where C and Ct are concentrations of chemical at time zero and t. By

plotting ln C as a function of time, can be determined as the slope

of the line..

Equation 12 shows that the rate of transformation is linearly

related to the microbial population. Therefore, if the rate constant

is measured with constant values of [XI, the value of k.2 can be

i estimated from the relation (equation 15):

13



kba , (15)

whece k2 is the second-order rate constant and where [X] is estimated

from microbial plate counts.

C; Volatilization Rate

The volatilization of a chemical from a liquid 3o a gas phase can

be controlled by transfer across a liquid-phase boundary layer, a gas-

phase boundary layer, or both. The volatilization rate constant, kv, is

expressed in terms of the mass transfer rates of the substance across

liquid- and gas-phase boundary layers. The general expression for
~k v is,.;-

k +
: . .- k =-1 + (16)

v LHk

k v Volatiliza tion rate constant ( - )
-" V

L a Depth (eu), which equals tihe liquid voluaw, V,
divided-by tho interfacial area, A

'k Liquid film t.vi-transfer coefficient (em h)

R Gas coustant (liter torr K mole )

T t'Temperature (9)

I1 - lentys law cunstant (turr liter mule " )

k * Gas film mass-trj.anfer co.fficient (cm h')

The relative mignitude of the two terms It! equatiun 16 determitte

wwhther liquid- or gus-phase mass transfer controls the Volatil-itat ion.

If It ' 3500 torr 111, then mass transfer in Cho liquid phase

e-litrols about 952 of tie volatilization rate eontstant. If 10 < It

< 3500 torr M- 1, then mass transfer io both the liquid and gas phases

are significant. MIass transfer is only sigpificant in tie gas phase if

1 < 10 torr M-1t (for a more detailed explanation ee Smith et al.,

14
3 : ¢
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I
Values for H of the munitions chemicals were estimated and areC

summarized in Table 1.

J Table 1

H OF MUNITIONS CHEMICALS

Estimated Value
of Hc3 Chemical (torr M-1 )

TNT 0.18

RDX 2 x 10-3

TNO > 0.06

2,4-DNT 3.4

The estimated values of H suggest that the volatilization rate• C

of the four munitions chemicals will be mostly gas phase mass transport

resistance limited. If that is true, then the first term in equation

16 is negligible and equation 16 reduces to

kC kC... ~~ kC =

v LRT (17)

where the added superscripts indicate the chemical.

C
i' If 11is known and if kC and L can be estimated for a specific

water body. the value of k in the environment can be calculated. Wev

have proposed (Smith et al., 1980) that the ratio of the gas-phase

mass-transfer coefficients of two chemicals should be equal to the ratio

of the diffusion constants in air. Furthermore, a convenient choice of
the second chemical is water, because the evaporation rate of water

(or any pure chemical) must be 100% controlled by gas-phase mass

transfer (Liss and Slater, 1974). Therefore,

L 15



C II
B c (18)

where D and D 9are the liquid- and gas-phase diffusion coefficients,

respectively, and the superscripts C and W are chemical and water,I respectively. Then, rearranging equation 18 and substituting in equa-

tion 17 yields equation 19

I C w
Thsk~isprpotonl o fr ah oltiiztinrae eaurmet

The vlo k cspootoan be calo culte fromlh at erapoation rate aueet

by equation 20

1 I~ Cps__
RT (20)

W rr24where N is the water evaporation flux in moles c h-1f, andP ad
PW are the saturated partial pressure and partial pressure of water,

j respectively, in torr. Thus, can easily be determined for a specific

laboratory experiment or natural water body by measuring the water evap-

oration rate and the wet and dry bulb temperatures.

T1 e pricial uimesrmn of interest in solid-liquid sorption

.1 is the amount of solute adsorbed when a known amount of a solution of
kniown concentration is equilibrated with~ a known wSmount of- solid.1.A plot of the amount of solute adsorbed per unit mass of solid (
against the equilibrium concentration of the solution at a constant

16



temperature (Cw) is called a sorption isotherm. The experimental data
w3 for sorption of an organic compound on a natural soil or sediment

usually fit the Freundlich isotherm, which is the empirical relation-

ship (Hamaker and Thompson, 1972) shown in equation 21

I C K[Cw  /n (21)

where K and n are constants. At equilibrium and at low adsorbate

5 concentrations, n is often nearly equal to 1. If n equals 1 and Cs

and Cw are expressed in the same units, such as .g g-, then K is a

partition or distribution constant defined by equation 22:

C K C . (22)

Several studies have shown that equation 22 is obeyed for sorption

on natural sediments from very dilute solutions of neutral organics in

water (Smith et al., 1977; Karickhoff et al., 1979; Chiou et al., 1979).

Moreover, because there is evidence (e.g., Lambert, 1968) that neutral

organic species predominantly sorb on the organic content of sediments,'1 it has become common practice to normalize adsorption coefficients for

the fraction of organic carbon in the sediment (Karickhoff et al., 1979).

Thus, if equation 22 is obeyed and the fraction of organic carbon is

Foc, then

K
FAK - -- , (23)

oc

where Koc, the sorption partition coefficient normalized for organic

carbon content, has the units of milliliters of solution per gram of

organic carbon.

The assumed linear relationship of Kp with F in equation 23

Ii implies that (1) the density of available sorption sites on the organic

matter is independent of Fo, and (2) sorption on the clay fraction of

the sediment is small.

17
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If equation 22 is valid, the calculated values of K may be used
Ocj to predict the partitioning of a chemical between water and any sediment

with a known organic carbon content. Furthermore, solubility can be

3 correlated with Koc values, using an expression of the form:

log K = a log x + b , (24)OC S

where x is the mole fraction solubility, and a and b are correlation

constants. Equation 23 gives good correlations of K and x (Chiou
et al., 1979; Karickhoff et al., 1979; Kenaga and Goring, 1978) and

3. thus may be used to verify the reliability of solubility and sorption

measurements.

3 For the work reported here the data shown in Figure 2 were used

to estimate values of Ko. The least-squares fit of this data is
oc

log K -0.27 - 0.732 log (Cso I) (24a)

. where the solubility of the chemical in distilled water, C So, is

expressed in M.

4To measure the sorption isotherm, the amount of sediment and

compound must be adjusted so that measurable amounts of the compound

are contained in both solution and sediment after equilibrium is

established. If this is not done, then the error in the measured

value of Koc and K is increased significantly. The estimated value

of K was calculated from the literature values of the solubilities

and is reported in Table 2.

The procedure and equations used to calculate the appropriate

I concentrations of chemical and sediment for the isotherm measurements

are described in detail by Smith and Bomberger (1980).

11
j 18
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Table 2

PREDICTED VALUES OF K
oc

I Solubility Predicted

Chemical (Moles liter-' )  Koc

TNT 5.4 x 10-4 130

RDX 2.0 x 10-4 270

2,4-DNT 1.5 X 10- 3 63

TNG 5.3 x 10-3 25

Batch sorption isotherm measurements were used to determine the3 value of Kp for TNT, TNG, 2,4-DNT, and RDX, The general design is

shown in Table 3.

I Table 3

EXPERIMENTAL PLAN FOR THE BATCH
ADSORPTION ISOTHERM MEASUREMENTS

Concentration Number of Flasks
of Chemical No Sediment With Sediment

None 1 1

Low 1 2

" High 1 2

Control flasks with no sediment were used to determine the initial

concentration of each component. Tite blank containing sediment but
no compound was used to check for interfering substances that either

leached from the suspended sediment or were extracted during analysis

: of the sediment. Screening isotherms were performed only at one

chemical concentration.

20F%



I
After the equilibration time of 160 h, the contents of each flask3 were centrifuged in a high-speed centrifuge. The supernatant was

carefully decanted into another vessel, and both the supernatant and

jthe sediment were analyzed.

E. Simulation Model

The simulation model used in this program was described by Smith

et al., (1977) and from here on will be denoted as the SRI Model.

The function of the SRI Model is to simulate the hydraulic and

hydrologic conditions of the water-receiving bodies into which wastes

are discharged and to estimate the probable concentrations of pollutants

as a function of time in the receiving water body. Determination of

pollutant concentrations is based on the relative importance of the

sorption equilibrium and the rates of photolysis, hydrolysis, oxidation,

biotransformation, and volatilization on removing the pollutant from the

aquatic system. The rate and equilibrium constants were determined

from laboratory studies using the uiethods described by Smith et al. (1977)

and are summarized in the following sections. These rate and equilibrium

constants were then extrapolated to natural water environments and used

as input parameters for the model.

In thte SRI Model, the receiving water body is divided into compart-
ments that are connected by interflows (or strem flows). Each compart-

ment is assumed to be a homogeneous, constant-volume-mixing reactor

where the pollutants undergo various transformation processes at rates

determined by the environmental conditions of that compartment. Figure

3 shows d1agrams of a compartmented pond, river, and lake and gives a

visual indication of the compartmentalization. The number of compart-

* ments used to describe a receiving water body is selected by the

investigator.

Three water bodies that receive munition wastes were simulated.

The Holston River receives wastes from the lolston Army Ammunition

Plant (AM'), where RDX is manufactured and TNT from shell-loadiug

21
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operations enters the waste stream. The New River receives wastes

from Radford AAP where TNT and TNG are manufactured, and 2,4-DNT enters

the waste stream from propellant operations. Waconda Bay receives wastes

from Volunteer AAP, where TNT is manufactured; 2,4-DNT enters the waste

stream as the primary component of condensate water resulting from the

purification of TNT. The receiving water bodies, their location, the

3, munition chemicals investigated in the water body, the length of the

water body studied, and the number of compartments used to describe

this length appear in Table 4.

Table 4

WATER BODY, REACH, COMPARTMENTS, AND MUNITIONS
INVESTIGATED IN EACH RECEIVING WATER BODY

Munition Length of
Receiving Water Chemicals Studied Reach Number

Body Location Investigated (km) Compartments

Holston River Kingsport, TN TNT, RDX 8.4 21

New River Radford, VA TNT, TNG 14 28
2,4-DNT

Waconda Bay Chattanooga, TN TNT, 2,4-DNT 4.8 12

1 Table 5 shows those munition chemicals produced and used in the
various facilities. Because some chemicals were not produced in the
plants, but were used there, the model simulations included both

chemicals produced and those used.

Table 5

MUNITION CHEMICALS PRODUCED AND USED IN VARIOUS FACILITIES

Produced Used
Facility TNT 2,4-DNT RDX TNG TNT 2,4-DNT RDX TNG

Holston AAP x x x
Radford AAP x x x x x x

Volunteer AAP x x x

aMaJor component of condensate water discharged.

"23
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The SRI Model requires data on the physical dimensions of the

I compartments (size), hydrologic data of the area being simulated,

zhemical loading data, and rate constants for the transport and

transformation processes. Compartment dimensions were estimated by

multiplying the cross-sectional areas of the water bodies times the

length of each compartment. Hydrologic data were obtained from pub-

lished sources, including the U.S. Geological Survey, and chemical

loading data were obtained from published military reports. The rate

constants were obtained from the results of the work described in this

report.

I Once these data were entered into the model program, computations

were performed to determine the mass changes in each compartment due

to transformation processes, the mass changes in the aqueous and solid

phases due to sorption or volatilization, and the new masses in each

J Icompartment from the assumed inflow-outflow conditions. From these

computations, the model output described the distribution of mass and

concentration of the chemical under investigation with respect to time

(or distance) from the discharge point. From these distributions of

1 chemical, concentration-time profiles were developed that allow one to

predict the chemical concentration at various locations in the receiving

water body and to estimate the persistence of the chemical for the given

? {loading rate and hydrologic conditions.

Detailed site descriptions for the AAPs in this study and the

3 water quality parameters selected for each site are described in

Appendix B. The results of the SRI Model application are described in

the Results and Discussion subsection for each compound.

: +24
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IV RESULTS AND DISCUSSION

A. 2,4,6-Trinitrotoluene (TNT)

1. Background

The Phase I literature review (Spanggord et al., 1980) indicatedI
that photolysis would be a significant fate process for TNT, based

primarily on the work of Burlinson (Burlinson and Glover, 1976;

Burlinson, 1978) with natural waters. Biotransformation was also con-

sidered to be important because numerous organisms apparently can

J transform TNT. Although sorption was not considered to be significant,

the lack of reliable literature data suggested that further studies

*1 were needed to define the partitioning processes for TNT. Therefore,

detailed photochemical, microbial, and sorption-partitioning studies

-were conducted.

2. Photochemistry

Photolysis studies of TNT in air-saturated distilled water were

complicated by the finding that the products of 11T photolysis accel-

erated the photolysis rate of TNT. This acceleration in rate is shown

by the upper curve in Figure 4, which shows that the photolysis rate of

a 0.11-ppm solution of TNT at 313 nu increased substantially after

approximately 50% loss of the TNT. A similar acceleration in photolysis

rate was found in another experiment when a 1.1 ppm solution of TNT

j was photolyzed for over 2 TNT half-lives, with more than 20 values

from various time points taken during the experiment. Because only

distilled water and highly purified TNT were usad in these experiments,.

the rate acceleration must be due to products formed during photolysis.

This conclusion is supported by an experiment in which additional TNT

was added to a previously photolyzed TNT solution. Subsequent photolysis

of this solution resulted in an initially rapid rate of TNT loss that

was similar to the rate observed at the end of the original photolysis

1 25c I
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experiment. As shown in Figure 4, when the initial concentration of TNT

was lowered to 0.022 ppm, the photolysis of TNT showed good first-order

kinetic behavior, which remained linear for over 700 minutes of

-iphotolysis time; presumably the low concentration of TNT product(s) in

this experiment is insufficient to accelerate the TNT photolysis. The

photolysis rate constant from this latter experiment is the value given

in Table 6 for the air-saturated, distilled-water TNT solution photolyzed

at 313 nm. The other rate constants in Table 6 for 313-nm and sunlight

photolyses, were calculated using the low conversion rates of TNT

(before the distinct downward curvature is apparent).

The data in Table 6 show that TNT in the argon-purged (nonsaturated)

aqueous solutions photolyzes approximately three times faster than TNT

in the air-saturated solutions. As discussed later in this section,

this may be because oxygen quenches triplet-excited states in photo-

chemical reactions (Calvert and Pitts, 1967). Since aquatic systems

in which chemicals are photolyzed are probably air-saturated or nearly-

air-saturated, rate constants in the air-saturated water are the values

of interest for environmental assessment. The sunlight photolysis rate

constants were calculated for experiments of several hours duration

4.L4 conducted on a single day, and therefore the rate averaged over the

entire day will be about one-half those listed in Table 6 if w4 4sSUe L

approximately 12 hours of sunlight a day.

Using the rate constant for photolysis of TNT in the air-saturated

water at 313 nm, we calculated the reaction quantum yield to be 2.7 l0" .

Ile same quantum yield was found for the photolysis of TNT at 366 cm,

and therofore it is reasooablo to assume that the reaction qpkantum UiUld

of TNT will be constatnt over the. entire solar-absor)tIon spectrim of TNT.

This value is also in fair agreeent with a reported TNT qatum yield

of about 1 w 10"  (Sanders and Slaggj, 1972). The UV-visible light

absorption spectrum of TNT in 10% acetonitriie-90% water was also

measured, and thto absorption coefficients for TNT are given in Table 7.

. , -,:';
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i Table 6

PHOTOLYSIS RATE CONSTANTS FOR TNI IN PURE WAATER

Rate Constant
Light Source Air Saturated?a k s 1 x 105

I313 um Yes 3.9 ± 0.2

313 nm No 10 t 1

Sunlight Yes 1.7b +O.2

Sunlight No 52

aT.NT concentration in air-saturataid water experiuwentli at 313 um was 0.022 ppw; TN4T "nueepltration in other

three e -urimauts was 1.1 ppm; 1. ppm TNT u4.65 10-6H.

calculated f~rom this rate euonstant is 11

i 'Zi hourq ,"sumiug- 12 hours'of auttlighit per day, the

Ualf-life averaged over- a. 24-hour day would I*-

~~r~iat~y22 AltW7



I Table 7

ABSORPTION SPECTRUM OF TNTa IN 10% ACETONITRILE-90% WATER

Absorption Coefficient
I Wavelength (M-I cm-)

297.5 1800

1 300.0 1600

302.5 1500

1 305.0 1400

307.5 1300

310.0 1200

312.5 1100

315.0 1000

V
317.5 900

320.0 840

323.1 800

330.0 760

340.0 620

350.0 600

360.0 420

370.0 240

380.0 160

390.0 60

400.0 0

aTNT concentration was 4.93 x 10- 6 M

29L a
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TNT was also photolyzed in filter-sterilized natural water samplest Ifrom three sources: Holston River, Tennessee; Waconda Bay, Tennessee;
and Searsville Pond at Stanford, California. The first two natural

waters are near munition production plants and probably contain some

munition byproducts or transformation products. Searsville Pond is a

t eutrophic pond high in humic and fulvic acid material, but free of

any TNT or other munitions-related contamination. The rate constants

t * for the 313-nm and sunlight photolyses of a 1.1-ppm TNT solution in

i~ 5 each of these waters are given in Table 8.

Table 8

PHOTOLYSIS RATE CONSTANTS FOR TNT
'\F IN NATURAL AND DISTILLED WATERSa

313-nm Photolysis
Rate Constant Sunlight Photolysis

Water X 103, kp (s-.1 Rate Constant x 103, kP (s-)

HoRlston River 50 ±1 1.20 ± 2

Waconda Bay 12 11 15±t1

ISearsville Pond 30 i 1 58 t 2
Distilled water 1.3 ± 0.2 1.7 t 0.2

3 Rate constants calculated from data taken during ex~periments of less
titan 3 hours, and are therefore not based on a 24-hour day. If we
assume 12 hours of sunlight per day, the rate constants would be
about one-half the stated value for a 24-hour day.

Vie photolyses in Hols ton River and Searsville Poad samples gave

good first-order TNT rate-loss plots, while that in the Waconda. Buy

cample showed a slight acceleration in TNT loss with time (Figure 5).

In sunlight in natural waters, TNT photolyzed 10 to 100 times more

rapidly than~ in distilled water. Although it is evident from the

experiments in distilled water described above that TNT photolysis
products can promote the photolysis of TNTO the experiment with the
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Searsville Pond water shows that natural substances in aquatic systems3 also can promote TNT photolysis. From these experiments it is not pos-

sible to evaluate how much of the photolysis rate constant in Holston

River or Waconda Bay waters is caused by either the munitions transfor-

mation products present or to the natural substances present.

Because the photolysis rate for TNT was promoted both by TNT photo-

products and by natural substances, additional experiments were per-

formed to elucidate the process(es) responsible for the accelerated

photolysis of TNT. One possible indirect photolysis mechanism is that

of a photosensitized reaction in which light-absorbing substances

(either TNT-photolysis products or natural materials such as humic or

fulvic acids) transfer excited-state energy to TNT, which then reacts.

-I One set of experiments was designed to determine whether the photo-

lysis of natural organics in water could cause TNT to react. Since TNT

has no measurable absorption spectrum above 400 nm, two natural waters

were chosen that had absorptions tailing into the 400- to 500-nm region.

I The two waters used were from Searsville Pond in California and from

the Aucilla River in Georgia. Solutions of 1.1 ppm TNT were photolyzed

in these two waters and in distilled water (as a control) using a

750-watt tungsten lamp with a filter that cuts off all light below

420 nm. The results of these experiments are summarized in Table 9.

Table 9

l PHOTOLYSIS OF 1.1 ppm TNT IN NATURAL AND
DISTILLED WATER ABOVE 420 nma

Water flours Photolyzed TNT Lost (2)

1 Searsville Pond 43 28

Distilled water 43 0

aDark controls in all these waters showed no TNT loss.
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I
These data show clearly that light absorption by substances in natural

3 waters can result in reactions that transform TNT and support the

suggestion that natural substances sensitize the photolysis of TNT;

3 the quenching effect of oxygen noted earlier supports the intermediacy

of a triplet-state mechanism and rules out processes involving free-

radical oxidations (Mill, 1980) or singlet oxygen (Zepp et al., 1978).

Additional experiments were also conducted to determine whether

TNT may be photolyzed by a triplet-sensitized mechanism. Others have

suggested that the photolysis of o-nitrotoluene structures such as TNT

may proceed through a triplet-state mechanism (Burlinson et al., 1979).

To test this idea TNT was photolyzed in aqueous solution containing

acetone, which is a known triplet-sensitizer. For these experiments,

a 10-ppm TNT aqueous solution was prepared with 1.0% or 0.10% acetone.

These two solutions, along with a control containing only 10 ppm TNT

I in water, were photolyzed simultaneously at 313 nm. The data (Table 10)

show a more rapid loss of TNT in the presence of acetone, providing

I
Table 10

EFFECT OF ACETONE ON TNT PHOTOLYSISa

TNT
Concentration Half-life of TNTb

(ppm) Acetone (%) (h)

S10. 0 o 18

10.0 0.10 9

10.0 1.0 3

aPhotolyzed at 313 tnm.

bInitial plotlysis rate.

additional evidence for a triplet-sensitized mechanism. Additional
L studies must be conducted to verify the imortance of this particular

mechanism in natural aquatic systems and to define the kinetic
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features. Once the sensitized mechanism is defined, we probably can

develop the appropriate kinetic expressions for including this important

process in modelling the fate of TNT in aquatic systems.

SBurlinson et al. (1973) reported that the pH of an aqueous solution

affected the photolysis rate of TNT, and therefore it was of interest

3 Ito compare the effects of pH to the effects of a natural water on the

photolysis rate of TNT. Table 11 lists the rate constants for photolysis

of 1.1 ppm TNT in distilled water and in filter-sterilized water from

Searsville Pond, each adjusted to pH values of 4.0 and 8.0 with minimal

amounts of acid or base. From these data it is clear that the effect of'

Table 11

EFFECT OF pH AND NATURAL WATERS ON
PHOTOLYSIS OF 1.1 ppm TNT

Rate Constantk;, s- I104

Water pH 4.0 pHi 8.0

Pure water 0.16 ± 0.03 0.51 ± 0.03

Searsville Pond 2.3 ± 0.1 2.5 ± 0.4

pit on the photolysis rate constant is insignificant in comparison to

the effects of natural substances present in the Searsville Pond water.

Probably p11 has a significant effect on the photolysis rate only in

waters containing very little natural substances.

In sumary, TNT will be photolyzed more rapidly in natural waters

titan in pure water probably by a triplet-sensitized process. However,

,. it is not possible to estimate the rate constant for the indirect

photolysis of TNT in waters other titan those used in this study. For

environmental assessments of the Holston River or Waconda Bay, the rate

constants measured in these waters should be used. The finding that

ITNT photolyzes more rapidly in the Searsville Pond water containing no

munitions photo-products than in the Waconda Bay water shows that

1 34
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natural substances may contribute more to the photolysis rate than TNT

3 products. In view of the fact that the measured direct photolysis

half-life is approximately 22 hours (based on a rate constant averaged

: Iover a 24-hour day), the direct photolysis rate constant may be regarded

as a limiting photolysis rate constant for some modelling efforts to

Z: identify long-term pollution problems. The annual variation in the

| Idirect photolysis half-life for TNT has been calculated according to
the procedure of Zepp and Cline (1977) using the reaction quantum

I yield of 2.7 x 10-' and the absorption coefficient data in Table 7.

The annual variation in half-life at 400 N latitude is shown in

SI Figure 6, and will vary from a half-life of 14 hours in summer to 45

hours in winter; these calculated half-lives bracket the measured half-

life of 22 hours in spring. Table 12 shows the variation of the direct

photolysis half-life between summer and winter and as a function of

latitude in the continental United States.

Table 12

SUNLIGHT PHOTOLYSIS OF TNT IN PURE WATER

I Sumer Winter
Latitude (ON) Half-life (h) Half-life (h)

20 14 22

40 14 45

50 14 84

3. 14T Photoproduts

Reported photolysis products of TNT reviewed (Spatiggord et al.,

1 1980) include single aromatic ring compounds such as 1,3,5-trinitro-

benzene, 4,6-dinitroantliranil, 2,4,6-trtnitrobenzaldehyde, 2,4,6-

j trinitrobenzonittile, and 2,4,6-trinitrobenzoic acid. The best mass

balance reported for the photochemical transformation to these products

accounted for less than 20% of the TNT reacted. In addition, a numbei.
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of azo and azoxy derivatives formed by the coupling of nitroso and

I hydroxylamine products have been identified, and account for another

20% of the TNT loss. However, the product(s) responsible for the

color in "pink water" were not previously either identified or extracted

from water.

5 The photolysis of more than 50% of the available TNT in our studies

gave most of the above products, as identified by high-performance

liquid chromatography (HPLC) and silica gel thin-layer chromatography

(TLC) retention times. However, when TNT was photolyzed for a short

time (less than 10% TNT loss), only one major photolysis product was

I detected by HPLC or reverse-phase TLC (see Figure 7). This product was

collected from the HPLC column using an approximately 30% acetonitrile-

I water mixture; a pink solution was obtained. A pink compound (PC) can

be extracted directly from these solutions and purified to some extent

(see analysis section).

PC collected in the above manner was found to revert thermally

j Ito TNT; no other products were detected by HPLO analysis. Rate
U' constants for the thermal reaction were measured at 25*C and 50*C in a

constant-temperature bath, and samples were removed periodically and

analyzed for PC and TNT. Rate constants (k,) were estimated from the

regression line obtained from a plot of ln [PC] versus time. The

I data in Table 13 were obtained;

I Table 13

RATE CONSTANT ESTIMATES FOR PC CONVERSION TO TNT

Temperature k, (s-') t

25 0 C 1.01 X 10"5 19 11

50C 2.22 x 10 "4 52 min
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I
These rate constants fit an Arrhenius expression, log k, 12.6 -24/4,

3ii where 4 = 0.00457 T. The entropy term, 12.6, is consistent with a

cyclic unimolecular process, and the activation energy, 24 kcal mole-',

3 suggests cleavage of moderately strong bonds. These results are not

consistent with a simple proton-transfer reaction, as is the case of

3 the generation of the aci-form of TNT, but indicate more complex

molecular interactions.

3 Further characterizations show that PC is more stable in solution

at pH 2 than at higher pH values. Although PC reverts to TNT at pH 1

3 in the dark, rapidly eluting acidic products are the major components

according to reverse-phase HPLC analysis. At high pHs (> 12) PC is

very unstable; an aqueous PC solution turns purple when raised to pH 12;

3 subsequent neutralization and HPLC analysis of this solution showed

only TNT.

I When I ppm TNT was photolyzed in natural water, no PC was detected

in the HPLC analysis; when PC was added to a natural water it was less

J stable than it was in distilled water--with a half-life of 5 minutes

in Searsville Pond water and room temperature and one of 19 hours in3 distilled water. At higher TNT concentrations (> 60 ppm) some PC did

form in natural waters. These results suggest that humic materials

may suppress PC formation, or that PC if it does form, may either revert

to TNT or photolyze rapidly to other products.

The effect of PC on the photolysis rate of TNT was also studied.

A solution of 0.25 ppm PC and 1.0 ppm TNT in 302 acotonitrile-70% water

was prepared along with a i-ppm TNT solution in 30% acetonitrile-

70% water as a control. Both of these solutions were photolyzed simul-

taneously at 313 tim, and the TNT in the PC-TNT solution photolyzed twice

as fast as that in the control. This increase in rate suggests that PC

may be partially responsible for the rate acceleration observed during

3i  TNT photolysis; however, because more PC was present in this experiment

tian is formed in the usual TNT photolysis, and because in natural water

3 the TNT rate acceleration is about 10 times greater than that in

39
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I
distilled water, the PC must not be the only product catalyzing TNT

photolysis. Burlinson et al. (1979) proposed the following scheme for

the partial photolysis of TNT. This mechanism does not explain the

i - loss of TNT, only the photocatalyzed hydrogen-deuterium exchange in D20.

I

3 MECHANISM OF TNT REACTION

CH CH2  OH

1 Q0NO

+H+ H

X~NO2  -H4 CH2  N0X N02N2  :

I I

Scheme 1

40
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Fyfe et al. (1976) measured the UV and nuclear magnetic resonance

(NMR) spectrum for the TNT anion II and found the visible spectrum to

have a Xmax at about 500 nm and the NMR spectrum to have peaks at 6 5.4

and 8.1. By comparison, the NMR peaks observed for PC are 6 5.4 (d),

6.4 (d), 8.4 (s), and 8.7 (s) in ratios of approximately 2:2:1:3 or

1:1:1:2. The UV-visible spectrum of PC has a broad band centered at

approximately 500 nm. The lower wavelength absorption of PC is uncer-

tain because of the TNT contaminating all PC samples, but it does appear

to be a broad band without any marked maximum.

Attempts were made to obtain the mass spectrum of PC using chemical

Iionization (CI), field ionization (FI), and electron-impact (El) mass

spectrometers. The major CI and F1 peaks obtained were at 391, 278,

j 227, 210, and 211 AUU. The major E1 peak obtained was at 210 AMU. In

all mass spectrometry (MS) measurements, a red residue was left on the

J probe after each analysis, Indicating that PC is not very volatile or

condenses to higher-molecular-weight products in the spectrometers.

The information these mass spectral measurements gives on the structure

1of PC, therefore, is inconclusive.

Thus, the structure of PC is still unknown. Although the water

solubility, NMR spectrum, and possibly low volatility (indicated by the

mass spectrometry experimenIt) suggest a TNT anion-type compound (pos-

sibly salt or charge-transfer-complex structures), the structures I and

II ill Scheme I seem unlikely. Hurlinson et al. (1979) noted that Lhe

aciquinoid structure, 1, should have a pKa of about 1; if it does, thein

the anion II should be formed rapidly in the near-neutral p" solutions

used in our studies. However, the pa of TN1T is expeeied to be greater

than about 11, so it is also unlikely that II could be isulated fromr

neutral solutions such as those used in our studies. More laboratory

work is needed to determine the structure of PC and its role in the

overall phototrausfo=uation of TNT.
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4. Biotransformation

I a. Screening Test

TN4T (10 ppm), added with DMSO to Waconda Bay water obtained in

July (bottle 1) remained unchanged for 20 days (lag period), then

decreased in concentration to about Pppm after 64 days of incubation.

The TNT disappearance followed first-order kinetics with a half-life

of 25 days estimated from the curve in Figure 8. bre TNT in Waconda

3 IBay water collected in August (bottle 2) had a lag phase of 13 days,

then decreased to about 1 ppm at day 68. A half-life of 19 days was

estimated from the curve in Figure 9. The bacterial counts of the

water in bottle I were 1.3 x 106, 1.4 x 106, and 8.2 x 10' cells ml"'

at days 43, 54, and 64, respectively, and those of the water in

bottle 2 were 1.35 x 108, 9.6 x 103, and 9.0 x 10 cells ml- ' on days

27, 37, and 52. One bottle of water collected in July was initiated

jI with TNT and 30 ppm of yeast extract and another 30 ppm of yeast extract

was added on day 26 (bottle 3, Figure 8). TNT in this bottle degraded

I without a lag period and decreased to 1.5 ppm at 43 days. With the

August water and 1% (dry weight) sediment (bottle 4, Figure 9), TNT

3 also biotransformed without a lag phase. The half-life in this bottle

was 18 days. The bacterial counts i11 this water were 8.7 x 106 and

8.3 x 10' caells ml' on days 52 and 71, respectively.

I all anaerobic experiment with water collected in July (sample

under N2 gas atmosphere), the rate and lag time of TNT transformation

were about the same as those in the aerated bottles. IlTerefore., ITNT

transformation is not accelerated uder microacrobic conditions.

Because TNT appeared to be biotransfored, the microorganisms in

these experiment bottles were transferred to TNT wdia to develop

1 enriched cultures for kinetic studies. When TNT was about 50Z trans-

formed itt bottle 1, aliquots of the water were inoculated into shaker

1 flasks containing 10 ppm TNT (with DHSO) and basal-salts medium. Am

increase in turbidity was observed after a week of incubation, and
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I
the TNT was found to be transformed. In these transfer flasks, 10 ppm

* of TNT was reduced to 5 ppm after several days of lag time and I to 2

weeks of incubation.

I When the water containing 1% sediment in bottle 4 was also inocu-

lated into flasks with 10 ppm TNT and 1% Waconda Bay sediment in basal-

I salts medium, the TNT decreased to 5 ppm in 5 days and to 3 ppm in 7

days. When organisms from the water with yeast extract (bottle 3) were

I transferred to a flask with 60 ppm yeast extract containing TNT and

basal-salts medium, the TNT decreased from 10 ppm to 5 ppm in 7 days.

These results indicate that TNT can be transformed slowly without

additional organic nutrients, although sediment or yeast extract may

provide extra organic nutrients for faster cell growth and TNT transfor-

mation with shorter lag phases. However, in each case, TNT was first

dissolved in DMSO and then added to water or media because DMSO is a

J, convenient solvent and because it is generally resistant to biotransfor-

mation and is nontoxic at the level used. From our past experience,

we judge that the use of IDISO did not interfere with biotransformation.

Because the TNT (DMSO)-basal-salts medium solution was more

cloudy than solutions of microbes grown on 10 ppm of TNT (without DMSO),

slowly growing TNT-transforming microorganisms could have been utiliz-

ing PZMSO. To investigate this possibility, a TNT-transforming micro-

organism mixture was inoculated into DMSO ii basal-salts medium

(250 pil-liter) without TNT. Cell growth was assessed after a week of

iutcubation by visual inspection of cloudinoes and microscopic examina-

tion and indicated that DZSO is being utilized.

To eliminate the po- ,iblo effect of DMSO, a microorganism mixture

was inoculated into basal-salts medium containing 10 ppm TNT but with-

out DMSO. The TNT concentration in this flask decreased to 7 ppm In 2

weeks, probably because nutrients or active enzymes were carried over

from the inoculua. In the medium with TNT and D)SO, 11 T was reduced

to 3 ppm in 2 weeks. 'In another experiment, microorganisms in the
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I
TNT-screening test bottle were inoculated into the flasks containing

TNT-basal-salts medium (without DMSO), TNT-basal-salts medium plus

yeast extract (1 g-liter), ol*Difco nutrient broth (1 g-liter). The

TNT concentration of 12 ppm was unchanged in the uninoculated control

1 flask and in the flask with TNT alone for 30 days. However, in the

medium containing yeast extract and in that with nutrient broth, the

I TNT concentrations dropped to 1.7 ppm and 1.0 ppm, respectively, by

day 9.

It is apparent that TNT was biotransformed rapidly with extra

organic nutrient, including DMSO, which seems to be slowly metabolized

by the acclimated microorganisms. The lag period may be the time

required for the organisms to acclimate to DMSO. The organisms either

I, could not transforu or were very slow in transforming, TNT when no

other organic compounds were present to provide nutrients.

To study further the effect of DMSO on TNT biotransformation in

natural water, local eutrophic pond water was collected and 10 ppm of

TNT was added with and without DMSO (250 ug liter-1). The TNT in the

bottle with DMSO began to decrease after a 29-day lag phase and yielded[ a 16-day half-life; this solution reached 2 ppm TNT in 67 days. TNT

I without DMSO showed a lag phase of 40 days and reached 5 ppm after over

110 days of incubation (Figure 10). The half-life estimated f rom the

slope of the first-order plot was 80 days in this case which indicates

that D SO did affect TNT transformation in natural water in the screen-

ing test bottle. In these examples, tie bacterial counts were 1-1.5

10' cells ml" at lag phase in both water samples, increasing to 3 x 10

cells ml" in the water with DMS0, but remaining at 1.4 x 10' cells Ml*1

in tle water without UMSO during tle TNT transformation period.

* To determine the effect of amount of organic nutrient on the rate

of TNT degradation, 10 ppm TNT in basal-salts medium containing 10,

100, or 1000 ppm yeast extract was inoculated with Waconda Bay TNT-

transfovoing microbes in shaker flasks (Figure 11). In the presence of

1000 ppm yeast extract, 50% of te TNT was transformed in I day and

£ less that 10% remained after 4 days. With 100 ppm yeast extract, tits
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half-life estimated from the slope of the first-order plot was 13 days,

and with 10 ppm yeast extract, the half-life was estimated to be 40

days (Figure 11). The amounts of metabolized organic nutrients, which

provide for bacterial growth, play important roles in the TNT transfor-

Imation rate. Substantial amounts of organic nutrients are required for

high transformation rates of TNT to be observed.

During the TNT biosorption study, it was observed that TNT was

transformed by a mixture of four ATCC cultures used for the study. In

1I this case, the organisms were grown overnight in Trypticase Soy broth

media (without TNT), centrifuged, washed, and resuspended in phosphate

buffer. TNT metabolites were detected in TLC and HPLC chromatograms

of the supernatant when TNT was exposed to viable cells, but not in

that of TNT exposed to heat-killed cells. Waconda Bay microorganisms

were prepared under the same conditions, and 10 ppm TNT was added to

1cell suspensions of 0.b, 0.14, and 0.03 mg ml-' (dry weight). In the

cell suspension of 0.6 mg ml-', 10 ppm TNT in the supernatant dropped

to 0.3 ppm in I hour; in the cell suspension of 0.14 mg ml- , the TNT

concentration was 3.8 ppm in 1 hour and 0.8 ppm in 4 hours; in the cell

suspension of O.03mgol-4, the TNT concentration was 7.8 ppm after 1

4hour and 6.9 ppm after 4 hours. These results and the results with

biosorption test bacteria showed that many microorganisms, when grown

in organic nutrient-rich media, have TNT-transformation enzymes (e.g.,

organic nitro reductase) that react with TNT, and that acclimation to

STNT is not necessary.

Our experiments with 2,4-DI4 showed that it was ultimately trans-
Iformed by microorganisms (described in another section of this report).

To investigate the possible special coetabolic transformation of TNT

with 2,4-DNT as a cosubstrate, TNT and yeast-extract-transforming

Smicroorganisms, or 2,4-UNT-transforming microorganisms were itoculated
into basal salts medium containing 10 ppm TNT and 100 ppm DNT. There

1 was no enhanced consumption of TNT observed in the flasks of either

inoculum. The TNT concentration was 7.5 ppm with NT-transforming

I organisms and 9.5 ppm with TNT-transforming organisms after I8 days of
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incubation. The growth was poor with the latter organism, indicating

3 that the organisms were probably not well adapted with 2,4-DNT as the

substrate.

b. Transformation of Ring-Labeled 1"C-TNT

A study was conducted to determine if the benzene ring in TNT was

cleaved during transformation. In earlier experiments, more than 90%

of the TNT was biotransformed in 4 days in the medium containing 10 ppm

TNT and 1000 ppm yeast extract. In the sealed flask system containing

this same medium, substantial amounts of C02 were evolved in the KOH

trap during the first 3 days of incubation because of the microbial

I growth on yeast extract, and very little C02 was produced after 5 days.

However, total 14C0 2 evolved during 7 days of incubation was less than

jI 0.5% of the added 14C, with 99% of the added activity found in the

medium. More than 95% of the TNT was transformed during this time.

I. After 7 days of incubation, the broth was extracted twice with

ethyl acetate (fraction 1), acidified to pH 2, and re-extracted

I (fraction 2). The distribution of radioactivity in each fraction was

46%, 21%, and 33% in fraction 1, fraction 2, and the aqueous phase,

respectively. TLC analysis of the solvent extractions showed the

presence of monoamino-, diamino-, and azoxy-derivatives of TNT (see

Metabolites below).

This result shows that the nitro group of TNT was reduced by

microorganisms, but the ring was not cleaved and TNT will not be

mineralized by these organisms.

:1 co Bio trans format ion Rate Constant

The results of the screening test showed that TNT transfomed

very slowly in natural water even with small amounts of extra organic

nutrients. No enriched mixed culture that can use TNT as a sole carbon

I source was obtained from tho Waconda Bay water.

During the screening test, microbial concentrations in the watera

were fairly constant, and TNT transformations generally followed first-

order kinetics. Although organic compounds other than TNT were required
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for transforming TNT, a transformation rate constant may still be calcu-

lated under these conditions assuming that the organic nutrient is only

present to effect cell growth. The rate constants calculated from the

results obtained with TNT in natural waters using equations 14 and 15 are

l =shown in Table 14. Average cell counts were used as listed in the table.

From these data we calculated that the second order rate constant,

based on total bacterial counts, ranged from 1.8 x 10- 10 to 1.4 x 10- 9

ml cell- ' h7', which means that the biotransformation of TNT is rela-

j tively slow.

Burlinson (1978) conducted river die-away degradation tests of TNT

I with a Potomac River water. In darkness 90% of the original 20 ppm TNT

disappeared in 30 days. His data indicate that TNT disappearance followed

i first-order kinetics, and that the half-life was 8 days, with a pseudo-

first-order rate constant of of 3.6 x i- h -f. The total bacterial

count was about I x 106. Therefore, the second-order rate constant was

1 3.6 x i0-9 ml cell-' h- , a value consistent with our results.

In an experiment with high cell concentrations, the TNT yeast-extract

degrading organisms were grown in Trypticase Soy broth medium overnight,

I centrifuged, washed, and resuspended in basal-salts medium. TNT was

added to 2 different levels of cell suspensions, and TNT was analyzed

3' periodically. The plate counts of 2 suspensions were 9.0 x 10' and

1.7 x l01 c,1s tul " (Figure 12). The half-lives of TNT in these sus-

pensions, estimated from the slopes, were 5.6 hours and 4.0 hours,

riespectively. Thus, the pseudo-first order rate constants, k, were

0.12 hour' and 0.17 hour - ', respectively, and the secood-order rate

I constants were 1.4 x 10-10 ,Atd 1.0 x 10- 10 ml cel - b" , respectively.

11tese rate constrants are in good agreement with thjose found for natural

.[water.

d. Metabolites

As indicated by the experimmit with 1"C-labeled TNT, TNT

undergoes only limited transformation; most of the products retain the

benzene ring. TLC of the ethyl acetate extract of TNT solutions exposed
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to Waconda Bay organisms showed the presence of many metabolites

(Figure 13). By comparative TLC with known standards, 5 components

were identified as 2-amino-4,6-dinitrotoluene (2A), 4-amino-2,6-

dinitrotoluene (4A), 2, 4-diamino-6-nitrotoluene (2, 4-DA), 2, 6-diamino-.1 4-nitrotoluene (2,6-DA), and 2,2',6,6'-tetranitro-4,4 '-azoxytoluene

(4-AZO). The identities of 2A and 4A were confirmed by gas chromato-.1 graphy-mass spectrometry (GC-MS) and the identity of 4-AZO was confirmed

by probe MS.

ii To try to identify some of the more reactive intermediates, the

TLC profiles of the TNT biotransformation solutions were compared on

'1 days 2 and 8. An intermediate present in a large quantity on day 2

but less on day 8 (Rf 0.23 to Rf 0.35) was scraped from the plate and

I evaluated by high-resolution MS. A molecular weight of 254.0271 was

obtained, which corresponds to a molecular formula of CoH 9N305S. This

formula can be represented as 1 or 2. Thus it appears that a sulfhydryl

I group is playing a role in the reduction of the nitro group. Saz and

Slic (1953) reported that the reduction of nitroaromatic compounds in

I2 ON~.N02 02 a

HO I

II cell-fCree extracts of7 E. coli de~pends on cysteine, which may indicate

that eysteine is the source of sulfur in compounds I and 2. Thiomethyl

group of taothionine or its decaqosition product, mthanethiol, Way be

other sources of this grOUP.

I5
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To study the effect of cysteine or methione on TNT transformation,

SI TNT-biodegradation microorganisms were grown in the basal-salts medium

with 50 ppm TNT and 5000 ppm yeast extract for 2 days, centrifuged,

Iwashed, resuspended, and used for the TNT transformation test. The

Iflasks with cells in basal-salts medium and 10 ppm TNT were enriched

with 100 or 500 ppm of cysteine, methionine, or yeast extract. The

results (Figure 14) show that the TNT concentrations in the TNT control

preparations and in cysteine- or methionine-enriched media were not

I significantly different, but that in the medium with 100 and 500 ppm

yeast extract, TNT decreased significantly. Either cysteine and meth-

j ionine are not directly involved in TNT nitro group reduction, or the

washed cells contained enough sulfur-containing amino acids for TNT

transformation. The enhanced TNT biotransformation in the presence of

yeast extract implies that some factors or cofactors present contribute

to accelerated enzyme activity in the transformation.

The ethyl acetate extract of the broth was also investigated by

IHPLC (Fig. 15). This technique confirmed the presence of 4-AZO, 2A,

I4A, 2,4-DA, and 2,6-DA. There are small amounts of 1,3,5-trinitro-

benzene and 3,5-dinitroaniline, but whether the production of these

compounds is due to a biological process, a photochemical process, or a

combination of both processes is not clear.

j To further investigate metabolites, several of the major components

shown in Figure 15 were collected from the IIPLC column and probed by MS.

Peak 3, which was tentatively identified aa 2,2',6,6'-tetranitro-4,4'-

azoxytoluene (4-AZO) by comparing retention time to that of an authentic

standard (obtained from N. Burlinson, NSLIC) was confirmed by MS analyqts

e(H/ u 406). Peak 9 was found to be Isomeric with Peak 10 and, based

on the %ass fragmentation pattern, was tentatively identified as 4,41,6,6'-

tetranitro-2,2'-azoxytoluene (2-AZO) Peak 8, which eonsisted of Ewo

coponents, also showed a molecular ion at 14/o - 406 and WaS tentativtly

identified as compound 3 and/or compound 4 (2',4-A7O or 2,4'-AZO). Th

mass spectra of these components appear in Figures 16, 17, and 18.
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T-50 extract

100% H20 70%

CH30H in 15 min

Linear gradient

SI 2 ml min

UV 254 nm

Neutral extract

Possible constituents:

(1) 2,6-Diamino-4-
nitrotoluene

(2) 2,4-Diamino-6-
-V nitrotoluene

(3) l,3,5-TNB

1 (4) 3,5-Dinitroaniline

(5) 2-Amino-2,6-

" 1dinitrotoluene

(6) 4-Amino-2,6-
dinitrotoluene 2

(7) 2,4,6-TNT

(8) 4-Azoxy-2,2',6,6'-

" tetranitrotoluene
-- (9) 2,4'-Azoxy-4,4,6,6' -

tetranitrotoluene

(10) 2-Azoxy-4,4',6,6'-3
te tranitrotoluene 3

Based on a + 5% retention
window
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FIGURE 15 HPLC PROFILE OF THE .ETHYL ACETATE EXTRACT OF BROTH FROM TNT
BIODEGRADATION EXPERIMENTS WITH WASHED CELLS
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3

N2 C 3 NO2  NO2  CH3  NO2Q PN=N Q , CHs~

N02 NO2  NO2  NO2

13 4

It appears that the formation of these azoxy compounds may result

from the condensation of a hydroxylamino compound and a C-nitroso

compound. Both of these intermediates arise in the reduction pathway

from the nitro group to the amino group.

N02 NO2  NO2  NO2

C1131t N2 O4 CIS N-0 CH 3  BOH -CH 3 *NlH 2

.O NO2  NO2  (25)'

C113 0 - N CiHS

NO NO1

Since 4-amino-2,6-dinitrotoluone and 2-amino-4,6-d iit rot oluene

are formed in nearly equal amounts, there is no preference for

Ireduction to occur at the 2- or 4- position in TNT. This may also
result in similar distributions of mixed nitroazoxytoluenes.
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To ensure that this condensation was not a result of the extrac-

tion and concentration procedures, supernatants from the biodegradation

flasks were evaluated by HPLC using direct aqueous injection. Profiles

I comparable to those of the concentrated extracts were obtained. There-

fore, the formation of the azoxy compounds is probably an intracellular

process.

e. Discussion

I The results showed that the biotransformation of TNT in natural

waters is 1000-fold slower than phototransformation. Many microorganisms

3 possess organic nitro-reductase capable of reducing the nitro group of

TNT to the amino group when grown in organic nutrient-rich media, but

cannot utilize the carbon of the benzene ring of TNT as a sole carbon and

I energy source. These organisms appear to utilize TNT in a cometabolic

process, with other organic nutrients used as cosubstrates. Fast

1i biotransformation rates, corresponding to half-lives of several hours

can only be achieved by more than 109 microorganism ceils ml- " whichJ will require substantial amounts of organic nutriekit, on the order of

more than 1 g liter-'. This is significantly greater than the micro-

3organism concentrations found in the natural water.
That pure cultures or mixed cultures of microorganisms can use

I 1 T as a sole carbon source was reported by Won et al. (1974), Traxier

et al. (1974), and Weitzel et al. (1975). In all cases, the transfor-

mation was slow, and the addition of organic nutrients such as glucose,

yeast extract, peptone, and fatty acids greatly increased the trans-

formation rate. Traxler et al. (1974) also reported that, with an

isolated mutant, nitrite ion was produced from the nitro group of TNT.

With ring-labeled 'AC-TNT, "CO 2 was produced. However, the activity

3il tie 1 4C02 accounted for only 0.3 to 1.2% of added "C.

Other workers found that TNT was not biotransformed by their TNT

3 degrading organisms without the addition of organic nutrient (Osmunl

and Klausmeir, 1972; Carpenter et al.. 1978). Carpenter et al. (1978)

!
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I

used 1 4C-labeled TNT and reported that "'CO2 was not found in the trap

(less than 0.5%), and that the radioactive compounds in microflora were

not the characteristic constituents of lipid and protein materials

5 I(fatty acids and amino acids), but were bound to these compounds as

polyamide macromolecules. No evidence indicated that the TNT aromatic

nucleus was cleaved. Our result was similar to the findings of Carpen-

ter et al. (1978). The mixed culture obtained from Waconda Bay did not

include the organisms that can effectively utilize TNT as a sole carbon

5 source. The major process in transformation is nitro-group reduction

in the presence of other organic nutrients; ring cleavage is not detected.

3 IThe metabolites we found in the microorganisms with TNT and yeast

extract medium are monoamino-, diamino-, and azoxy-derivative of TNT

3 Ithat are similar to what other workers found (Won et al., 1974; Weitzel

et al., 1975; McCormick et al., 1976; Parrish, 1977; Carpenter et al.,

1978; Hoffsommer et al., 1978). One interesting compound found in our

metabolite study had a thio-methyl group. This was an unexpected find-

ing, and indicated that some sulfur compound may be involved in the

reduction of the nitro group.

5. Biosorption

TNT was biotransformed by the 4 AMerican Type Culture Collection

(ATCC, p. 155) cultures used for biosorption tests. When TNT was mixed

A with viable cells (0.5 9 1 mg ml1'), more that% 80% of the TNT disappeared

from the supernatant, but could not be recovered what% the pellets

were extracted with methylene chloride or ethyl acetate. When ritg-

labeled 1"C-TNT was added to the TNT and mixed with 0.47 mg mrl of

1 cell mixture, 91.4% of the radioactivity was found in the supernatant,

but IIPLC analysis showed only 17% residual TNT. An ethyl acetate

extract of the cells showed 3.5% of the total activity, and less than

0.5% of the activity remained iti the cells after extraction. The

supernautants were extracted with ethyl acetate under neurral and

acidic conditions, and the TLC plate showed that 4A, 2A, 4-AZO, akid

possibly 6-AZO were prosent. Analynis by CC and HS coofirmed
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2A and 4A. Clearly TNT was transformed by the biosorption test org-

Ianisms. When TNT was mixed with heat-killed cells, it was not trans-

formed and no metabolites were found.

3 When the tests of TNT biotransformation by individual ATCC test

bacteria were conducted, the initial TNT concentration of 10 ppm was

3 reduced to 4 to 5 ppm in the supernatant with 0.19 to 0.29 mg ml - of

cells, and ethyl acetate extraction of the cells of all organisms

showed no detectable TNT by HPLC analysis. All 4 organisms seem to

transform TNT, but however, none of the 4 cultures showed especially

high levels of activity for TNT transformation.

Many organisms seemed to be able to transform TNT, and it is dif-

ficult to find nontransforming organisms; moreover, the biosorption

coefficients of chemicals of viable cells and heat-killed cells were

not greatly different (Smith et al., 1978). Therefore heat-killed

3 cells were used in the TNT biosorption study. TNT was added at 10 and

20 ppm with cell concentraticus of 0.49 and 0.74 mg ml "'. The results

are presented in Table 15. The biosorption coefficient of 93 is very

low and will not be an important factor in the environment.

I' Table 15

I TNT UIOSORPTION BY HIEAT-KILLED BACTERIA

IWitial TNT Cell Coneent ra ion Sorpt ton Coe ff Ic I el L
Coneentration (ppm) (tg ml ') (Average * SD)

10 0.49 100 t 31

0.74 96 14

20 0.49 88 1 14

1 0.74 87 t I8

Overall average 93 1

!4
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I
6. Sediment Sorption

The general procedures used to measure the sorption of TNT on

natural sediments were described in Background and Methods, in Appen-

3l dix B, and by Smith and Bomberger (1980).

a. Screening Isotherm

I The value of Koc (132) predicted from equation 24a (Table 2), was

used to select the appropriate levels of sediment for the screening

3isotherm. Flasks containing 1 concentration of TNT and 2 concentra-
tions of sediment were prepared. A water blank, TNT blank, and sediment3 blank were included. No TNT or analytically interfering compounds were

found in either the water or sediment blanks. The TNT blank served as a

reference for calculating recoveries from the supernatants and sediments.

The initial concentration of TNT was 11 Pg ml- ' and the sediment con-

centration was 7 mg ml-1 in flasks 2 and 3 and 55 mg ml- 1 in flasks 4,

I1 6, and 7. The flasks were shaken for 15 hours before samples were

taken and a-alyzed. The results given in Table 16 were obtained.

Table 16

AMOUN!' OF TNT AFTER 15 HOURS IN SCREENING ISO'MERI

Supernatant Sediment Total
F Flask No. (ug) (g) (0g) Recovery (Z)

2 1086 1058

3 1086 233 1319 121

1 4 783 194 977 90

6 456 999 1455 134

7 411 978 1389 1.28
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I

The value of K was calculated using equation (22) to be 29.8 + 6.5 pg

g-1 pg-3 ml (K = 29.8 " 0.033 = 900). Later isotherm measurements
revealed losses of TNT at longer equilibration times and that the equil-

I ibrium of TNT between solution and sediment was not reached until after

approximately 140 hours. Because more TNT was sorbed between 15 and

140 h, the estimates of Kp and Koc from the screening isotherm are

therefore probably low.

5 b. Rates of Sorption and Desorption

The rates of sorption and desorption of TNT on Holston River sedi-

ment were measured in the following way. A working solution of TNT and

TNT blanks (no sediment) were prepared by diluting a stock water solu-

tion of TNT in half. Two other samples were prepared by diluting 50 ml

of the working TNT solution with 50 ml of a sediment slurry containing

10 g of wet sediment. The flasks containing the samples were shaken,

Sand aliquots were removed at various times to measure the TNT content

in the solution and that sorbed on the sediment. The results are pre-

I sented in Figures 19 and 20. Equilibrium of TNT between solution and

sediment is reached after approximately 140 hours (Figure 20). The

1 percent recovery plot in Figure 19 shows a continual loss of TNT during

sorption. Because no loss is seen in the flask containing only TNT,

volatilization, photolysis, and hydrolysis can be ruled out as meulhanisms

for TNT loss.

SUiPLC analysis of the supernatant revealed 1 TNT tratsformtaLtion

product. It wan not present in the TNT blank or in the sediment, and

it increased with time throughout the isotherm. This observation sug-A gests that biutransformation or ruactioit with the sediuet is at least

partly responsible for losses of TNT. Irreversible sorption on theI sediment, which has been proposed by Sikka et al. (1960), could be respou-

sible for only a portion of the 1NT losses. No meaningful data were

obtained from the desorption isotherm because the concentration of TNT

waainig on the sedim-nt was too low to be accurately measured.
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A second sorption-desorption isotherm was measured (run 2). This3 Itime H, 2 was added in an attempt to retard losses of TNT by biotrans-

formation. The concentrations of TNT and sediment were identical to

I those used in the first isotherm, except that HgCl 2 was added to the

flasks. Results similar to those in Figures 19 and 20 were obtained.

Loss of TNT still occurred, but the recovery after 350 hours was approx-

imately 60%, compared to the recovery after 350 hours of approximately

20% in the first isotherm measurement. This evidence supports the

theory that major losses of TNT in the sorption study are due to

biotransformation.

1 The flasks for a second desorption isothenm were prepared by

resuspending the sediment from the second sorption isotherm in deionized

J water. HgCI2 was added to suppress biotransformation. The results of

this isotherm are shown in Figures 21 and 22. The decrease in concen-

j Itration of TNT in both the sediment and the supernatant in Figure 21

indicates that losses of TNT occurred throughout the isotherm measure-

ment. Tihe partiton coefficient (Kp) reached a Constant value oi

approximately 80-90 pg g"' ug-1 ml aftor about 100 hours.

C. C-La TNeled TSrL sothorm

Ile isothem measuremouts up to this point had all shown losses of

TNT. Volatilization, photolysis , and hydrolysis were elimiinated as
causes of these l.-sses because the TNT biaiiks containiug no tditent

1were stable. Tihe losses were clearly related to the pre, e. of the

sediftnt. The rate of los4 of NT was retarded by the addition of

igC1 2 , suggesting tihaL iadegradatto'o is one sourcoi of loss. floweVer,

irreversible sorption way also cause losses of TNT. A final sorption

isotherm was iwasured to explait, more fully the TNT losses.

TNT that had been rivg-labeled with C".' was used for the third

isotherm measuroment, All equipmetkt, tticluding the TNT stock solution:

mad the sediment, was sterilized at the beginaing of the eplefnt, '

lhe Slassware atid sediment were autoclaved for 60 mwti at 120%C. and thi

TNT solution was filtered through a 0. 2 2-p filter. A TNT blank (to

1 "69
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I

sediment), a sediment blank (no TNT), and 2 flasks containing both TNT

3 and sediment were prepared. HgCI 2 was added to each flask to inhibit

organism growth. Samples were removed at the beginning of the isotherm

and after 240 hours and analyzed by HPLC and by counting the radio-

activity. The results are summarized in Table 17.

The 1 4C and HPLC analyses agree very well; the measurement errors

I are within 3%.

At the beginning of the experiment, essentially all of the TNT

was recovered, and none was left on the sediment after extraction with

ethyl acetate. After 240 hours, recovery by both 1C and HPLC analysis

was below 100%. This could be explained by the error in the analysis,

but the 4 analysis showed that the amount of lLC-labeled TNT thatI remained on the sediment after extraction was about 7%, which cannot

be accounted for by analytical error alone. Either irreversible sorp-

j tion or transformation of the TNT is taking place on the sediment. No

evidence of transformation products from the TNT was found after 2.L0

hours, as was the case in earlier isotherms. A cell count showed that

the flasks containing TNT and sediment were sterile after 240 hours.

Since the products found earlier did not appear in the flasks containing

sediment only, they must have been a product either of biotransforma-

tion or reaction of TNT with the sediment. The recovery of TNT after

1 240 hours, when no attempt at sterilization was made, was 30-40%, 60%

when HgCI 2 was added, and 93% when HgC1 2 was added and the sediment was

I autoclaved. Therefore, it is most likely that losses of TNT were due

to biodegradation and irreversible sorption, but this does not excludeI reaction with the sediment as a possible means of TNT losses.

d. Summary

A summary of the partition coefficients (both K and Kc)isKp oc)

presented in Table 18 for all the sorption and desorption isotherm

measurements. The error associated with the data for the first desorp-

tion isotherm measurement was very high because only very small amounts

of TNT were measured, and therefore no value of K or K is reported.Ip oc
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Table 18

SUMMARY OF TNT SORPTION DATA

ilExperiment Kp (Toc =3.3%)

Screening isotherm (after 15 h) 30 910

Sorption isotherm #1 (after 168 h) 63 1900

Sorption isotherm #2 (HgCl2 added, after 144 h) 42 1300

Desorption isotherm #2 (HgCl2 added, after 48 h) 84 2500

Sorption of 14C (HgCl 2 added, autoclaved, after 240 h)

I Determined by HPLC 35 1100

Determined by C analysis 43 1300

Average sorption partition coefficients 53 ± 20 1600 ± 600
(Screening isotherm excluded)

17I
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3 7. Model Simulations

a. Adjusted Rate Constants

The biodegradation rate constant for TNT was estimated to be

1.0 x 10-2 day- ' at a cell level of 106 cells ml- 1. This value was

assumed for the 3 water bodies under both high and low flow conditions.

The photolysis rate constant ranged from 28 to 40 days - , depending on

3 the flow conditions, and photolydis therefore represented the most

dominant transformation process acting on TNT. The sediment partition

coefficient was low for all 3 water bodies (estimated to be 40) and

did not have a significant effect on the model simulations. Tables

1 19 and 20 list the adjusted rate constants for each compartMnent of the
three water bodies investigated.

1 b. Simulation Results--Waconda Bay

Waconda Bay was compartmentalized as shown in Figure 23 and dis-1 cussed in Appendix B. Monitoring data (Sullivan et al., 1977) show that

TNT entering the bay travels along the west bank because the intrusion of

*1 Tennessee River water causes the plant effluent to move along the west

side of the bay.

In this simulation study, the intrusion of Tennessee River water (as

discussed in Appendix B in the section on flow characteristics in Waconda

Bay) was assumed with a clockwise circulation pattern. With these assump-

tions, one may speculate that the returning flows will decrease as the

intruding water moves up to the head of the bay, with the result that not3 only will TNT be transported faster down to the lower bay, but also that

the bay waters will be more mixed. Theoretically, increased mixing of the

I bay water will result in increased chances of TNT being brought up to the

water surface and lead to an increase in the TNT photolysis rate. Fur-

thermore, since the bay water is relatively clear and moderately deep,

TNT will photolyze fairly rapidly on a sunny day.

Figure 24 shows the TNT distribution in Waconda Bay at a

plant discharge rate of 220 liters sec "1 and 1100 liters sec-1 . Because

the amount of plant effluent is much smaller than the amount of intruding

i water from the Tennessee River, the projected TNT concentrations for

I7
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Table 20

COMPARTMENT PARAMETERS USED IN THE SIMULATION OF TNT
TRANSFORMATION IN WACONDA BAY

Suspended Photolysis Biotrans formation
Compartment Depth Sediments Rate Constant Rate Constant
Number (m) (mg liter-') (Day") (Day- ')

1 0.6 15 35 1 X 10- 2

2 0.9 15 35 1 x 10 - 2

3 0.9 15 35 1 X 10 - 2

4 1.5 15 32 1 x 10
- 2

5 2.4 10 30 1 X 10 - 2

i 6 3.0 10 28 1 X 10-2

7 3.0 10 28 1 x 10- 2

8 3.0 10 28 1 x 10 -
2

9 3.0 10 28 1 x 10 -
2

10 3.0 8 30 1 x 10 -
2

. 11 3.0 8 30 1 x 10-2

12 3.0 8 30 1 x 10 "
2
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both discharge rates decrease in parallel as the water moves toward

3 the lower bay. At the head of the bay, the simulation results show

that photolysis is as important as dilution from the intruding water.

3 However, dilution increases in importance when TNT reaches the middle

of the bay. The simulation results also indicate that TNT concentra-

tions in the middle of the bay are already below I ppb.

In a 1975 survey on TNT in Waconda Bay, TNT was found mainly in

the area corresponding to compartments I to 4 (Sullivan, 1977), but

trace amounts of TNT were detected beyond compartment 12. This could

be because mixing in the bay was poor as well av because there was less

I dilution than expected from the intru-!'-g water. Furthermore, the

meteorologic conditions duriug th" -',,ey period may not have favored

3 photolysis. Because of those reasons, TNT may be found at some areas

itn the bay.

1 The residence times of the plant effluent in Waconda bay, based

on 220 liters" and 1100 liters" disharge rates and 4.4 v 10" liters

see- of intruding water from the Tennessee River, were estimated to

be about one-half day. It is likely that the plant effluent will take

even longer to reach 11arrison Bay. If this is true, TNT will be almost

completely photolyzed before reaching the lower bay.

Laboratory studies revealed that biotrans formation of TNT is much

slower than photolysis. |However, the biotransformat iou rate may become

competitive wheit the microbial population is large and the sky is over-

cast. In. general, the microbial populattol in an f'stnary iA expected

to be slightly larger than that in a imving water stream due to the

higher organic content of estuaries. Moreover, the head of Waconda

Bay constantly receives orgallic wastes from the Volunteer plalt and

therefore a microbial population larger than mormal microbial polala-

tions may be expected. At the microbial populatlun of 10' cells ml-1,

the half-life for biodegradation of TNT is still in the range u I day.

.In conclusion, TNT discharged from the Volunteer plant will bu photolyzed

«I
£ 8o



I readily in Waconda Bay. The TNT concentration expected at the head of

the ba ilb bu 0ppb. TTconcentrations at the discharge'I point can reach as high as 0.1 ppm. However, it is reasonable to

believe that TNT concentrations in the lower bay will bel ppb or less.

IC. Simulation Results--Holston River

The Holston River is shallow and wide and was compartmentalized

according to the scheme shown in Figure 25. The average depth of thle

river ranges between 1.2 and 1.8 meters in a mean flow period. The

I mean depth may reduce to 0.6 meter during a low flow period. If the

TNT loading is assumed to be constant, the dilution ratio during the

I mean flow is about 5 times greater than that during the low flow period.

Figure 26 shows the TNT concentrations in the Holston River InIboth low and mean flow periods. TNT concentrations above 10 pplb wero

predicted near the discharge poirtt during the low flow period. H1ow-

Iever, TNT concentrations were projected to fall below 1 ppb in both

low and mean flow poriods at. compartment 8, which is close to the loca-I tioni of sampling point 4'. Monitoring data collected at sampling

point 4' indicated that INT was %tot detected. Although vis dctailed

inforination on TNT detectable levels were discussed in the mlonitorinig

program re~port (Sullivan et al., 19771h) the TNT conicentration at sampling
point 4' was probably at sub-ppb level. The TNT conventration in Lt,

I Holston River at the boundary of the plant was projected to be about
0. 1 ppb.

Segregation in the Holston River from tho confluonce poilit of

North avid South Fork Rivers had b~eenI observed at flows slightly helow4 the mean~ flow (Sullivan, 1977b). Segregatiou will probably be greater*
during a low flow period. Segregation mieans that the river waters are

not mixed well, in which case the dilution ratio is not a-4 high~ as

expected. Therefore, high local TNT eoneenitratiotis can be observed at:

the north bank of the Hiolstoni River when segregation becomes appareit.

Moreover, a decrease in TNT concentration because of dilution cannot be
fully recognized until complete dispersion is established Neveral kilo-1 meters downstream from thte discharge point.
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FIGURE. 26 TNT SIMULATION RESULTS IN THE HO0LSTON RIVER
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Id. Simulation Results--New River

The New River was compartmentalized according to the scheme in

5 Figure 27. Since TNT wastewaters emanate from Stroubles Creek, initial

dilution of TNT wastes o .-urs ir compartment 7.

3 The in-stream flow of 2.0 x 12liters 3-1 in Stroubles Creek

represents the RAAP plant waste effluent and the cooling water discharge

from the plant. This flow is approxi.,iately 2% of the New River flow

during the low flow period and 0.1%, of the New River flow during the

3 mean flow period. Therefore, the dillution factor during the mean flow

period should be at least 20 times greater than that during the low flow

g period. Furthermore, the average photolysis rate during the mean flow

* period should be slower titan that during the low flow period hecausp

the water is deeper and less tratnsparent from moire suspended solids.I ~ ~~Figure 28 shows the TNT coxicentratio pr-.-i teNw Rer

during both low flow aad mtean flow period i, The, simulatiou reultsIshouw that the 4.5 ppb of TNT ,-oncentratioit at. the Cl nflnenvoc poi.lw

(compartment 7) at the low flow period is umue lgher than the 0.5 pph

jlevel at Elie meati flow period. A roimately 40X vC the TNT -is photo-

lyzed ever~y 0.5 kiMloet dkir-ilg thie luW flow pelried. lit cowlty-ast,

j0on1Y 101 Of th0 TNT ig plhetolyy.ed ill the saie river spait dQtiili thei

WeAtA flow pteriod, Thle TNT voneeittvatioi at the eind of ths 14-kilometxt,

river reach wan projctoid to be abhout !'0 ppt durink~ the tmeat Clow

I Pdriod it, eomParigs to less tht 7 pipt at the low flow period.

III tletmiol, TNT colcutitrattoll wan pnojeetid to he hight It Lte

colittfie Poinlt durinig the low flow period. 11owover, the- IMM would

soon be piotoly-ed, Alld levels below 0.1 lipb are oxpected withillN lwu rt

Idistanices frua the tdidiCargv poitit.

TNT was foutid W~ Phtoly-vo Irapidly Lit natural1 waters, lead ilg to

Mtvir~lVAVItt!l htAlf-liveS Of 3 to 22 hours. Tile phorolysit; rate is

1 34
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I

I accelerated by the natural substances in a water body and was found

to vary by a factor of up to 60 compared to that in distilled water,

Triplet sensitization is thought to be the mechanism for acceleration,

. j Biotransformation is expected to be a slow process in natural

waters containing cell populations of R 106 cells ml-1 . Half-lives

t granging from 8 to 25 days were observed after 13- to 40-day acclimation

periods. The acclimation periods became less important with high cell

populations. At 109 cells ml- 1 , half-lives ranging from 4.0 to 5.6

hours were observed with no acclimation period and standard ATCC organ-

I isms were able to transform TNT. The primary mode of metabolism is

nitro-group reduction, and no aromatic ring rupturing was observed in

ring-labeled 14C-TNT studies. Thus, it is expected that TNT will not

be mineralized by microbes in the environment.

Sorption to sediment and biomass was found to be small and will

not control concentrations of TNT in aquatic systems. Therefore, the

environmental half-life, t (envir), of TNT can be estimated from

equation 25

where k is the photochemical rate constant for a particular water body.

4 'Model simulations of TNT-receiving water bodies show rapid loss of

TNT by photolysis. This loss is larger during periods of low flow
because of the longer time required to traverse two poijts and greater
exposure to sunlight afforded in shallow water. Under moan flow condi-

tions, the initial TNT dilution is greater than it is under low flow

conditions, but further downstream, TNT concentrations may exceed tt:s0?

under low flow conditions. Thus, TNT will traverse the greatest distatce

from the discharge point under high flow conditions duriig cloudy days.
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B. Hexahydro-l,3,5-trinitro-1,3, 5-triazine (RDX)

I I.l'Backsround

RDX has been reported to photolyze by several investigators (Kubose

and Hoffsommer, 1977; Spanggord et al, 197). These findings indicated

that this process should be studied in detail. The Phase I literature

review revealed a paucity of information on the biotransformation of

RDX, which meant that this process had to be investigated through ini-

tial screening studies and followed by detailed studies if warranted.

Sediment and biomass sorption were considered to be nonsignificant fate

processes for RDX based on reports from Syracuse Research Corporation

(1977); however, because photolysis hnd biotransformation processes

were expected to have small rate constants, sorption partitioning may

become a competitive process if environmental half-lives were large.

Therefore, screening studies to measure sorption partition coefficients

I were performed.

2. Photochemistry

I Photolysis of RDX in distilled water and in two filter-sterilized

natural water samples followed first-order kinetics when RDX was photo-

1lyzed in sunlight or at 313 nm. The photolysis rate constants for

these experiments are listed in Table 21 along with the sunlight photo-

lysis half-lives observed. The UV absorption spectral data listed in

Table 22 show that RDX has only a small absorption in the solar spectral

region. Ilie sunlight photolyses of RDX in 2 natural waters and distilled

water were conducted simultaneously during winter from 3 January to

21 January 1980. The weather was mostly cloudy and rainy during this

I. period, with temp eratures ranging from approximately -2 to 18*C. Filter-

sterilited Holston River and Searsville Pond waters were used for the

photolyses; 0.5 pln RDX was already present in the Holston River water

before RDX was added for the photolysis experiments.

The data in Table 22 show that the photolysis of DX is only

slightly accelerated iin the Searsville Pond water over the photolysis

1 observed in distilled water solutions. The photolysis of RDX in the
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I

Table 22

ABSORPTION SPECTRUM OF RDX

5 Wavelength Absorption Coefficient (M- -)a
(nm) Eb C cave

297.5 160 157 159

3 300.0 150 140 145

302.5 113 132 123

1 305.0 95 99 97

307.5 85 72 78

310.0 57 64 60

312.5 47 59 53

315.0 37 40 39

1 317.5 28 31 30

320.0 28 22 25

3 323.1 19 17 18

330.0 9 7 8

A 340.0 0 1 0

1 350.0 0 0 0

aAbsorption spectrum of RDX was measured at a higher
concentration in 1-cm cells and at a lower cotientra-

I Jtion in 10-cm cells to check the reproducibility of"
absorption coefficients.

bFor 23.6 ppm RDX (1.06 x l0 "' M) in 10Z acetonitril/

90% water, 10-cm cell.

CFor 101.3 ppm RDX (4.56 x 10' H) in 100% acutotwirile,
1-cm cell.
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Holston River occurred at about the same rate as in distilled water;

the difference in the rate constants is almost within experimental

error, but may also be due to a slight light-screening effect of the

3I  natural water. From these experiments, it appears that indirect

photolysis of RDX due to natural substances will not be important in

3 aquatic environments.

The reaction quantum yield for photolysis of RDX in distilled

*I  water is 0.16 at 313 nm. Using this quantum yield and the absorption

spectrum in Table 21, we calculated the half-lives for RDX photolysis

in shallow, distilled waters as functions of latitude and season

according to the method of Zepp and Cline (1977). These data are given

in Table 23.

Table 23

I ANNUAL VARIATION OF RDX PHOTOLYSIS HALF-LIFE
IN SUNLIGHT IN PURL WATERa

Latitude N
20" 40 .  500

Sumner 1.1 1.2 1.3

Fall 1.4 2.6 4.4
i- Winter 1.8 5.0 12.5

• Spring 1.2 1.5 2.0

I llf-lives are in 24-hour days.

1, Tite measured half-life of 13 days during winter in Menlo Park (at

37 latitude) is over twice that calculated from the quantum yield and

absorption spectral data. This result may be explained in part by the

overcast weather during the outdoor experiment, because the calculated

1 half-life uss sunlight intensity and wavelength distribution data for

-clear days. A subsequent sunlight photolysis experiment conducted

1 .from 24 March to 28 March 1980, during clear weather (temperature
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range, 50C to 200C), resulted in a measured half-life of 1.8 days, which

3 is in good agreement with the 1.5 day half-life calculated for spring

season at 4Q0 latitude.

33. RDX Photoproducts

The photolysis experiments with RDX were followed by HPLC analysis

3 Iof the photolyzed solutions by direct aqueous injection and by HPLC

analysis of the ethyl acetate extracts of the photolyzed solutions.

3 No photoproducts were observed in these profiles using UV detection at

254 nm. In an attempt to identify an N-nitroso analog of RDX reported

by Kubose and Hoffsommer (1977) to result from the photolysis of RDX

in acidic aqueous solution, the ethyl acetate extract of a photolyzed

RDX solution was analyzed by HPLC coupled to a thermal energy analyzer

detector (TEA), a detector with high specificity and sensitivity for

N-nitroso compounds.. Again, no photoproducts were observed in the

HPLC profiles.

Formaldehyde was identified as a photoproduct as a 2,4-dinitro-

phenylhydrazone derivative by GC and confirmed by GO/MS. Also, nitrate

and nitrite were observed as photoproducts by HPLC using an ion-exchange

column and UV detection at 210 nm. In one experiment, the formation

of formaldehyde, nitrite, and nitrate followed the curves shown in

Figure 29. The formation of formaldehyde parallels the formation of

nitrite. However, the mechanism for formaldehyde production is not

clear from these data because a material balance of reactants and pro-

ducts could not be obtained.

4. Biotransformation

a. Screening Test

I The RDX biotransformation screening test was initiated with Holston
River water. RDX (10 ppm) in river water collected in July was not

significantly degraded during 78 days of incubation. The same result

was obtained using water collected in August during 73 days of incuba-

tion. The addition of 30 ppm yeast extract in river water did not sig-3 nificantly affect the disappearance of RDX.
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In August water to which 1% Holston River sediment was added,

the initial RDX concentration (10 ppm) remained unchanged for 20 days,

then reduced to 4 ppm from day 20 to day 36. The RDX concentration

remained the same for another 2 weeks of incubation. Bacterial cell

plate count was 6.3 x 106 cells ml-1 on day 45. In the water without

sediment, the bacterial plate count was 4.0 x 10 cells ml-1 .

I Aliquots of water from the bottle with 1% sediment were trans-

ferred into flasks containing basal-salts medium and 10 ppm of RDX, RDX

3 plus 1% sediment, or RDX plus 100 ppm Trypticase Soy broth, or contain-

ing RDX alone plus a boiling water extract of sediment (equivalent to

2% sediment). No RDX transformation was observed in any of the flasks

W after 27 days of incubation.

I Water from a local eutrophic pond was collected and RDX biotransfor-

mation screening was also initiated with 10 ppm of RDX only, RDX plus

1% local pond sediment, and RDX plus 1% Holston River sediment. The

RDX concentration in pond water alone or pond water plus pond sediment

did not change significantly during 90 days of incubation. The RDX

- : concentration in pond water plus itolston River sediment, however, had

decreased to nearly I ppm at 76 days after 20 days of lag period with a

half-life of 18 days. The bacterial plate count was 2.3 x 106 cells

ml-1 on day 41. The microorganistas in this water were transferred to

Vsiker flasks Pontniung basal-salts medium and 10 ppm RDX alone, RDX

plus 50 ppm of yeast extract. and RDX plus 1% 11olston River sediment.

No biotransforuatiou was observed in any of the shaker flasks after 30

days of incubation. These data data suggested that IDX will be resis-

tanat to biotratsformation under aerobic conditions.

i Compared to the persistemce of ROX under aerobic conditions, R)X* Iwas readily t ratsformed atnaerobically with small amounts of extra

organic lultrients. ROK in iolston River water with 30 ppm yeast
extract was transformed to less than 0.1 ppm within 10 days. In local

I pund water containiing 10 ppm RDX and 50 plpm yeast extract, R)X

decreased to 0 0.1 ppm in 8 days. No significant RDX transformation
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was observed in anaerobic flasks without added yeast extract. In the

Itransferring flasks containing RDX and yeast extract, RDX disappeared

in 2 to 3 days. The dissolved oxygen concentration was less than 1% of

saturation in these flasks. These studies suggested that aerobic

bacteria in a mixed culture may utilize the yeast extract to grow and

consume oxygen to maintain anaerobic conditions. Studies were con-

ducted :o determine if yeast extract was needed as nutrients for RDX

transformation or needed to maintain an anaerobic environment. The

3 Holston River RDX-degrading anaerobes were inoculated into a flask

with RDX and basal-salts medium without yeast extract, and N2 gas was

j I bubbled into the medium to remove dissolved oxygen before the inocula-

tion and after each sampling instead of just flushing N2 gas into the

head space. In this flask, 50% of the RDX was transformed in 4 days

I and 80% was transformed in 12 days. When these organisms were incubated

in another flask containing RDX as the only added organic nutrient, only

25% of the RDX was transformed in 20 days. These results bhowed that

RDX anaerobic degradation depends on extra organic nutrients and that a

I cometabolic process is probably involved in the degradation.

To determine if the yeast extract functioned as a cosucrate for

I comutabolism or only provided carbon nutrient to grow enough cell bio-

mass for significant transformation, microorganisms were grown in 50 ppm

yeast extract without RDX, and 4 ppm RDX was added after 2 days of

incubation. RDX was not transformed after 19 days of further incuba-

tion. In a control flask initially containing 10 ppm RDX and 50 ppm

yeast extract, RDX disappeared in 3 days. These results suggest that

yeast extract and RDX must be present at the same time to achieve RDX

I transformation and the yeast extract serves as a cometabolic substrate.

Because RDX was not biodegraded in a short time under aerobic con-

ditions, no detailed rate study was conducted.
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b. Discussion

RDX is not readily biotransformed in water under aerobic condi-

tions and is expected to be relatively persistent in aquatic environ-

ments. It will, however, biodegrade slowly in the presence of 1% Holston

River sediment after a lag period. This phenomena was also reported by

Sikka et al. (1980). The production of 80% of the theoretical amount of

14CO 2 from "*C-RDX that they reported clearly showed that RDX can be min-

> ieralized by biotransformation. In these cases, the sediment may have (1)

acted as a source of transformation microorganisms, (2) acted as a source of

growth factor nutrients, (3) acted as a source of cometabolic substrate,

or (4) provided a special physical environment, or combination of the

above. The mechanism of sediment-enhanced transformation is not clear

at this time, because further transferring of organisms in the acclima-

tion phase failed to show biotransformation in our preliminary tests.

In the initial screening test bottle, the bottle was gently aerated

from a sparger, and the water was mixed 2 to 3 times a week. The tratis-

fer flasks were shaken on a shaker incubator. Because RDX can he

biotransformed readily under anaerobic conditions with extra organic

nutrient, extensive aeration, such as that found with shaker-flask

incubation, may hinder RDX degradation.

Normally, river waters are aerobic and RDX will not hiotransform

in this environment. However, lakes or shallow waters have anaorotic

environments that are rich in natural, or synthetic orgatic material

j from aquatic organisms, land run-off, or wastewater. When utrophic

river water enters a lake (such as that created by a dam) or at some

point where the river flow slows, there can he local an'ierobic areas at 

the bottom of the waterbody. It these environments, RX may be hiode-

graded. Ilie extent to which this process affects the environmental

AU. fate of RDX is unknown.
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U 5. Biosorption

A biosorption test was conducted with a mixture of viable washed

cells of 4 ATCC test organisms. Preliminary tests showed that RDX was

not biotransformed by biosorption test microorganisms during the testing

period. The initial RDX concentration was 7 ppm and mixed cells con-

centration was 3.7 mg ml- 1. The average sorption coefficient (± S.D.)

was 47 ± 2. This number is low and not environmentally significant.

6. Sediment Sorption

The screening isotherm for RDX was measured by preparing 2 flasks

containing the compound and sediment, one flask containing only the

i1 compound, and 1 flask containing only sediment. The sediment used was

a sterilized sample from the Holston River (upstream). To suppress

biologic activity HgCl2 was added to each flask. Table 24 lists the

specific amounts of the substances added to each flask.

Table 24

MATERIALS USE]D FOR RDX SORPTION EXPERIMENTS

I Flask
Material 1 2 Fak3 4

1120 (ml)a 100 100 100 100

RDX Solution (ml) 100 100 100 --

Sediment (g) -- 10 10 10

Saturated 11C12 10 10 10 10
Solution (drops)

aVolume is total Volume Of 1-120 plus sediment.

. Samples were taken at the begiining of the experiment avid after

approximately I week. The samples were centrifuged and the sUperiatant

and sediment separated. The supernatant was analyzed directly by I1PLC.

l sediment was extracted with ethyl acetate before 11PLC analysis. The

1 results of the isotherm are summarized in Table 25.

1 97

!



II

5 Table 25

RDX DISTRIBUTION IN SEDIMENT SORPTION EXPERIMENTS
AND CALCULATED K and K VALUES

p oc

Component Flask
Time (h) Material 1 2 3 4

0 RDX in super- 10.1 8.01 7.43 0I natant (jig/ml)

RDX in sediment -- lost 31.1 --

(g/g)

K .. 4.2 --

K oo . . 127 --
oc

168 RDX in super- 9.18 9.15 10.6 0
natant (ug/ml)

I, RDX in sediment -- 50.1 15.1 --
( ig/g)

I Kp -- 5.5 1.4 --

K -- 167 42 --
oc

The sediment sorption partition coefficient, K and the sediment

sorption coefficient based on organic carbon, K oc, are extremely low,

indicating that sediment sorption will not lead to significant RDX loss

in the aquatic environment.

7. Model Simulations

"I a. Simulation Scenarios--Holston River

Two flow rates of 2 x 10 liters s-' and 10 liters s-' represent-

itng low and moatt flow in the lolston River were selected for modal

simulations. Table 26 shows the laboratory-determined half-lives of

I RWX at various times of year and under various weather conditions. The

photolysis half-lives varied from 1 to 14 days. Three scenarios!
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Table 26

LABORATORY ESTIMATES OF PHOTO1.SIS H.ALF-LIFE OF RDX

Half-Lives (Days)
Estimated for

Time Condition Found 400 N Latitude

I Spring -- 3-4 1.5

Summer 1.5 1.7

3 Fall -- 2 2.6

Winter 6-8 5.0trch Clear, sunny 2

January Rainy, cloudy 12.7 --I
describing the worst case of low flow on a cloudy day and the best

) cases of low and mean flow on a sunny day were selected for model simu-

lations. In the worst case, the photolysis rate constant for RDX was

estimated to be 0.03 day-'. In the best case on a sunny day, the

I photolysis rate constants for the low flow and the mean flow were

estimated to be 0.23 day - and 0.17 day-', respectively. The low par-

J tition coefficient, which ranged from 5.5 to 1.4 (ig g- pg-' ml)

indicates that an insignificant amount of RDX is transported through

3 suspended solids. The partition coefficient of 5 (jg g-' pg-' ml)

was assumed for model simulations.

> Although RDX could be biodegraded anaerobically, little RDX is expected

to occur in the bottom sediment because the partition coefficient is low,

thus making anaerobic degradation an insignificant fate process.

b. Simulation Results--Holston River

In the worst case, the simulated RDX concentrations remained cons-

tant with almost no changes within the 8.4-kilometer studied reach.

: 1Figure 30 shows the projected concentrations of RDX in the Holston

River for low flow and mean flow at a high photolysis rate. Although

, Ithe initial dilution as the waste stream discharged into the Holston
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River reduced the RDX concentra.ion from 6,700 ppb in the waste stream

3 to 33 ppb in the Holston River, the RDX concentration could be about

100 ppb in the area contiguous with the discharge point due to segrega-

V tion of the river flow. Because RDX is persistent in the environment

Fand unlikely to be deposited in the bottom sediment, dilution is the
primary means of reducing the RDX concentration in the environment.

j The Holston River joins the Tennessee River at Knoxville, where the

dilution factor is estimated to be at least 10, Therefore, the maxi-

F mum RDX concentration in the Tennessee River at Knoxville was estimated

to be about 3 ppb in the worst case.

j In the case of RDX discharged on a sunny day into the Holston

River during the low flow period, RDX was photolyzed within the studied

I reach, but not rapidly. About 6% of the discharged RDX was photolyzed

at the end of 8.4 kilometers. If a constant photolysis rate and no

further dilutions from other incoming flows were assumed, the RDX

concentration in the Tennessee River at Knoxville was estimated to be

approximately I ppb.

In the case of RDX discharged into the Holston River on a sunny

day during the mean flow period, RDX was diluted to the level of 7.7

I ppb at the discharge point and degraded approximately 2.6% at the end

of the studied reach. Estimated RDX concentration in the Tennessee

3, River at Knoxville was below 1 ppb.

8. Conclusions

1 RDX is a persistent chemical in the aquatic environment. The major

environmental fate is expected to be dilution. The photolysis rate

j constant on a'sunny day was estimated to be 0.23 day- ' in the Holston

River, corresponding to a half-life of 3 days. The RDX discharged from

1the Holston AAP will remain in the Holston River for a long distance
downstream from the discharge point. If the residence time of RDX in

Cherokee Lake is several days, the RDX concentration in the Tennessee

River will be expected to be much lower than that estimated. Therefore,
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one can believe that the RDX concentration in the Tennessee River at

Knoxville should be below the ppb level. Furthermore, segregation of

the river flows at the confluence point of the North and South Fork of

the Holston River can intensify the RDX contamination problem at the

area contiguous with the discharge point. Better dispersion occurs as

water flows downstream, but during the low flow period, segregation

3i may occur for many kilometers, even beyond the plant boundary. This

may lead to high RDX concentrations along the north bank of the river,

3 particularly when RDX discharge concentrations are high.

5 C. 2,4-Dinitrotoluene (2,4-DNT)

1. Background

I The Phase I literature review indicated that 2,4-DNT would undergo

photolysis (Burlinson and Glover, 1977; Spauggord et al., 1978),

biotransformation (McCormick et al., 1978), and volatilization (Spang-

gord et al., 1978), all of which could lead to loss of 2,4-DNT from the

aqueous environment. Although we predicted that sediment sorption wouldI; not be a significant fate process, screening studies were performed to

verify this prediction.

2. Photochemis try

The photolysis of DNT was similar to that of TNT discussed in

Section IV-A, showing an acceleration of the photolysis rate with time

in distilled water due to transformation products and exhibiting more

Irapid photolysis in several natural water smples than in distilled

water. the rate constants for photolysis of ONT in distilled water

were estimated by fitting the initial changes in DNT concentration as a

function of time before the rate acceleration to the first-order kine-

. tics equation in a manner similar to that used for the TNT data.

The rate constants for photolysis of )NT it air-saturated distilled

I water and in 3 filter-sterilized natural waters are given in Table 27;

the rate constant for photolysis of DNT in the Waconda Bay water was
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also calculated using the initial concentration data points because

I the DNT photolysis products gave an accelerated rate that exceeded

the accelerating effect of the natural water itself. The UV absorption

spectrum data listed in Table 28 show that DNT absorbs strongly in the

solar spectral region.

3 The data in Table 27 also show that the rate constant in argon-

purged distilled water is approximately 3 times larger than that in

air-saturated water. This difference is identical to that found for

TNT, and presumably occurs because oxygen quenches an excited triplet

state. Although no detailed photochemical studies were performed to

determine the mechanism of DNT photolysis, the photolysis of DNT prob-

ably occurs by a triplet mechanism similar to that suggested for TNT,

j and substances present in natural waters probably serve as triplet

sensitizers.

3 No product studies were conducted for the photolysis of DNT.

Because Burlinson, 1978, indicates that the photolysis of DNT and TNT

I give similar types of products, and because the photolyses of DNT and

TNT have parallel reactivity in natural and distilled waters, it is

likely that the initial products of DNT are similar to those of TNT,

-and deserve additional study.

The reaction quantum yield for photolysis of DNT in air-saturated

distilled water is 7.0 x 10 - 4 at 313 nm; since the photolyses of TNT

and DNT probably occur by similar processes, the photolysis quantum

1yield for DNT is likely to be independent of wavelength, as is that

for TNT. The quantum yield measured in air-saturated water is relevant

to this environmental assessment because natural waters receiving sun-

light are surface waters that are certainly air-saturaLed.

Using this quantum yield, we calculated the variation in the

photolysis half-life for the seasons of the year according to the procec-

dure of Zepp a Cline (1977). Table 29 sumarizes the predicted half-

lives at 200, Q0, and 50* N latitudes.
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Table 28

ABSORPTION SPECTRUM OF 2,4-DNYLaIN 1% ACETONITRILE-99% WATER

I Absorption Coefficient
Wavelength (M-1 cm-)

1 297.5 4100

1 300.0 3750

302.5 3390

305.0 3030

307.5 2680

1 310.0 2320

312.5 1960

315.0 1784

j 317.5 1600

320.0 1340

1 323.1 1250

330.0 1070

340.0 714

350.0 535

360.0 357

370.0 268

380.0 178

390.0 89

400.0 36

a UlNT e itcetration was 5.60 x 10 " M.
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Table 29

ANNUAL VARIATION OF 2,4-DNT PHOTOLYSIS HALF-LIFE*
IN SUNLIGHT IN DISTILLED WATER

N Latitude3 Season 200 400 500

Summer 1.8 1.8 1.9

Fall 2.3 3.6 5.4

Winter 2.8 6.0 11.5

Spring 1.9 2.2 2.5

Half-lives are in 24-hour days (10 hours sunlight).

- At 400 latitude, the 2,4-DNT sun photolysis half-life in distilled

water will range from 1.8 days in midsumner to 6.0 days during midwin-

ter. We measured a half-life of 1.8 days (43 hours) during summer,

which is in excellent agreement with the calculated rate. From the

j natural-water sunlight photolysis experiment, however, the photolysis

rates in natural waters will be faster.

l 3. Biotransformation

a. Screening Test

Screening tests for 2,4-DNT biotransformation were conducted with

Waconda Bay water. We found that 2,4-DNT was readily biotransformed

by natural water microorganisms that can use 2,4-DNT as a sole carbon

source. More than 90% of 10 ppm 2,4-DNT in aerated water was trans-

formed in 6 days with 2-3 days of lag period. The 2,4-DNT concentra-

tion in a sterile-water control did not change during 2 weeks of incu-

1bation. Also, 2,4-DNT in the presence of 30 ppm yeast extract had a
similar transformation rate during 6 days of incubation. In a flask

I with N2-flushed head space, more than 90% of the 2,4-DNT disappeared
in 6 days. In te presence of yeast extract, 12 days were necessary

to use 90% of the substrate anaerobically. It seems that some nutrients

in the yeast extract may repress 2,4-DNT utilization and cause a

j 106
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diauxic utilization. The yeast extract may provide nutrients for

aerobic bacteria growth, which resulted in the consumption of dissolved

oxygen, thus creating an anaerobic condition that slowed the activity

of 2,4-DNT degrading microorganisms.

The 2,4-DNT utilizing microorganisms from Waconda Bay were inocu-

lated into a shaker flask containing 2,4-DNT and basal-salts medium for

culture enrichment. By gradually increasing 2,4-DNT concentration, the

mixed culture could grow in 120 ppm 2,4-DNT.

The transformation of 2,4-DNT in 1, 3, and 10 ppm media inoculated

with diluted broth of 100 ppm 2,4-DNT medium flask are shown in Fiure

I 31. With an initial cell count of 3 x 10' cells ml- ', 2,4-DNT was con-

sumed in 2-3 days at 1-10 ppm concentration. For each ug of 2,4-DNT

i consumed, about 3 x 106 cells were produced under the growth conditions.

b. Transformation of Ring-Labeled ",C-2,4-DNT

I Since 2,4-DNT can be used as sole carbon source by microorganisms,

the benzene ring was assumed to be cleaved and the carbon utilized. To

confirm this, ring-labeled 14C-2,4-DNT was incorporated in basal-salts

medium containing 100 ppm 2,4-DNT in a sealed flask, and Wacounda Bay

1 2,4-DNT-degrading organisms were inoculated.

The percent of residual radioactivity of the added "C in the

j medium and accumulated "CO2 activity trapped in the alkaline solution

are shown in Figure 32.

j Total 14CO2 trapped accounted for 592 of thL' initial ."C after 7

days of incubation. The residual activity in the medium accounted for

1 22% of the initial "C. This result showed thtat the 2,4-UNT ring was

cleaved and that the chemical was ultimately botransformed to CO2.

l The medium was extracted with ethyl acetate at neutral and acidic pl|,

and the concentrated extracts were analyzed by TLC. Radioautography of

the TLC plate did not show detectable major intermediates. These results.

are contrary to those of 2,4,6-T NT, which was not oxidized to CO and

whose major metabolites are reduced derivatives.

A
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c. Bi',transformation Rate Constant

I Waconda Bay 2,4-DNT microorganisms were grown in basal-salts med-

ium containing 100 ppm 2,4-DNT, centrifuged, washed, and used for a

high-cell-population biotransformation study. Figure 33 shows the

pseudo-first order transformation of 2.7 ppm 2,4-DNT with 1.9 x 107

j cells m1-1 . There was an initially slow transformation period, fol-

lowed by faster first-order transformation. The half-life of 2,4-DNT

was estimated from the curve to be 0.40 h, which corresponds to k

1 1.7 h-1 and k b2 = (1.7/1.9 x 10') -9.1 x 10~ lcl'I' In a

second experiment with 2.5 ppm 2.4-DNT and with 5.3 x 107 and 1.07 1 00if cells mf'1 cell concentrations, the results are shown in Figure 34.

The half-lives of 2,4-DNT at first-order transformation were 0.41 and1 0.27 It for (A) and (B), respectively. Tito pseudo-first-order rate

constants were 1.7 x 10 'and 2.6 x 10-' It- and second-order rate

constants were 3.2 x 10 n .4xl~m e1 1 h' respectively.

The average second-order rate constant f rom. 3 trasormation studies

was 4.7 x 10" ml dell-' h-'.
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2,4-DNT in basal-salts medium with glucose (Parrish, 1977), and reduced

3 compounds--2-amino and 4-amino-derivatives and their azoxyderivatives-

were identified. Similar compounds were identified in the broth of

fungus Microsporum species when exposed to 2,4-DNT (McCormick et al.,

1978). However, no environmental fate study was reported. Our finding

that 2,4-DNT can be readily biodegraded to CO2 by bacteria showed that

2,4-DNT will not be persistent in the environment.

3 4. Biosorption

Our preliminary study with the viable cells of 4 ATCC biosorption

3 test organisms mixture showed that 2,4-DNT can be biotransformed by

this mixture. Therefore, a biosorption study was conducted with heat-

* killed cells. With a dead cell mixture of 1.36 mg/ml (dry weight) and

an initial 2,4-DNT concentration of 11 ppm, the average biosorption

coefficient and standard deviation was 64 ± 9. This value is very low

and environmentally not important.

5. Sediment Sorption

*The screening isotherm was measured using 2 flasks containing

sediment and 2,4-DNT solution, one flask with sediment only and 1 flask

5 with 2,4-DNT solution only. Table 30 lists the amount of each substance

added to each flask.

The sediment and glassware were autoclaved. Water and 2,4-DNT

solution were filtered through a 0.22-pm filter. These precautions

5were taken because the biotransformation of 2,4-DNT was fast compared
to the time required to equilibrate the 2,4-DNT with the sediment.

:3 Samples were taken shortly after preparation of the isotherm mixtures

and after 240 hours. The samples were centrifuged and the 2,4-DNT

concentrations in the supernatant and sediment were measured. by HPLC.

Results of these measurements are reported in Table 31.

£ The low sediment partition coefficient, suggests that sediment

sorption will not be a significant loss process for 2,4-DNT.
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I Table 30

3 MATERIALS USED FOR 2,4-DWT SORPTION EXPERIMENTS

Flask No. 1 2 3 4

Material

SH20 (Ml) a  100 100 100 200

2,4-DNT solution (ml) 100 100 100 --

iSediment (g) - 20 20 20

Saturated HgCI2 10 10 10 20
solution (drops)

3a olume is total volume of H20 plus sediment.

I
I

Table 31

3 DISTRIBUTION OF 2,4-DNT IN SEDIMENT SORPTION FLASKS
AND CALCULATED K VALUES

p

Time (h) Material 1 2 3 4

0 2,4-DNT in Supernatant 75 25 24 0
(1g/ml)
2,4-DNT in Sediment -- 4.1 3.9 0
(g/g)

K -- 7.1 3.9 --P

240 2,.4-DNT in Supernatant 57 22 18 0

(Ug/ml)
2,4-DNT in Sediment -- 5.4 5.7 0-. (pglg) .

K-- 12 12

I115
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6. Volatilization

3 The rate constant for volatilization of 2,4-DNT in the aquatic
Cenvironment (k ) can be estimated by the method outlined in Section III,
v.3 C of this report, using equation 26

HkB
k = (26)
v LRT

where H L, R, T, and k can be estimated or measured independently.

The value of B, which is a ratio of diffusion constants (see page 16)
c w

-was estimated from a series of laboratory measurements of k and k
v g

which are used to solve for B in equation 27.

kcLRT
B = . (27)

Hkw
cg

Eight experiments were performed to evaluate simultaneously kC for

2,4-DNT and kW for water. The results are summarized in Table 32.
g

The average value of B (.0.98) was then used to estimate a value of
kc for an aquatic water body by assuming that kw = 2100 cm h-1 (Smith
ve g
and Bomberger, 1980), L 200 cm depth, and T 293 K.

C  0.12 x 0.98 x 2100
v = 200 x 62.3 x 293

* 3 =6.6 x 10-3 h- '

This rate constant is much smaller than the rate constants for photol-

ysis and biotransformation of 2,4-DNT. Therefore we believe that
volatilization will not be an important competing process in the aquatic

environment.

We estimated a value of H. of 0.12 torr M" from the vapor pressure of

. 1.1 x 10 - 4 (200C) extrapolated from the data of Pella (1977) and from

our measured value of the solubility of 9.5 x 107 4 (Smith et al., 1980).

*1 116
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Table 32

VOLATILIZATION RATE DATA FOR 2,4-DNT
(Hc 0.116 torr If)

Run No. k(hr-') kW cm hr- ' L (cm) T (°K) B

1 1 5.25 ± 10-  4800 7.5 290 1.30

1 2 2.75 ±0 -  3300 .7.5 290 0.99

3 2.63 + 10-  3500 7.6 291 0.88

1 4 -2.60 ± IF 3  3900 7.8 292 0.82

5 4.51 + 10- 6400 8.3 292 0.92

1 6 3.40 ± 10- 3 4700 8.3 292 0.94

7 2.65 ± I0- 3 3400 8.3 293 0.85

8 3.68 1 i0-  4100 8.3 294 1.20

3 Average value of B = 0,98 _014a

a95% confidence limit.
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1 . 7. Model Simulation Results

a. New River

In the model simulations of the New River, a first order biotrans-

formation rate constant of 1.20 day" at 106 cells ml- was applied for

both mean--and low-flow cases; a first-order photolysis rate constant of

1 3.0 day- 1 was used in the low-flow case, and one of 2.0 day-' in the

mean-flow case. A sorption partition coefficient of 14 was used in

this analysis. Figure 36 shows the simulated 2,4-DNT concentrations

for both cases. The expected concentration of 2,4-DNT is higher in the

low-flow case than in the mean-flow case because of dilution. However,

I - the 2,4-DNT concentration will decrease at a slightly faster rate

during low flow. During cloudy days, the 2,4-DNT concentrations may be

1 50% higher than the projected values, resulting in concentrations of

60 ppb (low flow) and 11 ppb at the end of the studied river reach.

j b. Waconda Bay

Rate constants used in the Waconda Bay simulation are presented

in Table 33. Although the partition coefficient and biotransformation

rate constant are the same as those for the New River, the photolysis

j rate constant varies with the depth and sediment loading in the water

body.

IProjections of 2,4-DNT concentrations in Waconda Bay are presented
in Figure 37 for discharge rates of 220 liters s-'and 1100 liters s- 1.

It is estimated that 2,4-DNT concentrations as high as 10 ppb may be

observed in Harrison Bay (see Figure 23) and possibly up to 1 ppb in

the'Tennessee River.

8. Conclusions

r The environmental fate of 2,4-DNT will be controlled primarily by

photolysis and biotransformation. Microorganisms readily metabolize
*2,4-DNT, to CO as the final product. Therefore, 2,4-DNT is not

expected to persist in the environment. High loading conditions during

cloudy weather in winter months would cause 2,4-DNT to travel the farth-

est from the discharge point.
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Table 33

ESTIMATED RATE CONSTANTS OF 2, 4-DNT TRANSFORMATION AND
TRANSPORT USED IN MODEL SIMULATION FOR WACONDA BAY

S jPartition Photolysis Biodegradation
Compartment Coefficient (Day-') (Day-')

1 14 3.0 1.2

*r2 -14 3.0 1.2

* 13 14 3.0 1.2

4, 14 2.5 1.2

Ii5 14 2.0 1.2

*6 14 1.5 1.2

7 14 1.5 -1.2

8 14 1.5 1.2

9 14 1.5 1.2

10 14 151.2

11 14 1.5 1.2

12 14 1.5 1.2
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D. Trinitroglycerin (TNG)

1 1. Background

I The Phase I literature review indicated that TNG might be subject

to photochemical transformation (Urbanski, 1964) and that therefore

this fate process should be investigated in the aquatic environment.

Hydrolysis of TNG was extensively studied by Rosseel et al., (1974).

From his data, TNG hydrolysis was considered to be slow, and would con-

Stribute little to the loss of TNG in the environment.
Biotransformation has not been thoroughly investigated and this

I fate process was considered to be important because TNG is metabolized

rapidly in mammalian systems (DiCarlo, 1975). Sorption processes

I were estimated not to be important, but partition coefficients were

obtained because none was available from the literature.

j 2. Photochemistry

The UV absorption spectrum of TNG (Table 34) showed only weak

4 absorption above the solar spectrum cutoff of about 290 nm, and there-

fore, the direct photolysis of TNG was expected to be slow. Use of

the data in Table 32 to calculate the direct photolysis half-life of

TNG assuming a maximum possible quantum yield of unity (1.0) indicated

that the half-life of TNG in pure water will be at least 5 days in

summer.

mieTo verify the expected slow direct photolysis of TNG and to deter-

mine whether indirect photolysis of 1NG in natural waters was important,

solutions of 5.8 ppm (2.6 x 10 " ' M) TNG were prepared in distilled water

and in filter-sterilized samples of two natural waters and exposed to

sunlight from 19 December 1979 to 23 January 1980 in Menlo Park. The

I New River water sample was taken downstream from a TNO-manufacturing

facility. The Searsville Pond water was from a naturally eutrophic

wetlands area in Menlo Park and uncontaminated with munitions chemicals;

the Searsville Pond water was used because the photolysis rate constant

of other munitions chemicals (TNT and DNT) have been found to be
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3 Table 34

ABSORPTION SPECTRUM OF TN~a

mWavelength Absorption Coefficient5(nm) (M-'-cm7;)

*297.5 6

300.0 5

3302.5 5

305.0 4

1307.5 3

310.0 2

312.5 2

1315.5 1

317.5 1

*1320 1

323.1 1

330.0 0

3340.0 0

350 0

360 0

(N] 3x-3 M in 1 00%110 10-u cell.
Because photolysis of TNG to~ not ani important
fate, wioro precise data were not obtained.
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accelerated by transformation products. 'Tle rate constants measured

j in these experiments are given in Table 35. The dark controls for

Table 35

SUNLIGHT PHOTOLYSIS OF 5.8 PPM TNGa

Rate Constant Half-life
Water kp x 107 (s - 1) (days)'

Distilled 0.69 ± 0.07 116

New Riverd 1.4 ± 0.09 57

|Searsville Pondd 1.1 ± 0.1 73

a 5 . 8 ppm - 2.56 x 10-' M TNG.

bRate constants corrected for unknown loss process

Iin dark control.

CHalf-lives are in 24-hour days (10 hours sunlight).

j Natural waters were filtered through a 0.45-p filter.

these experiments were kept at 20C for the 34 days, when analysis

found TUG losses of approximately 7% and 12% in the New River and

Searsville Pond waters, respectively; no TNG loss was found in the

distilled water solutions. The data in Table 35 are corrected for

the unknown loss process occurring in the dark controls.

The data in Table 35 show that TNG slowly photolyzes in distilled

and natural waters, with unknown process(es) contributing to a Photol-

ysis rate in the natural waters approximately tvice that in distilled

water. Further stulies of the photolysis of TUG were not conducted

'i because of the facile biotransfomation of TNU.
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3. Biotransformation

a. Screening Test

Biotransformation screening tests for TNG were conducted with water

obtained frum New River near a TNG waste outflow at Radford AAP, Radford,

Virginia. TNG (10 ppm) in New River water was biotransformed within 13

days either when added alone, with river sediment, or with 50 ppm yeast

extract under both aerobic and microaerophilic (headspace flushed with

N2) conditions. When the TNG-acclimated microorganisms from the aerobic

bottle were inoculated into the shaker flasks containing 10 ppm TNG in

I basal-salts medium, the TNG was biotransformed. These organisms are

I capable of utilizing TNG as a sole carbon source. When the TNG concen-

tration in the media was increased, the enriched culture could grow in

I 120 ppm TcG and basal-salts medium. However, the cells tended to

aggregate in the shaker flask instead of forming a homogeneous cell

suspension, so the normal means of growth observation by cloudiness

became difficult and plate counts became inaccurate. The cell floccula-

tion phenomenon was reduced by using pure water (passed through a Milli

Q filter) and growing the cells in flasks agitated with magnetic stir

bars instead of in shaker flasks. The cell plate count was improved

as follows. One ml of medium broth was added to a Waring blender with

1 .99 mi of water, the mixture was blended for I minute, and then serial

dilutions were made for plating on agar medium. Figure 38 shows the

TNG degradation profile in a jar fermenter and the microbial growth

as a function of time. Cell yield was I x 106 cells per ug of TNG
viol

consumed. In a flask containing 120 ppm TNG in medium, analysis of

nitrite and nitrate by HPLC and a 210-nm IV detector using an ion-
Oi exchange column showed that 96% of the theoretical amount of nitrogen

was liberated as nitrite; only trace amounts of nitrate were produced

after 5 days of incubation.

- i'b. Biotransformation Rate Constant

TNU-transforming ticroorganisms. were grown in a Jar fermenter and

cells were harvested after about 4 days of incubation, when 95% of the

TNG had been consumed. The cells were centrifuged, washed, and

j 125
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3 resuspended in a small volume of basal-salts medium. A high-cell-pop-

ulation transformation study was conducted using an initial TNG concen-

tration of 2.5 ppm and a cell concentration of 1.27 x 109 cells ml- .

The result is shown in Figure 39. TNG degraded with a pseudo-first-

order rate constant (kbi) of 0.60 h - . The calculated second-order+ rate constant was 4.7 x 10- 10 ml cell- ' h- 1.

The transformation rate constant was also studied in an experiment

measuring transformation during the growth phase. TNG-transforming

organisms. were grown in a flask containing 50 ppni TNG in basal-salts

medium. After more than 90% of the TNG was transformed, 5 ppm TNG was

added and the stirred medium was analyzed every 2 hours for 8 hours.

* Figure 40A shows the results of an experiment in which TNG was added

after 4 days of growth. Because of the residual TNG from the original

* medium, the total TNG at the start of the experiment was 9.7 ppm. The

cell count remained almost constant over the 8-h period at 8.1 x 107

cells ml-1 . The pseudo-first-order rate constant from the curve was1l determined to be 8.6 X 10- 2 h-', and the calculated second-order rate

constant was 1.06 x 10- 9 ml cell- ' h- 1. In a second experiment, 5 ppm

i TNG was added to a 5-day-old flask to give an initial concentration of

10.2 ppm. The average cell concentration was 5.3 x 10' cell ml- over

8 h. The pseudo-first-order rate constant was 7.6 x 10- 2 h- 1 and the

second-order rate constant was 1.43 x 10-9 ml cell -' h-1 (Figure 40B).

The average second-order rate constant of the two flasks was 1.25 x 10- 9

ml cell-1 h.

c. Metabolites

The broth from TNG biotransformation experiments was analyzed

Idirectly and as the ethyl acetate extract by HPLC. No evidence of

dinitro- or mononitroglycerols was found by UV detection or by the

methods reported by Spanggord and Keck (1980) using the TEA detector.

These metabolites, if formed, may be transformed more rapidly than TNG

and therefore do not accumulate in the medium. Nitrite was found to

be the major product resulting from the nitro groups.
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d. Discussion

I Although Wendt et al. (1978) reported that TNG was biodegraded by

microorganisms in the presence of glucose, they found that TNG was not

.3 a suitable carbon or nitrogen source for growth. Our results are the

first indication of microbial degradation utilizing TNG as a sole car-

I bon source. Wendt et al. (1978) found that dinitro- and mononitroglyc-

erols were produced in TNG-glucose medium. These metabolites were not

3 found in our study, indicating that the first nitro-group removal may

be the rate-limiting step under our growth conditions. Because the

microorganisms were able to utilize TNG as the sole carbon source for

growth, we expect that TNG will eventually be mineralized in the

environment.

1 4. Biosorption

A TNG-biosorption study was conducted with heat-killed cells of 4

ATCC test organisms to avoid biotransformation of the compound. With

5.6 mg ml- ' cells and 25 ppm TNG, the average biosorption coefficient

and standard deviation was 37 ± 10. This number is very-low and is not

environmentally significant.

1 . 5. Sediment Sorption

The screening isotherm for TNG was measured by preparing flasks

containing TNG and sediment, I flask containing only TNG, and 1 flask
-containing only-sediment. The sediment used was a sterilized sample

S,-from the Holston River (upstream). To suppress biologic activity,

HgCI 2 was added to each flask. The specific amounts of the substances

I added to each flask-are listed in Table 36.

1 130

I



3 Table 36

MATERIALS USED FOR TNG SORPTION EXPERIMENTS

Flask
Material 1 2 3 4

H2O (ml) 115 100 100 100

TNG solution (ml) 100 100 100 --

Sediment (g) -- 20 20 20

Saturated HgCI2
solution (drops) 10 10 10 10

I " Samples were taken at the beginning of the experiment and after approx-

imately 1 week. The samples were centrifuged, and the supernatant and

j sediment were separated. The supernatant was analyzed directly by HPLC,

and the sediment was subjected to extraction prior to HPLC analysis.

3The extracting solvent was ethyl acetate or acetonitrile. No signifi-

cant difference was observed between ethyl acetate and acetonitrile

extracts in the results of the isotherm. The results of these isotherm

measurements are summarized in Table 37. The K and K values are low,: p o

suggesting that sediment sorption will not be a significant loss process

I for TNG in the aquatic environment.

6. Model Simulations

a. Estimated Rate Constants--New RiverI Biotransformation experiments conducted with a high TNG concentra-

tion and a high cell population indicated that the calculated second-

order-rate constant ranged from 1.4 x 10- 9 to 4.7 x 10-10 ml cell-' h-1.

- With a cell concentration of 109cells ml', the biotransformation half-

life of TNG was estimated to be 1 hour. The biotransformation half-life

in natural waters (106 cells ml"') was calculated to be 30 days. If

the cell count in the New River is assumed to be 10'6 cells ml-, the

.biodegradation rate constant will be 1.0 x 10" 3 h-'; this value was used
for the model simulation. Photolysis of TNG was observed to be slow;
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* Table 37

DISTRIBUTION OF TNG IN SORPTION STUDIES AND THE
CALCULATED .KP and Koc VALUES

Flask No.
Time (h) Material 1 2 2Aa  3 3Aa 4

0 TNG in
supernatant 15.8 12.2 12.5 0P ( g m1l.')

TNG in
sediment Lost 38.5
(lig g-

Kp 3.08

i Koc 93

187 TNG in
supernatant 13.7 4.09 6.87 8.53 7.06 0

TNG in
sediment 109 Lost 122 126

K -- 27 -- 14 18

K-- 81 -- 430 540
oc

aAcetonitrile used as extracting solvent. Ethyl acetate used as
solvent with other flasks.

I
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the screening test for photolysis of TNG in the New River water indi-

I cated that the half-life was about 60 days. The partition coefficient,

K , was determined to be 26.7 and 14.3. These partition coefficientsP

i 3 are low and indicate that little TNG will be absorbed on the suspended

sediment. Therefore, the partition coefficient of 20 was used for

model simulations.

b. Simulation Results--New River

Because the photolysis and biotransformation rate constants

are low, the fate of TNG in the New River appears todepend on dilution

of wastestreams from the New River and subsequent downstream dilutions. "

During low-flow periods, a dilution factor of 2 x 104 was estimated.

Assuming that 33 lbs (15 kg) of TNG are discharged into the New River

at a rate of 23 liters s-1 , the projected TNG concentration is 10 ppb.

The simulation results indicate that only a small amount of TNG will beLI
transformed through biotransformation and photolysis and that the TNG

concentration will remain constant for a long distance from the discharge

point until major tributaries contribute to further dilution. Under

mean flow conditions, the dilution factor is estimated.to be 1 x 10 ,

resulting in concentrations of.l ppb TNG in the New River.

7. Conclusions

TNG is expected to persist in the environment. Photolysis and

biotransformation will occur slowly in natural waters, and biotransfor-

mation will be significant only when microbial populations approach

I x 109 cells ml- . Dilution will be the primary factor for reducing

TNG concentrations in the receiving water-bodies.

1
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T folting sections deseribe the e~perimental methads Used~ to

3study the photele-ical and microbial transforation processes and the

sorptiou and volatiizati'an transport processes. Miso, described are

£ the analytical max-hads used for eaeo fate~ assessaent -

-.P~e~c a Stud'ies

* Reactioz. mixtures of the cheicSal (4 ml) u'ere placed in 10-o=-OD

boros _licate tuzbes (Pyre% 17140) =0d phatolyzed C'i a Merry-go-round

reactor (Ace Glass%. The irradiatim~ source was a Hanovia 450-w;att,I =eium-priessure nES l'amp in a borosi Uctate imrinwell. The distance

- bettween the irradiation source and the tuibes was about 10 cm~. The

j reaction temrperature was at the amb'ieat oiperadi~ temperature of the

system ( 2B0C).

I The photo~lysea were carried out using several different filter

systews, %'hiCh were placed between the Hg lamp and reaction mixtures.

in all1 laboratory photolyses, t he bo~asilicate glass ixmmersion well

(8-mm total glass path length) served as a filter to screen out all

flight below 290 nm. .Other filter systems used'in the. phatolyses are

described below.

I*Filter system for 313 nm: Com~ring CS.7-54- glass filter with a

0.001 H potassiumn chromate solution in 3% aqueous sodium car-

3 bonate circulated in the immersion well. This-system e:rans-

cimitted primarily the 313.2-'and 312(6-nm Hdg lines., which.

tepresenited more than 95%. of the light incident on the reae-

- I tion solutions (a small Hg line at 302.1,.nm was also present).

Filter system for 366 m: Corning (;lass CS 0-52 and CS 7-60

glass filters. This pair of glass filters transmitted only

the 365.1, 365.6, and 366.4 nm lines of the Hg lamp, with no

other lines observed (less than 1% of the light outside the 366-nm

band).
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'Filter system for light above 420 nm: 1the filter for these3 photolysis experiments was a Corning 3-71 cut-off filter. The

lieht source was a 150-watt tungsten lamp (Westinghouse). A

3 water--cooled, 1.5-in (38-=m) thick Pyrex filter was placed

U between the lamp and the filter to remove infrared irradiation

and thereby prevent overheating and cracking of the filter.

U Sample tubes were removed from the merry-go-round reactor at

appropriate times and analyzed immediately.

j 52. Sunlight Photollses

3Outdoor photolyses using sunlight were carried out with solutions
of each chemical in pure water to verify the computer calculation of
half-life in sunlight based on measured values of eand . Photolyzed

solutions were placed in a location free of excessive reflections from

walls and windows and without morning and afternoon shadows. Wie used* t:I ].-mm-OD borosilicate tubes held in a rack at a 600 angle to the

horizon; the tubes are made from the same glass stock used in the

laboratory photolyses.

:13. TNT Analysis

11 HPLC. Aqueous TNT samples were analyzed by direct injection onto

~the HPLC column.

I Instrument:. Waters Associates Model 6000A.

Column: wi-Bondapak Cle,30 cm x 4 mm.I Solvent;* Kinetic experiments, 45% acetonitrile-water

isocratic; product analysis, 10 to 50%I acetonitrile-water, 20-mmn linear program.

Flow rate: 2 ml min-'.

I Detector: UV @ 254 nxn.

Isolation of TNT initial photolysis product (PC)_from TNT. A solu-

3\tion of 100 ppm TNT in 5% acetonitrile-water was photolyzed in a 2-cm-ID
pye~ tbefor about 90 min in sunlight. The-photolyzed solution was

3washed five times with methylene chloride (B,& J UV grade). The
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resulting aqueous solution contained 30% TNT, 70% PC and some minor

products. Approximately 30% by volume acetonitrile (B & J UV grade)

was added to the aqueous solution. The PC and TNT were extracted from

3this solution with diethyl ether (Mallinckrodt nanograde, distilled).

The ether solution was concentrated by passing a stream of nitrogen

(dried over molecular sieves) over the solution.

Thin-layer chromatography (TLC). Normal-phase TLC was used to

identify previously reported TNT photolysis products by comparing Rf

values and colors with reference compounds.

3 Support: Eastman silica gel sheets, F-254

Solvent: Benzene or benzene:ether:ethanol (5:3:2)

Detection: DMSO:EDA (10:1) spray.

Reverse-phase TLC was used to elute PC to optimize the separation

j of PC from TNT and other minor products.

Support: Whatman KCi8 plates

I Solvent: 0.5 M NaCl-H 20:acetonitrile at a 3:4 ratio.

Nuclear Magnetic Resonance (NMR). Proton-NMR spectra were measured

with a Varian XL-100-15 spectrometer modified for multinuclear operation

and equipped with a Varian Disc Fourier Transform package. A V4412

probe and 4-mm tubes were used. The probe temperature was kept at

about 100C.

4. RDX Analysis

The photolysis of RDX was followed by EPLC using direct aqueous•

injection under the following conditions:

Instrument: Spectra-Physics Model 3500B

Column: Cis-Radial Compression Column (Waters Assoc.)

jFlow rate: 2 ml mil -

Detector: UV at 254 nm.

I Retention time: RDX, 200 s

DNT, 620 s.
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Quantitation was achieved using 3,5-dinitrotoluene as an internal

standard, and peak areas were integrated with a Spectra-Physics

minigrator digital integrator.

Formaldehyde was determined by gas chromatography as the 2,4-
i dinitrophienylhydrazone derivative according to the method of Kallio

et al. (1972). Nitrate and nitrite were analyzed by HPLC according to

the method-of Thayer (1979).

U 5. 2,4-DNT Analysis

The phototransformation of 2,4-DNT was monitored by HPLC under the

3 following conditions:

Instrument: Waters Assoc. Model 6000A

Column: C3e-1i Bondapak column

Solvent: Acetonitrile:water (50:50)

3" Detector: UV at 254 um.

Quantitation was achieved by the external standard method. Peak

areas were integrated with a Spectra-Physics minigrator digital integrator.I
6.- N Anlsis

The phototransformation of TNG was monitored by HPLC under the

following conditions using direct 4queous injection:

3Instrument: Waters Assoc. Model 6000A

Column: C18 a-i Bondapak column, 300 mm x 4 mm

Solvent: Acetonitrile:water (35:65)

F', w rate: 2 ml min-1

Detector: UV at 254 mm.

' Peak areas were integrated with a Spectra-Physics Minigrator

digital integrator, and quantitation was achieved by the external

standard method.
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B. Biotransformation Studies

1 1. Water and Sediment Samples (for all tasks)

Water and sediment samples from Volunteer AAP were collected during3 July and August 1979 at Waconda Bay, near Chattanooga, Tennessee, where

the bay receives the waste output from Volunteer AAP. TNT was not3being manufactured at the time of the sample collection. Noncontaminated

upstream sediment samples were collected from Harrison Bay, (Figure A-i).

A Samples 'from Holston.AAP were collected at the same time at the Holston

- River, near Kingsport, Tennessee, where the river-receives the waste

output from Holston AAP production lines I to 5 (Figure A-2). The

I first sediments collected during July were lost in the airline luggage

transfer and had to be replaced in August. Samples from Radford AAP,3 Radford, Virginiawere collected from the New River, where the waste

output from the TNG-nitrocellulose operations intersect the New River

3 (Figure A-3).

Water samples for the biotransformation studies were collected

after the bottom sediment was stirred so that some sediment microorgan- -

isms were included. The samples were placed in sterile glass bottles

and shipped by air to SRI, where they were stored below 10'C within 48

hours. After arrival, the sediment was passed through 2-mm screen
sieves-and stored under refrigeration until used.

2. Screening Test and Development. of Acclimated Culture

3 Water samples containing sediment (about 2-3% volume) were placed

in a 20-liter sterile reservoir bottle and mixed well, and the sediment

was allowed to settle by gravity. The supernatants were siphoned and
•filtered through fine-mesh polyester cloth to remove insects and

unsettled particles. Biodegradation screening tests were conducted in

aerated bottles. Two liters of the water samples were added to a

-sterile 4-liter glass bottle containing 20 ml of a solution with 2 g

I of phosphate buffer (pH 7.5, final concentration of buffer, 1 g liter-).

The chemical under investigation., dissolved in dimethylsulfoxide (DMSO)

Aa
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at 20 mg ml- ', was added to make a 10 ppm final concentration. Later,

DMSO-free sterile basal-salts medium containing 100 pg TNT ml-i was

I used as the stock solution. TNG was extracted from a 10% TNG on lactose

formulation (ICN Chemicals) with acetone, evaporated to an oil, and

3 diluted with water to yield a 700-ppm aqueous solution. Yeast extract

was added to the sterile medium from a 25 mg ml- 1 sterile aqueous

solution.

The bottle was fitted for sterile aeration, air exhaust, sampling,

3 and addition of other nutrients. The bottles were aerated gently at

250C in a constant-temperature room in the dark. For anaerobic (micro-

3 iaerophilic) studies, 2 liters of water sample and 20 ml of buffer were
placed in a 2-liter Erlenmeyer flask, flushed with N2 gas, and closed

* with a rubber stopper. The bottles were shaken in the beginning of the

I experiment and before every sampling. A red lamp was used during the

withdrawal and handling of munition samples. The samples were withdrawn

! ifrom the bottles periodically and extracted twice with equal volumes

of ethyl acetate or used directly for chemical analysis.

mI The cultures were transferred to flasks containing test chemical

and basal-salts media. The phosphate-buffer basal-salts medium con-

tained, per liter: 1.8 g of K 2HP04, 0.2 g of KH2PO 4 , 0.5 g of (NH4)2SO4,I
0.1 g of NaCl, 0.1 g of NgSO4.7H 20, 0.2 g of CaC12 *2H20, 0.005 g of

I FeSO 4 *7H20, and i ml of trace elements solution. The trace elements

solution contaic;ed, per liter: 0.1 g of HsBOs and 0.05 g each of

3 CuSO 4*5H20, MnS04,H 20, ZnS04*7H20O, Na2Mo04, and CoClas6H2O.

The flasks were incubated on a rotary shaker incubator at 25*C in

the dark.

To preserve TNT-yeast-extract-degrading microorganisms, water from

3 the TNT-screening test bottle was inoculated into basal-salts medium

containing 10 ppm TNT and 1000 ppm yeast extract, and the grown cells

were centrifuged, resuspended in 5% DMSO solution, and stored in the

I gas phase of a liquid nitrogen storage tank. The 2,4-DNT and TNG
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degrading organisms were grown in basal-salts medium containing 100-120

ppm 2,4-DNT or TNG and preserved in the same manner. Before use as

the inoculum for experiments, the frozen cells were grown in TNT-yeast

I extract medium at least once.

3. Ring-Labeled 1 4C-TNT, 1'C-DNT Transformation

The ultimate biotransformation of TNT and 2,4-DNT was investigated

with a sealed flask (Figure A-4), modified from that of Gledhill (1975),

with uniformly ring-labeled 14C-TNT (Pathfinder Lab., Inc., St. Louis,

MO, 5.81 mCi mmole-1 ) or ring-labeled 1 4C-2,4-DNT (New England Nuclear,

Boston, MA, 2.52 mCi mmole~) Radiolabeled TNT medium was prepared by

adding 0.5 UCi of "'C-TNT in 8 4i of acetone into 50 ml of basal-salts

medium containing 10 ppm TNT and 1000 ppm yeast extract. Ring-labeled

2,4-DNT medium was prepared by adding 25 i of DMSO containing 5 mg of

2,4-DNT and 0.5 VCi of 14C-DNT into 50 ml of basal-salts medium. The

3 I250-ml sealed flask was equipped with a glass tube inside the flask

containing 5 ml of 0.5 N KOH solution to trap evolved CO2. The KOH

' Isolution was replaced daily with fresh solution with the aid of a long

needle syringe. The head space of the flask was flushed with a 70% 02-

30% N2 mixture to provide enough oxygen for the microorganisms at the

beginning of the study and at every sampling time. The flask was

incubated on a shaker at 25'C in the dark. Radioactivity was counted

•I after adding 0.5 ml of KOH solution to a scintillation vial with 10 ml

of Scintisol scintillation liquid (Isolab, Akro), 011). The KOIH solution

3 was also mixed with equal volumes of 10% BaC12 solution, and the super-

natant was used as a blank for radioactivity count.

S4. Montoring of TNT, RDX, and 2,4-DNT

H1PLC was used to monitor TNT, RDX, and 2,4-DNT in biotransforma-

~1tion studi~es. The following 11PLC conditions were employed:

Instrument: Spectra-Physics Model 3500B

IColunm: t-Radial Compression Colutmi (Waters Assoc.)

Solvents Mathano1: water (50:50)3 tFlow Rate: .2 ml miu'
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Detector: UV at 254 nm3 Retention times: RDX, 200 s

TNT, 350 s

2,4-DNT, 550 s

3,5-DNT, 620 s.

3 Each component was quantified by using 3,5-dinitrotoluene as the

internal standard. Peak areas were integrated with a Spectra-Physics3 Minigrator digital integrator.

5. TNT and 2,4-DNT Metabolite Studies3 IMedia samples (50-100 ml) were extracted with 2 x 50 ml of ethyl

acetate, rotary-evaporated to dryness, and redissolved in methanol.

I The samples were analyzed by HPLC under the following conditions:

Instrument: Spectra-Physics Model 3500B

Column: Cle-Radial Compression Column (Waters Assoc.)

Solvent: Linear gradient program starting from 100% water 70%

methanol in 15 minutes.

Flow rate: 2 ml min-'

Detector: UV at 254 nm.

Eluting components were collected from repetitive injections, con-

centrated to dryness with a stream of N2 gas, and analyzed by probe

mass spectrometry with an LKB9000 mass spectrometer.

6. TNG Analysis

TNG was analyzed by HPLC using the following conditions:

I Instrument: Spectra-Physics Model 3500B

* - Column: C,,-Radial Compression Column (Waters Assoc.)

Solvent: Water:methanol (60:40)

Flow rate: 2 ml min- %

Detector: UV at 215 am

jRetention time: RDX (internal standard), 300 s

TNG, 650 s.
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Quantitation was achieved by using RDX as the internal standard.

Peak areas were integrated with a Spectra-Physics Minigrator digital

integrator.

TNG in natural waters and TNG metabolites were investigated by

HPLC using the Thermal Energy Analyzer detector (TEA) according to the

F nmethod of Spanggord and Keck (1980).

c. Natural Water Analysis

Natural waters were analyzed by HPLC using direct aqueous injec-

tion of the filtered water sample under the following conditions:

Instrument: Spectra-Physics Model 3500B

1 NColumn: C18-Radial Compression Column (Waters Assoc.)

Solvent: 100% water - 40% methanol:acetonitrile (2:1)

. Iin 10 min using a convex gradient

' I 5Flow rate: 2 ml min -

Detector: UV at 254 nm

Retention time: HMX, 714's

Y'; RDX, 774 s.

I Profiles of the Holston River samplings appear in Figures A-5 and

A-6. The compounds RDX, HMX, SEX, and TAX were identified by comparing

n the retention times to those of authentic standards. RDX and HMX were

quantified by using 3,5-dinitrotoluene as the internal standard. In

3 the July 1979 sampling, 0.55 ppm of RDX and 1.5 ppm of HMX were found,

5 and in the August 1979 sampling, 0.31 ppm of RDX and 0.52 ppm of HMX

I were found.

The New River and Waconda Bay waters showed no UV-absorbing com-

pounds by direct aqueous injection. TNT and 2,4-DNT concentrations

were therefore below 30 ppb in those water bodies.

I
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For TNG in the New River, 340 ml of river water was extracted 3

3 times with 50-ml portions of dichioromethane. The extracts were com-

bined, dried, and rotary evaporated to 100 pi and analyzed by the HPLC

method of Spanggord and Keck (1980). No TNG or its hydrolysis products

were observed.

D. Biosorption Studies

The biosorption study was conducted with mixtures of 4 species of

gram-positive and gram-negative aquatic-origin bacteria. The mixture

contained equal optical densities of Azotobactor beijerinckii ATCC 19366,

Bacillus cereus ATCC 11778, Escherichia coli ATCC 9637, and Serratia

marcescens ATCC 13880.

' IThe test organisms were grown in Trypticase Soy broth at 250C for

16-18 hours, and were in the late logarithmic or early stationary growth

S I phases. Each culture was harvested by centrifuging, washed with 0.5 g

liter - potassium phosphate buffer (pH 7.0), and resuspended with this
iI  I buffer. No spore formation of Bacillus cereus was observed by micro-

scopic examination.

Appropriate aliquots of suspension of each of the 4 organisms were

combined and diluted with buffer to form a mixture containing equal

optical densities of each organism. When heat-killed cells were used,.1 the mixture of organisms was heated for 20 minutes in a boiling water

bath, centrifuged, and resuspended in phosphate buffer. The mixture

- was then mixed with a chemical stock solution of 50-100 ppm in buffer

to make the desired concentration of chemical and organisms. Tripli-

3 cate 10-mi samples of each of the cells and chemical mixtures were

dispensed in 30-mi Corex centrifuge tubes.

Biosorption studies were conducted by incubating the cell mixtures

for I hour a' 25"C on a reciprocate shaker. The tubes were centrifuged,

the superiatai ts were pipetted, and the pellets were extracted with

A- ethyl acetate. The chemical in the supernatants and pellets was

analyzed by I1PLC.
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I
Dry weights of the cells used in the sorption studies were deter-

I mined by weighing the pellet obtained after cells from aliquots of mixed

cells were centrifuged and dried at 90'C.

I The biosorption partition coefficient (K )of the chemical between
p

bacteria and buffer was determined as:

K = ig chemical per g dry weight of cells
Kp i g chemical per ml in supernatant

i E. Sediment Sorption Studies

1. Sediment Collection, Preparation, and Storage

Sediment was collected from sites on the Holston River and from

Waconda Bay in Tennessee near the wastewater discharge of 2 munitions

jplants in July and August 1979. Sediment was taken both upstream and

downstream of the discharge point. The sediment was placed in 1-gallon

(3.8-liter) glass containers and shipped to SRI.

The procedures used to prepare and store the natural sediments

were designed to preserve the sediments in their natural state as well

as possible. Natural sediments were screened through a 2-mm sieve to

remove large rocks, twigs, and other debris. Following this screening

the sediments were thoroughly mixed, using a Humbolt splitter to ensure

uniformity. ,The sediment was then stored in a refrigerator in one-

gallon glass containers until needed. Before use, the sediments were

resuspended in water and used without further settling.

After several sorption isotherms were measured for TNT on Holston

River (upstream) sediment, it was discovered that biologic organisms in

the sediment were biodegrading the TNT. Sediment sterilized in an

autoclave was used in subsequent TNT sorption isotherm studies and in

all the sorption isotherm studies with 2,4-DNT, RDX, and TNG. After

!t was autoclaved atl2PC for 1 hour, the sediment was removed and stored

at room temperature for 24 hours. The sediment was mixed and then auto-

4claved again for 1 hour. The sterilized sediment was stored in a refrig-

erator until needed.
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2.. Organic Carbon Content Analysis

The organic carbon (OC) content of the sediments was determined

by the Walkley and Black procedure, which involves oxidation of the

organic material by chromate followed by back-titration with ferrous

ammonium sulfate (Hesse, 1971). The'results are reported in Table A-1

I and expressed as percent carbon by weight. The organic content was

measured for the sediments that had been screened, suspended in water,

I and allowed to settle for 30 seconds to remove particles larger than

100 Ur. The OC of the samples of the whole Holston River (upstream)

I sediment was also measured before it was suspended in water and allowed

Table A-1

ORGANIC CARBON CONTENT OF SEDIMENTS

ISource Preparation OC (%)

Holston River (upstream) Unsettled fraction 4.7

Holston River (downstream) Unsettled fraction 2.0

Waconda Bay (upstream) Unsettled fraction 2.3

Waconda Bay (downstream) Unsettled fraction 1.11 Holston River (upstream) Whole sediment 3.3

to settle. Other methods of determining OC values, such as combustion

to C02, probably would give different OC values. However, the trend in

the organic carbon (OC) levels in the sediments should not change.

ISolutions of the compounds of interest were prepared in distilled
deionized (DDI) water. Concentrations of the stock solutions were

approximately half the solubility achievable in water or less to avoid

the presence of undissolved compound during the measurement of the

sorption isotherm.

1
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Sediment from the Holston River collected at the upstream site was

used for all the isotherm measurements in this study. The amount of

sediment was measured by evaporating a known volume of sediment suspen-

sion. and drying it to constant weight at 1200 C. Deionized water was

I used to bring each flask to a constant volume. In some isotherms,

HgCl2 was added to retard biodegradation.

I In general, the sorption isotherms were measured by preparing

flasks containing only the compound in water, only sediment and water,

and both the compound and sediment. For screening isotherms, 2 dif-

ferent concentrations of sediment were added to I concentration of the

compound. The conditions selected for the detailed isotherm measure-

ments were based on the results of the screening isotherm measurement

by using the value of K measured in the screening isotherm to calcu-

late the amount of compound and sediment needed to achieve about 50%

sorption at equilibrium. The sediments used for the desorption iso-

therms were prepared by resuspending sediment that had been equilibrated

for 200-300 hours with the compound in fresh DDI water.

The flasks were wrapped in aluminum foil to exclude light, capped

with a glass stopper, and placed on a wrist-action shaker set for getle

shaking. Samples from the flasks were removed just after preparation

and again after equilibrium had been achieved between the compound in

I solution and in the sediment. When the rate of approach to equilibrium

was measured, samples were taken at regular intervals until equilibrium

1was achieved.

3. Sorption Experiments with TNT

Aliquots of the isotherm suspension were centrifuged at 10,000 rpm

for 30 minutes (equivalent to approximately 8 x l0s rcf for the centri-

fuge head and tubes that were used). The supernatant and sediment were

separated. The supernatant was filtered before analysis by HPLC through

5 pm Millipore teflon filters. The sediment was extracted 3 times with

ethyl acetate. After the extracts were combined and made up to a known

volume, the resulting suspension was filtered and analyzed by HPLC.
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U Two HPLC analytical methods were used in the analysis of TNT iso-

therms. The first method was used to analyze the screening and first

sorption-desorption isotherm. Instrumental conditions were:

Instrument: Model 848 rupont HPLC

Column: p Bondapak C,8 (Waters Assoc.), 20 cm x 4 mm

Solvent: Acetonitrile:water (50:50)

Flow rate: 2 ml min- 1

Detector: UV at 254 nm

r External standard: TNT.

The second method was used to measure the second sorption-desorption

and "C sorption isotherms. The following instrumentation and condi-

tions were used:

3 Instrument: Spectra-Physics 3500B HPLC

Column: C18 RCM-100 (Waters Assoc.)

I Solvent: Methanol:water (50:50)

Flow rate: 2 ml min-'

Detector: UV at 254 nm

Internal standard: 2,4-DNT

I The sorption experiments with 14C-TNT were performed in the follow-

ing manner. A solution of 65 mg 1-1TNT and 0.9 mg l- ring-labeled

1 "C-TNT (Pathfinder Lab., Inc., St. Louis, Mo., 5.81 mCi mmole-") was

prepared for the sorption study. The solution was equilibrated with

sediment. The separation of the supernatant and the sediment and the

extraction of the sediment were performed in the same manner as for al

sorption experiments. Supernatants and sediment extracts were analyzed

Sby liquid scintillation counting using a Tri-Car 6 oxidizer.

4. Sorption Experiments with RDX

Supernatants and sediment extracts were analyzed by IIPLC. The

specific conditions used for the analysis of RDX are described below.

I
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a Instrument: Spectra-Physics 3500B HPLC

*i IColumn: Cis-RCM-100 (Waters Assoc.)

Solvent: Methanol:water (50:50)

Flow rate: 2 ml min-'

I; Detector: UV at 215 nm

Internal standard: 3,5-DNT.

5. Sorption Experiments with 2,4-DNT

Supernatants and sediment extracts were analyzed by HPLC. Condi-

tions used for the analysis of 2,4-DNT were as follows:

Instrument: Spectra-Physics 3500B HPLC

.Column: Cis-RCM-I00 (Waters Assoc.)

Mobile phase: Methanol:water (50:50)

Flow Rate: 2 ml min -

Detector: UV at 254 nm

.5 Internal standard: 3,5-DNT.

6. Sorption Experiments with TNG

I: Supernatant and sediment extracts were analyzed by HPLC. The

specific conditions used for the analysis of TNG in these samples are

listed below.

3 iInstrument: Spectra-Physics 3500B HPLC

Colut: Cie-RCM-1O0 (Waters Assoc.)

Solvent: Methanol:Water (40:60)

.3 Flow rate: 2 ml min -

Deteetor: UV at 215 nm

SInternil standard: RDX.

F !. 2.4-DNT Volatilizationi Experiment

A solution of 2,4-UNT ini water was placed in a 2-liter crystallizing

* dish. Vie stirring rate of the solution and the air velocity above the

solution was adjusted to a desired value and kept constant during the
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experiment. The loss of 2,4-DNT was measured at intervals for 1 half-

life. The loss of water, from which the water-loss rate constant, (k )

can be calculated, the reaeration rate constant (k0 ), and the liquid

depth (L) and temperature (T) were measured periodically over this time.

The concentration of 2,4-DNT in solution was measured by HPLC with

aqueous injection. Dissolved oxygen concentration was measured using

dissolved oxygen meter and probe. Water loss was measured by weight,

using a triple beam balance.

Conditions used in the HPLC analysis of 2,4-DN'T were:

Instrument: Spectra-Physics 3500B HPLC

Column: m Bondapak C18 (Waters Assoc.), 300 mm x 4.5 mm

i IMobile phase: methanol:water (65:35)

Detector: UV at 254 nm

External standards 2,4-DNT.

Dissolved oxygen measurements were made on a Bendix Monitor

dissolved oxygen-temperature meter and probe.

I
I
I

I
I
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I A. Holston Army Ammunition Plant

Site description. The Holston AAP is located near Kingsport,

l !Tennessee, on the Holston River (Figure B-I). The complex has been

divided into two sections: Area A occupies 46 hectares (112 acres)

I approximately 6.4 km below the Ft. Patrick Henry Dam on the north bank

of the river; Area B occupies 2424 hectares (5,913 acres) of land along

3; 1about 6.4 km of the river. RDX, TNT, and other constituents involved

a in munitions manufacture are used at the facility in Area B. The

wastes from Area B are discharged into the Holston River, as shown in

Figure B-2. Munitions wastes from points 2, 3, and 4 are discharged

into small creeks and then drain southward to the main body of the

j Th)ston River. These creeks are approximately 0.6 to 0.9 m wide and

0.3 m deep.I
Other industries are located upstream of the Holston AAP and also

contribute industrial discharges into the Holston River. Consoquently,

water quality near the studied area may influence the rates of muii-

tion transformation processes in the Holston River. Distinct segrega-I tion is obsev~ed at the confluence point during periods of mean flow.

In addition, several small islands located in the middle of the river

reach keep the river water even more segregated.

Flow ellaracteristics of the Holston River. lu-stream flows of the

I Isolaton River near Kitigsport -are regulated by the Ft. Patriek lietty

" hydroelectric daut, which is upstream from the AAP. Normtlly the dam

operates to generate electricity for I hout it every 4-hour period.

..IThterefore, one would expect the river f low rate to inc.rease evety 3

hours. During a rainfall peried, it is expected that high flows are

released frum tht, dam for flood ceitrol.

Flow records from sites near the llolstu AAI area are priented

L in Table B-I. t the preet study, a mean-flow rate of I0" liters

a and low-flow rate of 2.0 W 10 liters s were ained. Convra.Iy.

i good mixing and high dilution in the river are observed during a
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Table B-I
FLOWS OF STREAMS IN THE HOLSTON AAP AREA*

Location: Kingsport, TN

I River: South Fork, Holston River

Distance from Holston AAP Area B: 8 km upstream

5 Year: 1970

High flow: 2.4 x 10 liters s- 1 (5,5570 MGD)

Low flow: 2.0 x 104 liters s- 1 (470 MGD)

Mean flow; 5.7 x 104 liters s- 1 (1,290 MGD)

Historical Data
Mean flow, 45 years of 10l

record: 7.1 x liters s-1 (1,630 MGD)

High flow, 1963: 6.6 x i0' liters s- (15,000 MGD)

Low flow, 1954: 8.5 x 10 liters s-' (195 MGD)

*Source: Rosenblatt at al., 1973.

I
3

I

I
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high-flow period. Any environmental problems caused by munition chem-

3 icals that have short half-lives will be minimal during high-flow

periods.

3 A dispersion study by Water and Air Research (WAR), Inc. (Sullivan,

1977b) indicated that the discharged trace chemicals in the Holston3 River do not disperse well and stay on one side of the river bank for

several kilometers downstream from the discharge point before being

3 dispersed throughout the transect of the river at a flow rate slightly

below the mean flow rate. Therefore, poor dispersion in the Holston

River could become the key factor in the assessment of the effects of

the discharged munition chemicals.

Water uality. Several water quality monitoring programs have

been conducted (Sullivan, 1977b; Rosenblatt, 1973). These programs

have shown that the upstream industrial discharges play an important

part in water quality In the Holston River near the Holston AAP. Table

B-2 shows'temperature and pH of the Holston river near the Holston AAP.3 Figure B-3 shows the dissolved oxygen (DO) profile in the same general

area. Suspended solids measured in June and August of 1975 indicated

that the concentrations were in the range of 20 to 40 mg liter'. High

biological oxygen demand (BOD) loading from the upstream industries,g plus no serious DO deficit in that particular river reach, indicate

tiat microbial activity is probably high. Although no detailed data

on microbial population are available, it is reasonable to assume that3 the microbial population is 10' cells ml' near the studied river reach.

Comlmrtments selected for the simulation model. The lolston River

near the munitioii plant was divided into 21 compartments, each 0.4 km

long. Tito simulated river reach represents the river starting from the

3 discharge point of production lines 1 to 5 at Area B of the Ilolsten AAP

to about 8.4 km downstream from the discharge point (Figure 11-1). The

estimated geographic information of each compartment is presented in

Tables B-3 and B-4, for the mean flow of 10 liters s-1 and the low

flow of 2 x 10' liters s, respectively. In model simulation, the

volume of each compartment was asstumd to remain constant.
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Table B-2

'ITEMPERATURE AND pH OF THE HOLSTON RIVER
NEAR THE HOLSTON AApa

Station Area B Inlet Church Hill Bridge Rogersville, TN

Location Area B, Holston AAP 16 km downstream 56 kmn downstream

Time Jan-Oct 1972 Jan-Oct 1972 Jan-Dec 1970

Temeraur 5-22 0.5-29.0

Range (00 62

pH Range 6970-
(units)

I aSource: Rosenblatt et al., 1973.
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Table B-3

HYDROLOGIC PROPERTIES OF THE HOLSTON RIVER 
NEAR THE

HOLSTON AAP AREA, MEAN FLOW OF 10 5 LITERS s -

Compartment Cross-Section Length Volume

Number Area (i 2 ) (M) (liters)

i 1 165.3 400 6.6 x 10'

2 206.6 400 8.3 X 197

I 3 206.6 400 8.3 x 107

4 179.1 400 7.2 x 137

5 206.6 400 8.2 x 10'

6 206.6 400 8.3 x 10'

7 165.3 400 6.6 x 107

8 128.6 400 5.1 x 107

9 128.6 400 5.1 x 10'

1 10 128.6 400 5.1 " 10'

11 128.6 400 5.1 x 107

12 146.9 400 5.8 w 10x

13 206.6 400 8.3 x 107

14 206.6 400 8.2 x 10'

15 179.1 400 7.2 10'

16 165.3 400 6.6 x 101

1 17 165.3 400 b.o x 10'

18 165.3 400 6.6 x 101

3 19 169.9 400 6.8 x 10'

20 169.9 400 6.8 x .1o

21 169.9 400 6.8 v 10'

I
I
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I .Table B-4

HYDROLOGIC PROPERTIES OF THE HOLSTON RIVER NEAR THE
HOLSTON AAP AREA, LOW FLOW OF 2.8 x 104 liters s-

Compartment Cross-Section Length Volume
Number Area (i 2 ) (m) (liters)

1 1 68.9 400 2.7 x 106

2 86.3 400 3.4 x 106

3 86.3 400 3.4 x 106

4 74.4 400 2.9 x 106

5 86.3 400 3.4 x 106

6 86.3 400 3.4 x 106

7 68.9 400 2.7 x 106

8 45.9 400 1.8 x 106

9 45.9 400 1.8 x 106

10 45.9 400 1.8 x 106

11 45.9 400 1.8 x 10'31 12 50.5 400 2.2 x 106

13 86.3 400 3.4 x 106

14 86.3 400 3.4 x 106

15 74.4 400 2.9 x 106

16 55.1 400 2.2 x 106

1 17 55.1 400 2.2 x 106

18 55.1 400 2.2 x 106

19 59.7 400 2.3 x 106

20 59.7 400 2.3 x 106

21 59.7 400 2.3 x 106

1
.1
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I
Chemical loading at the Holston AAP and the Holston River. Over

I34 million kg of TNT were used in munition manufacturing at the Holston

Plant in 1970 (Rosenblatt, 1973). An estimate of 73 kg per day of TNT

I discharged into the Holston River by the Holston AAP was reported by

USAEHA survey and Holston Defense Corporation (Stidham, 1979). This

was estimated from a discharge of approximately 1,100 liters s- ' (25 MGD)

from two outfalls [five outfalls frc Area B with a total discharge of

3,564 liters per second (81 MGD)]. The TNT concentration was estimated

'I to be 0.76 mg liter-' in the discharge lines at the plant. The discharge

waste water traveling from the plant site to the discharge point at the

Holston River takes approximately one hour. Therefore, the TNT concep-

tration at the discharge point was estimated to be 0.2 mg liter- '.

I When compared to the TNT concentrations measured at sample point 3

(Figure B-2), (from 0.2 to 2.01 mg liter -') the TNT concentration esti-

mated at the discharge point is at the low end of this range. For the

model study, the TNT loading at the discharge point was estimated to

be 0.63 x 10 3 mgS - .

I Estimate o! RDX loading from the Holston Plant. The Holston AAP-

is the only plant among the 3 studied sites at which RDX is manufac-

tured. Monitoring flows and RDX concentrations in the wastewater

streams and the Holston River are shown in Table B-5. RDX discharged

from sampling point 4 (Figure B-2) was shown to be relatively low in

comparison to the other 2 sampling points. If RDX discharged from

1 points 2 and 3 were the 2 plant effluents out of the 5 plant effluents

containing RDX, the total RDX discharged from the plant would be

69.5 kg day - ' (0.80 x 10' mg s-'). Because photolysis and biodegrada-

tion of RDX were determined to be slow, 69.5 kg day - ' of RDX was assumed

to discharge directly into compartment 1.

Monitoring data in Holston River. RDX monitoring data at various

sampling points reported by Holston Defense Corporation (Stidham, 1979)

are presented in Table B-6. In the WAR, Inc. survey (Sullivan, 1970),
RDX was found not only in the stream effluent but also in the Holston

1
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I Table B-5

RDX FLOWS AND RDX CONCENTRATIONS IN WAST1ESTREAMS
AND IN THlE HOLJSTON RIVER

1 Holston River (4')
Date (1979) (liters s "l Point 2 Point 3 Point 4

122 and 23 May 1.32 x 1343.5 117.3 50.5

29 and -30 May 1.62 x 1343.5 86.6 49.2

5 and 6 Jun 1.56 x 105 40.4 60.1 58.4

0 112 and 13 Jun 1.52 x 103 40.4 47.5 42.2

Averaige 1.50 x 103 42.0 77.8 50.1

IWX (X4) (mg liter") 0.079 2.55 8.97 0.385

RDX (kt day-') 9.24 60.2 1.66

Sourcez Stidhiam, 1979.
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Table B-6

I CONCENTRATIONS OF RDX AT VARIOUS SAMPLING POINTS
IN THE HOLSTON RIVER (Units in ppm)a

Sample Sample Sample Sample
Date (1979) Point 2b Point 3 Point 4 Point 4'

1 10 and 11 May 0.83 16.02 0.11 0.039

1 16 and 17 May 2.50 9.74 0.340 0.053

22 and 23 May 2.19 5.45 0.609 0.020

3 29 and 30 May 0.63 15,47c  0.240 0.215

5 and 6 Jun 4.41 8.53 0.360 0.058

12 and 13 Jun 2.97 6.43 0.330 0.022

aource: Stidham, 1979.

b See Figure B-2 for sample location points.

CHigh values attributed to spillage of RDX and wax caused by malfunc-

U tion of the deluge system at Building I-I on these dates.
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River. Figures B-4 and B-5 show the distribution of RDX in the Holston

'U iRiver. Consistently higher concentrations of RDX were found by the

north bank, indicating that the effluents do not disperse rapidly in

the river. More RDX was generally in the river during August. Concen-

trations of RDX by the north bank averaged 50 ppb; concentrations by
the south bank were less than 5 ppb.

B. Radford Army Ammunition Plant

Site description. The Radford AAP is located approximately 11 km

north of Radford, Virginia and 13 km southwest of Blacksburg, Virgipia.

TNT and TNG are produced and used here. In addition, 2,4-DNT u'ed

for munitions manufacture.

The major watercourse at the Radford AAP (shown in Figure B-6) is

the New River, which borders the main plant area on the west and north,

and separates the nitroglycerin plant from the main plant area. The

New River is the primary receiving water for most of the discharges

from the Radford AAP, including those discharges emanating from the

NG #2 area. TNG and 2,4-DNT are discharged into the New River at dis-

charge point B (Figure B-6). TNT is discharged into Stroubles Creek;

3 iStroubles Creek joins the New River at the east boundary of the plant.

Flow characteristics of the New River. Flow records of the Now

5 iRiver at 2 gaging stations near the Radford plant are presented in

Table B-7. The New River is regulated for power generation by the3 Clayton Dam, located several kilometers upstream of the Radford AAP.

The State of Virginia has no requirements for minimum New River flow,

3 ibut flow must be sufficienat for Oe-mands from the Radford AAP and the

Blacksburg-Christianburg-VPI Water Authority, both of which draw water

* a few kilometers downstream of the dam. In this study, the mean flow of

3 2.0 x 103 liters s-' and the low flow of 10' liters s were assumed.

* Water quality. Water quality data for the Now River in the

IVicinity of the Radford AAP are presented in Table B-8. li view of

this water quality, one may conclude that the New River is in fairly
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ecologic condition. Both pH and DO are within normal limits. Suspended

solids in the studied river reach are less than 10 ppm. Although no

microbial population data are available, 106 cells ml- 1 are expected

in the river.
41

Compartments selected for the simulation model. In the vicinity

of the Radford AAP, the New River is about 120 to 150 m wide. The

main channel is approximately 40 m wide and I m to more than 3 m deep

over the stretch of river studied. Fourteen km of the river reach,

Istarting from discharge point B (as shown in Figure B-6), were inves-
tigated f3r the model simulation. The studied river reach was divided

j into 28 equal-sized compartments, with each compartment being approx-

imately 0.5 km long. Because no detailed geographic and hydrologic

I data for the area near the Radford AAP were available, the average

cross-sectioL area of 35 m at the low-flow period and 210 m2 at the

high-flow period were assumed for each compartment. The hydrologic

data of the high- and low-flow periods selected for the model simula-

tions are pcesente4 Ln Table B-9

Table B-9

IIYDROLOGIC MfA OF THE HIGH AND LOW FLOW PERIODS

Cross-section Area Compartmont Dieuisions

I - lih (2..0 X-103. litrss'-) 210 500 105,000

Low (I 1 7 2 ( rs tsh 35 5o o 16,500

.4 ia esat the Radford AAV and the Now River. Tihe

. Radford Aid' "pink water" discharges were surveyed previously (Roscu-

blatt, 1973). The mix str. am has an approximate flow rate of 7.14

liters s' (163,000 gallons per day) with *11T concentratiotis of about

75 mg liv.r'., lits stream was diluteil with ibout 2.0 x 102 liters s'

-(4.5 XGD) eoolir g water bofore discharge to :Stroubl.s Creek, which then
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was discharged to the New River. About 47.7 kg day - of TNT was

reported to be discharged from the Radford plant. The TNT concentrationa
5 in Stroubles Creek, after dilution by the cooling water, was estimated

to be approximately 2.75 mg liter - . If a traveling time of 1 hour

-~ 3for waste waters flowing from the plant to the confluence point of the

New River and Stroubles Creek is assumed, the TNT concentration at the

3 confluence point on a clear day should be 0.64 mg liter - . Therefore,

the TNT loading, for model simulations, at the confluence point was

I l  calculated to be approximately 0.128 x 103 mg s -  (24 pounds day-).

Estimate of 2,4-DNT loading from the Radford AAP. In the past,

* the TNT plant discharged approximately 14.1 liters s-1 of wastewater

containing 90 to 175 ppm nitrobodies. This is equivalent to 2.4 X 103

Smg of nitrobodies being discharged from the plant per second. If 50%

of the nitrobodies are 2,4-DNT, the estimated 2,4-DNT loading from the

plant is about 1.2 x 101 mg s- 1. The 2,4-DNT concentration in the New

1 River was determined by Huff et al. (1975) to be 0.5 mg liter- at the

confluence point of the wastestream and the New River. Therefore,

.Ithe 2,4-DNT loading at the confluence point can be calculated to be

5.0 x 10' mg s " during the mean-flow period. This estimate appears

i Ito be higher than that based on the figure estimated from nitrobody

loading by a factor of 50. One possible explanation is that mixing in

*I the New River may not be as good as expected. Therefore, local high

5 concentrations of 2,4-DNT may be detected in the New River. In this

study, the 2,4-I)NT loading of 1.2 x 103 mgs t was assumed to be dis-

i I charged froti the plant.

Esi ate of TNG from the Radford AAP. At the Madford AAP, 2

I nitroglycerin production facilities are available. 1They are loeated

at Nitroglycerin Areas 01 and g2 (Figure U-6). Nitroglycerin Area 01

3 is inactive, but nitroglycerin is nuattfacut-:id in Nitroglycerin Area 02,

which employs the Hiazzi process. The curret production level is

approximately 7,727 kg day. Thto process op.trates with~ I shif t eact

day. Wastewaters coke from mixing tank washouts and floor washdowns.

All wastewaters are discharged to the New River without further treatment.
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Approximately 1.76 liters s-1 of water are used in the process, of

which 0.22 liters s- ' are contaminated with nitroglycerin. Table B-10

shows the sources and amounts of nitroglycerin discharged from the

process. A higher nitroglycerin concentration was observed in the tank

Table B-10

I SOURCES AND QUANTITIES OF NITROGLYCERIN DISCHARGED FROM
NITROGLYCERIN AREA #2

INitroglycerin

Source Flow (liters s- ) mg liter-1  kg s-

Nitrator 0.11 (2,500 GPD) 1,300 1.4 x 10- (27 lbs day- ')

Store house 0.11 (2,500 GPD) 266 0.3 10 - 4 ( 6 lbs day- ')

I washout from the nitrator than in the floor washdowns from the store-

house. The total nitroglycerin in the wastewaters from the Radford AAP

I was estimated to be 1.7 x lO kg s-1 day - ' (33 pounds). which is

discharged to compartment 1 of the studied reach in the New River.

3 Monitoring data in the New River. Monitoring stations in the New

River during the survey by Environmental Control Technology Corporation

3 (Weitzel et al., 1976) are shown in Figure B-7. ING monitoring data

from the survey presented in Table B-11indicate that the TNG level nor-

mally ranged between 10 and 1 ppb, with the exception of 290 ppb observed

at Station R6 on 15 May 1975.

3 C. Volunteer Ara, &munition Plant

Site description. Volunteer AAP is a TNI-manufaeturing facility

northwest of Chattanooga, Tennessee. This facility tt a 2,920-heetare

contractor-operated governmtet munitions manufacturing plant. Waste-

3 water from the plant drains northward into a series of treatment

lagoons and is dischargcd into the head of Waconda Day. The size of

3 184E,3
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l Table B.-11

I CONCENTRATIONS (ppm) OF TNG IN THE NEW RIV

New River Station (See FigureB-_7)
Date, 1975 R, R2 R3  R 4  R 5  R6

j15 May < 0.01 .-- < 0.01 -- 0.29

16 May 0.05 -- < 0.01 0.03 < 0.01 < 0.01

21 May 0.03 -- 0.01 < 0.01 < 0.01 < 0.01

30 Oct 0.002 .-- -- < 0.002 0.003

I Nov < 0.002 ..... 0.007 --

K:ii j 17 May .... < 0.01 -- < 0.01 --

20 May < 0.01 -- < 0.01 < 0.01 < 0.01 0.03

22May <0.01 -- <0.01 <0.01 <0.01 <0.01

31 Oct 0.01 .-- -- < 0.002 < 0.002

i Source: Weitzel ot al., 1976.
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Waconda Bay is about 94 hectares and the mean depth is about 3 meters.

3 IThe head of the bay is much shallower than the rest of the bay.

Flushing of Waconda Bay is caused by three factors: (1) runoff,

tI (2) stage fluctuation, and (3) effluent from the plant. The drainage

area for Waconda Bay is approximately 9 times the area of the bay.

5During rainfall periods, surface runoff may contribute significant
inflows to the bay. At an effluent flow of 220 liters s-' (5 MGD),

Waconda Bay will be about 20 percent flushed in I month. This means

U. that the residence time of the plant effluent in Waconda Bay is about

5 months if there are no other inflows. The effectiveness of flushing

by stage variation (or intruding water from the Tennessee River) was

not investigated, but it is believed to be an important hydrologic

process in Waconda Bay. Although no detailed data on the circulation

pattern of water in Waconda Bay are available, monitoring data collectedJ in 1975 indicate that the plant effluent tends to travel along the north

side of the bay. Furthermore, the water of the Tennessee River coming

I to Harrison Bay flows into Waconda Bay (Figure B-8). The intruding

water apparently moves along the south side of the bay. A clockwise

circulation pattern is expected inside of the hay. The circulation
:1 pattern also depends on wind direction. Although no field measurements

are available, some intrusion of water from the Tentessee River was

I assumed for model simulation.

Flow characteristics. Vhe Tennessee River is dammed above Chat-

j tanooga by the ChickaivAgua Dam. Flow records taken at a gage station

about 4.8 km below the dam showed a mean flow of 1 10 liter s L

(23,600 HUG) over a 96-year period with a record low flow aoted in

1953 of 3.4 k 104 liter s- (780 ND). Approximately 50% of the river

water was assumed to flow along the south shore of Htarrison Ilay. Fur-

thermore, we asuumed that 10% of the water gets into Waconda UIay for

the model study. We also estimated that approximately 4.4 .4 10" liters

Es (1,000 MGD) of water from the Tennessee River intrudes into

1 187
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I

Waconda Bay, and that the intruding water moves along the south shore5 Iof the bay. The amount of returning flow as the intruding water moved

into the upper bay was assumed to decrease. This in turn, indicated

that the dilution factor also decreased as water moved up into the

head of the bay.

J Water quality. A water quality survey in Waconda Bay was con-

ducted during two 5-day periods-9-13 June and 11-15 August 1975

(Sullivan, 1977a). Monitoring data in that survey suggested that hard-

ness, sulfate, chlorine, and nitrate levels in the upper bay differed

significantly from those of the rest of the bay because of the waste

jI discharge from the Volunteer plant. Suspended solids were reported to

be 10 mg liter -1 and DO concentrations ranged between 6 and 11 mg

j 1 liter- '. No microbial population has been reported, but it is believed

that microbial activity should be at a normal level.

Compartments selected for the simulation model. Because ehemieals

had been detected moving along the north side of Waconda Bay and the

. river water from the Tennessee River intiuded into the bay along the

south side, Waconda Bay was divided into 12 compartments, as shown in

Figure B-9 for the north side of the bay. The hydrologic properties

K 1 of the north side of Waconda Bay are preroonted in Tables U-12 and B-13

for discharge rates of 220 liters n-1 (5 MGD) aud 1100 liters s-

1 (25 IWD), respectively, if the intruding water rate of 4.4 K 10" flters

a. (1,000 HGD) is assumd to be cous'taint.

I Cmica dcaes at the Volui eer\P aud Waceiida hay. Produe-

tio of TN7 at the Volunteer plant has beeii reduced situce 1973. It ha1s

been reported thaL the total industrlalwaste of 1100 litelU s-' coi3t.its

0.3 to 1.0 mg liter " of TNT prior to 1973 (Rosetiblatt, 1973). In the

1 1977 study (Sullivan et al., 1977a), the rate. of waste dis'charge was

reported to be down to 220 liters s-1. To understmad the effect of TNi

in Waeonda Uiy, two TNT loadings were speculated, to depict high- and

low-productivity periods. In both cases, 1 mg liter 1 of TNT in the

1 waste stream was assumed. This corresponds to 200 mg u-I and

i189
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I, Table B-12

INTERFLOWS AND) RESIDENCE TIMES IF WASTE DISCHARGED
~ j FROM THE VAAP AT 1100 liter s~

]Compartment Flow Rate Residence
4Number liters s~ 10' x liters day-' x 100 Time (Days)

j. 1 0.055 0.047 0.020

2 0.077 0.066 0.014

3 0.098 0.084 0.024

4 0.120 0.104 0.033

5 0.142 0.123 0.047

6 0.186 0.160 0.045

'7 0.229 0.198 0.050

.80.273 0.236 0.042

90.317 0.274 0.035

10 0.361 0.312 0.030

11 0.405 0.350 0.034

12 0.449 0.388 .3
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Table B-13

* HYDROLOGIC PROPERTIES OF THE NORTH SIDE OF WACONDA BAY
IF WASTE DISCHARGED FROM THE VAAP AT 220 LITER s "-,

ASSUMING 4.4 x 104 liter s-1 OF INTRUDING WATER FROM
THE TENNESSEE RIVER

Surface Flow Rate
Compartment Area Depth Volume Liters Liters Residence
Number m 2 xl0- m m3xlO - 2 Day-lxlO-  s-lxlO -s Time (Days)

1 16 0.6 9.6 .40 x 108 0.046 0.024
4

2 10.6 0.9 9.5 .59 x 10 0.068 0.016

3 23 0.9 20.7 .78 x 10* 0.090 0.026

4 23 1.5 34.5 .96 100 0.11 0.035

5 24 2.4 57 1.2 0.14 0.048

6 24 3 72 1.5 0.17 0.048

7 33 3 99 1.9 0.22 0.052

8 33 3 99 2.3 0.27 0.043

9 32 3 96 2.6 0.30 0.035

10 32 96 3.0 0.35 0.032

11 40 3 120 3.4 0.40 0.0 5

12 40 3 120 3.8 0.44 0.031
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1,000 mg s- 1 of TNT being discharged from the plant for 220 liters s- 1

and 1100 liters s- ' discharge rates, respectively. The waste water

passes through holding ponds and drains northward through a narrow and

shallow creek to the plant boundary. The traveling times of waste

water from the plant to the discharge point at Waconda Bay were

assumed to be 1 hour and 0.2 hour for the 220 liters s- 1 and 1100

liters s- 1 discharge rates, so the TNT concentration at the discharge

point should be 0.25 mg liter- ' and 0.75 mg liter- '. In this study,

A the TNT loadings at the discharge point located at the head of the bay

f were estimated to be about 55 mg s- for low and high discharge rates.

4 Estimate of 2,4-DNT loading to Waconda Bay. Concentrations of

2,4-DNT in the wastewater stream from the Volunteer Plant were reported

to be in the range of 1 to 40 ppm (Spanggord et al., 1978). The high

concentration of 2,4-DNT results from the condensate wastewater from

the TNT purification process. Therefore, the ratio of 2,4-DNT to TNT

in the wastewater stream of the Volunteer plant was expected to be

7 ,higher than that in the waste stream from the Radford plant. Because

the photolysis and biodegradation half-lives of 2,4-DNT were found to

be at least several hours, much longer than the traveling time of waste

water from the plant to the head of the bay, only a small percent of

the 2,4-DNT was believed to be transformed before it reached the bay.

-* Therefore, 2,4-DNT loadings at the head of Waconda Bay were estimated

to be 8.8 x l03 mg s- ' and 43.8 x 10' mg s- 1 for the waste water dis-

charge rates of 220 and 1100 liters s" , respectively.

Monitoring data in Waconda Bay. In the WAR, Inc. survey (Sullivan,

1977a) of two 5-day periods in 1977, 2,4-DNT monitoring data are tabu-

lated in Tables B-14 and B-15; 2,4-DNT was found in the west side of the

bay even beyond compartment 12. Concentrations of 2,4-DNT were reported

to be over 100 ppb at the head of the bay to over 10 ppb in the lower

bay (see Figure B-9 for sampling locations).

1
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I Table B-14

CONCENTRATIONS OF 2,4-DNT (ppb) FOUND IN
WACONDA BAY DURING 9-13 JUNE 1975*

: iSampling
Location Date of Monitoring, 1975

(See Fig. B-9) 9 June 10 June 11 June 12 June 13 June

A 40 0 130 172 0

j B-I 19 56 26 52 87

B-2 0 0 80 137 114

j C-i 0 <2 <2 <2 <2

C-2 2 0 31 51 52

$ 1 D-1 0 <2 <2 0 <2

D-2 16 40 19 32 17

E-1 <2 0 0 0 <2

J E-2 0 0 0 0 0

F-i 0 0 0 0 --

F-2 12 0 10 0 13

Source: Sullivan et al., 1977.

I
I

'I
!
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I Table B-15

CONCENTRATIONS OF 2,4-DNT (ppb) FOUND IN WACONDA BAYI DURING 11-15 AUGUST 1975a

Sampling Date of Monitoring, 197521Location 11 Aug 12 Aug 13 Aug 14 Aug 15 Aug

A 12 71 17 58 -

B-i 30 < 2 < 2 < 2 45

IB-2 51 86 45 27 62

c-i 8 0 44 38 42

IC-2 27 < 2 11 < 2 28

D-1 0 0 0 0 -

D-2 15 < 2 < 2 0 0

E-1 < 2 0 < 2 0 0

-E-2 0 < 2 0 0 0

F-1 0 0 0 0 0

F-2 15 20 -- 0 < 2

S5ore Sullivan at al., 1977.
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