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PREFACE

This report describes a study of 2,4,6-trinitrotoluene (TNT) soil sorp-
tion and plant uptake, The study was conducted by the Environmental Labora-
tory (EL) of the US Army Engineer Waterways Experiment Station (WES),
Vickeburg, MS. The soils portion of the research was sponscored by the
Department of the Army In-House Laboratory Independent Research (ILIR) Program
for FY 86 and 87, under ILIR Project No. 4A161101A91D. The plant portion of
the research was conducted by EL for the US Army Biomedical Research and
Development Laboratory (USABRDL), Fort Detrick, Frederick, MD, The plant
uptake ressarch was authorized by Intra-Army Order No. 821I2032, Change 4,
dated 12 February 1985. This report was accepted by Louisiana State
University in partial fulfillment of the requirements for the degree of
Doctor of Philosophy ‘in the Dapartment of Marine'sciencaq in Auguat 1988,

The study was conducted by Dr, Judith C. Penriington of the Plant
Bioassay Team at tha WES. Team Leader for the Plant Bioassay Team during
the study was Dr., Bobby L. Folsom, Jr., The study was conducted under the
general supervision of Dr, Charles R, Lee, Chief, Contaminant Mobildity and
Regulatory Criteria Group, Mr, Donald L. Robey, Chief, Ecosystem Research
and Simulation Division, and Dr, John Harrison, Chief, EL. Dr. Howard T,
Bausum USABRDL, waa Project Manager for the plant uptake portion of the
study. .

COL Dwayne G, Lee, EN, was the Commander and Director of WES.

Dr, Robert W, Whalin was Technical Director.

This report should be cited as follows:

Pennington, Judith C, 1988, "Soil Sorption and Plant Uptake of
2,4,6-Trinitrotoluene," Technical Report EL-88=-12, US Army Enginecer
Waterways Experiment Station, Vicksburg, MS,
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PART I: INTRODUCTION

Background

2,4,6-Trinltrotoluene (TNT) was mentioned in the literature as
sarly as 1863 (Urbanaki 1964) and industrial poisoning of munitions
workers by TNT was mentioned by Hamilton as early as 1921, During World
War II, five Army Ammunition Plants (AAPs) manufactured TNT and
approximately 25 load, assemble, and pack planta (also called AAPs)
loaded bombs and shells with explosives including INT. Prior to 1968,
TNT was manufactured in the US by a batch process that produced
excessiva volumes of waste effluent, Thess effluents as well as wash
water from munltions loading were discharged dirsctly intec local streams
or into settling lagoons, In 1968, the Department of the Army (DOA)
adopted a modified manufacturing process, ths continuous flow method,
that more completely utilized xaw materials (Nay et al, 1974, Liebel et
al. 1978). Even though the new process was more efficlent, waste
effluents still contained as much as 50-100 ppm TNT (Traxler 1974),

Following the passage of the National Environmental Policy Act in
1969 and after adoption of strong amendments to the Clean Air Act and
the Clean Water Act in 1970, several AAPs were cited for violations by
tha Environmental Protection Agency (EPA) and/or by state and local
environmental agencies (Leibel et al, 1978)., The DOA established the
Army Pollution Abatement Program to address these violations. One
product of the Program was & series of aquatic field surveys of streams

receiving munitions wastes from direct discharge or from overflow of
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lagoons during heavy rains (Cairns and Dickson 1973, Fox et al. 1975,
Griffiths et al. 1979, Jerger et al, 1976, Putman et al, 1979, Sanocki
ot al. 1976, Stilwell 1976, Sullivan ot al. 1977, Weitzal et al. 1975),
Evidence from these studies showed a definite loas of biological
communitiss downstrsam from effluent release, but indicated that problem
levels wars generally confined to times of high INT production. In
these surveys, TNT could not be implicated -quulivaly in the blological
impacts of the effluent bscause other munitions products were also
present,

The Installation Restoration Program (IRF) was initiated by DOA in
1975. The IRP represented a changs in policy from one emphasizing
containment of contaminants on the installation properxties to one
emphasizing cleanup of the proparties. The new emphasis was due not
only to concern for environmental quality and compliance with
regulations, but also to emerging consideration for transfer of
installations that were no longer needed to non-military government or
civilian use (Rosenblatt and Small 1984)., The TRP provided for a
comprehensive definition of the contamination problem which included
surface water, groundwater, and the food chaiﬁ. The 1RP was recently
expanded to include formerly used Department of Defense properties with
current emphasis on those used in World Wars I and II, but with
potentisl emphasis expanding to include older sites and military
installations abroad.

Concern for the environmental effents of TNT wastes are fairly well
founded, TNT and many of its degradation products are known to be

toxic to fish and other aquatic fauna (Osmon and Klausmeier 1972; Liu,
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Spanggord, and Bailey 1976; Nay, Randall, and King 1974; Won, DiSalvo,
and Ng 1976), inhibitory to plant growth (Lakings and Gan 1981; Palazzo
et al. 1985; Schott and Worthlay 1974), and, in some c:.es, mutagenic to
microorganisms (Dilley, Tyson, and Newall 1978; Kaplan and Kaplan 1982a;
Kaplan and Kapian 1982b; Won, DiSalvo, and Ng 1976).

Only a few factors affecting the environmental fate of INT have
been well cafined, For example, photodecomposition and microbial
degradation are known to occur in the enviromnment, Burlinson (1980)
propcsed a mechanism for photodecomposition of TNT and identified
1,3,5-rrinitrobenzene (TNB) as tho principal product forming in natural
waters, Miarobial decomposition of TNT has beéen studied with the
intension of using microorganisms as a waste treatment alternative for
INT-containing wastes. Huwaver, microorganisms were unable to cleave
the TNT ring structure. The predominant changes affected by
microorganisms were reduction of nitro groups to amino groups, and
coupling of rings to produce azoxy compounds (Kaplan and Kaplan 1982b).
Several of the products of microbial metabolism are snvironmentally less
desirable than TNT (Ellis et al. 1978 and Lee et al, 1975), Principal
microbial degradation products of TNT found by Burlinson (1980) in
natural waters and by Kaplan and Kaplan (1982b) in compost wers
4-amino-2,6-dinitrotoluens (4ADNT) and 2-amino-4,6-dinitrotoluene
(2ADNT). Soil leaching studies have shown that TNT either remained in
the soil or was transformed to 4ADNT and 2ADNT (Gresne, Kaplan, and
Kaplan 19f4). Only 4ADNT was detected in leachates,

The aquatic field surveys mentioned in the previous paragraph were

limited to water quality, fauna, and algas. Neither soll soxption nor



uptake by aquatic macrophytes was examined. TNT and/or its degradation
products may be irreversibly adsorbed to soils and sediments.
Irreversible adsorption has been suggested as the mechanism for loss of
TNT from TNT-treated bentonite drilling muds (Leggett 1985), from
TNT-treated soils upon subsaquent drying (Cragin et al. 1985), and from
TNT-treated river sediment (Spanggord et al., 1980b, 1983). Results of
these studies suggest that the compound may become adsorbed to soils or
to soil organic matter, Therefore, ths solls part of this dissertation
research was conducted to provide information on soil sorption
properties of TNT,

It is posaible that INT and {ts degradation products may be taken
up by plants, enter the food chain, and accumulate in higher animals and
man where their toxic effects, like those of many pesticides, may be
magnifiad, Toxicity of TNT wastes to duckwocq (Lamna perpusilla) has
besn demonstrated by Schott and Worthley (1974), and depression of
ylelds in ryegrass by TINT has besn cited by Palazzo and Leggett (1983),
Since no data were available with which to assess uptake of TNT by
common plant specles, the plant biocassay part of this disaertation
research was conducted. The plant bioassay procedure was developed by
the USAE Waterways Experiment Station (WES), Vicksburg, Miss for
assessment of heavy metal mobility into plants from dredged material,
Yellow nutsedge (Cyperus egculentug) was selected for the WES biosssay
because it is ubiquitous and can grow under both flooded and upland

conditions.




Qbjectives

Specific objectives of this study ware to:

QuantifyICha ratc and extent of adsorption and
desorption of INT to soils from 13 AAPI;

Determine what soil characteristics correlate most
closely with adsorption of TINT.

Determine the effects of pH and redox potential on the
adsorption and desorption of TNT in soils.

Datermine whether C._esgulantus can take up TNT, 2ADNT
and 4ADNT from soils.

Determine whether TNT, 2ADNT and 4ADNT are concentrated

or degraded in £, egculentua.




PART II: LITERATURE REVIEW

Chanical and Explosion Proparties

The chemical strusture of TINT is given below.

CH 3
O,N NO 4

NO2
2,4,8 ~ Trinitrotoluens

Chemical properties not discussed in this papsr can be found in The
Meaxck Index (1976), or Chemimtxy. and Tachnology of Explosives by
Urbanski (1964).

Until the early 1970’s 'INT was the most commonly usad high
explosive™ derived from aromatic compounds (Urbanski 1964). Its
popularity stemmed from the facts that it was simple and relatively safe
to manufacture, had high explosive power, and waa highly stable by
virtue of its relative in;onnitivity to the impact and friction of
handling, 8ince the Vietnam confliot, more emphasis has been placed on
newer munitions compounds. However, TNT is still used, empecially in
combination with certain of the newsr compounds,

In its pure form TNT is a pale yellow crystalline solid having a

theoretical melting point of 80.8°C. This number is deprassed

*Htgh explosives are those characterized by extremely rapid
chemicnl iransformation accompanied by release of tremendous amounts of
energy. Large volumes of hot gases such as CO, COp, Hy, and CHg; result
from their explosion. They are not readily detonated by heat, flame,

or shock, but require a primary explosive for detonation (Vinon and
2itrin 1981),




proportionately to the quantity of other isomers produced concurrently
with the alpha isomer. At 259C the solubility of TNT is 0,015 g/100 g
of water, 88 g/100 g of bunzens, and 132 5/1063 of acetone (Urbanski
1964). TNT is difficult to ignice, The true ignition temperature
(aﬁthor- differ) is areund 300°C and gaseous dacomposition has not been
detected balow 160°C (Urbanaki 1964).

Net decompoaition by detonation is belisved to follow the reaction

_bclow:

16CyHs(NOg) 3 = 20C07 + 47C0 + CHy4 + H20 + 2CH2 + 2HON +
14.5Hy + 21.5Ng+ 3NH HCO + 29C

The explosion of one kilogram of TNT produces 950 kilocalories of heat,
650 lirres of gas and a temperature of 2,820°C (Urbanski 1964),
The data of Leggett, Jenkins, and Murrmann (1977) (Table 1)

indicate that TNT {s not very volatile from the solid phase.

Table 1

Volatility of TNT at Three Temperatures

Tamperature (°C) Vapor Brossure (torr x 10°)
20.0 1.10
25.5 3,96

40.0 42.4




No data were found addressing volatility of TNT from solution. Data
concerning vapor pressures vas found for vary few of the decomposition

or degradation products of INT,

INT Manufaatuce

INT {s produced by the sequential nitration of toluene. A mixture
of nitric and sulfuric scids is used as & nitrating medium. The
process is complasted by removal of the untymmetrica} fisomers of TNT as
wsll as other oxldation products by contant with sodium sulfite
(sellite). 'The unuanto@ isomers and othex products arg solubilized and
ramevcd 43 an aqueous ofkluont knowm a3 "red water" boﬁauno of ita
color, The waute products of the counter-current continuous flow
procass Lnclude excess nitrobodies, spent acids, uxcess red water and
cooling water (Nay et al. 1974, Lisbel ot al. 1978)., The industrial
process may be generalized as represented in Figure 1. Each step is
typlcally carried out in a separate explosion praof building and waste
products are dlucharged at each point in the process (Leibel et al.
1978). Afcer sellite purification, the TNT ia washed again with water,
These wash vaters are also high in the waste products mentioned above.

The largest volume of contaminated waste water ia produced during
TINT Xinishing processes, i.s. drying, flaking and packaging, The waste
water ig generated from cleaning equipment and interior surfaces of the
finishing plants. As much as half a million gallons of this water can
bhe generatad per day at & single installation (Walsh et al, 1973), In a

study of waste waters resulting from both production and purification of
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INT, Spanggord et al. {(l%ul; ldeucified and quantified over 30

nitroaromatic compounds during one ysar of sampling.

Ragradation Mschaniams and Produgats

Ehetodaconposition

Photodscomposition of TNT was probably recognized from sarliest
days of menufacture because of the conspicuous change of effluents to a
red or pink color when exposed to sunlight. The most extensive studies
of the photochemistry of TNT have been conducted by Burlinson and his
co-workers at the Navy Surface Weapons Center (Burlinson 1980, Burlinson
et . ﬂ953. Burlinsor et al. 1979, Kaplan, Burlinson, and Sitemaun
1975) and by Spanggord and his co-workers at the Stanford Research
Instituts under contract to the US Army Medical Research and Development
Command (Spanggord et al. 1980a; Spanggord et al, 1980b; Liu, Spanggord,
and Railey 1976),

Spanggord et al, (1980b) showad that decompusition of TNT was much
more rapid in natural sunlight than in darkrieas. In their atudy the
concentration of TNT in Mississippl River water (pH =~ 8.2: total organic
carbon = 4,48 mg/L) neared zero after 6 - 8 days exposure to sunlight,
vhereas 30 days in darkness were required to dissipate 90 percent. In
the same atudy photodecomposition was shown to be inversely proportional
to pH over a tested range of 1.1 to 11.1 pH unita. Aqueous solutions of
TNT under nsutral or acidic conditions romained very stable in datrkncas;
however, at a pH value of 11,1, INT decomposed even in darkness,

Burlinson (1980) reported that in sunlit Misaissippi River waters,
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photolysis was more rapid than in distilled water. They attributed this
difference to the higher pH of the Rivar water. However, Spanggord et
al. (1980b) submitted that the effects of pH on the photolysis rate
constant for TNT is insignificant comparsd with that of natural
substances. Their data suggested that light abmorption by substances in
natural water senaitize TNT resulting in photélytie transformations,
They demonstrated that the products of photolysis also accelerate
photodcconpoai:iqn. Conclusions of Mabey et al. (1983) asupported the
findings of Spanggord et al. (1980b).

Burlinson et al. (1973) reported that the photolysis rate of TNT is
affeacted by the solvent in whioch it is dissolved, They found the
photolysis rate to be nearly the same in cyclohexane and water, but
reduced in methanol., Suryanarayanan and Capellos (Spanggord et al.
1980a) found the rate to be faster in nonpolar than in polar solvents.
For example, their decay rate conatant in benzens was more than 20,000
times greater than the constant in methanol.

A list of all of the photodacomposition products of TNT found in
the literaturse is given in Table 2, Burlinson at al. (1979) provided
the most complete list of photodecomposition products produced by
laboratory irradiation., (Fewer products have been reported from natural
waters,) They reported that only 43.30 percent of tha products ware
recovered in solution, The remainder were present an an insoluble
residue that was suggested to ba oligomers of azo and azoxy compounds,
It should be noted that only soluble compounds wers assayed and that the
analytical method was thin laysr chromatography which does not ssparate

all products. Burlinson’s mechanism for photodecomposition of TNT ia




Table 2
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Refsrences

Burlinson st al, 1973; Spanggord et
al, 1980; Kaplan et al. 1974;

Lompound

1,3,5-trinicrobenzene

2,4,6-trinitrobenzaldehyde

4,6-dinitroanthranil

2,4,6-trinitrobenzonitrile

Epstain ot

al. 1975

Burlinson et al. 1973; Burlinson at
al, 1979; Spanggord et al. 1980a;
Kaplan et al, 1975; Epstein et

al, 1978

Burlinson et al. 1973; Burlinson et
al. 1979; Spanggord et al, 1980a;

Fpatein at

al. 1978

Burlineon et al, 1973; Burlinson et
al. 1979; Spanggord et al, 1980a;

Kaplan 1975

2,2',6,6'-tetranitro-4,4'- Burlinson et al, 1973
azoxytoluene

4,4',6,6' -cotranitro-2,2'- Burlinson et al. 1973
agoxytoluene

2',4.dimethyl-3,3,5,5"'.
tetranitro-ONN-azoxybsnzens
2,6'.dimethyl-3,3',5,%"-
tetranitro-ONN-azoxybenzene
2,4-dinitrolsoanthranil
2,2'-dicarboxy-3,3'8,5'.

Burltﬁlon et
Burlinson et

Burlinson et
Burlinason at

al, 1973
al, 1973
al, 1979

al, 1979; Kaplan ut

tetranitroazobentens al, 1979
2-carboxy-3,3',5,5'«tetra Burlinson et al. 1979; Kaplan et

nitro-NNO-azoxybanzene al, 1975
2-amino-4,6-dinitrobenzoio Burlinaon et al. 1979; Spanggord et

acid al, 1980a; Kaplan et al, 1975
4,6-dinicroiscanthrantil Kaplan et al, 1975
4,6-dinitroanthranil Kaplan et al. 1973
8yn-2,4,6-trinitrobenzal Kaplan et al. 1975

doxime
2,6,6-trinitrobensyl

alcohol
3,3-dinitrophenol

Kaplan et al.
1978

Kaplan et al,
1978

197%; Epstein et al,

1975; Epstein et al,

2,2'-dicarboxyl-3,3", Kaplan et al, 1975
3,3' - tetranitroazoxybenzens

2,4,6-trinitrobenenic acid Kaplan et al., 1975

N-(2-carboxy«3,5-dinitrophenyl)- Kaplan et al. 1975

2,4,6-trinitrobenzamide
4,6-dinltro-1,2-bensinoxazole

Epstein et al, 1978




given below, Although this mechanism is commonly accepted, not all of

the apsoifin durpits of the -« notion hava been alucidated,

INT-=--2,4,6-1rinitrobanzaldenyde--- (Some undefined

nucleophilic complex).--1,3,5.Trinitrobenzens

Hiorobial Degradation and. Complexing

A broad range of microorganisms are capable of growth in the
pressnce of low concentrations of TNT. Klausmeier, Oamon, and Walls
(1973) reported that most fungi, yeasts, actinomycstes, and gram
poaitive bacteria grew when TNT concentrations did not exceed 20 mg/L.
Many gram negative bacteria grew well in TANT concentrations of 100 mg/L
or more. At higher concentrations growth was prevented or inhibited.
TNT can serve as the aole source of carbon and nitrogen for some
microorganisms (Weitzel et al, 1973; Traxler 1974; CGreene, Kaplan, and
Kaplan 1985), but most microorganisms rejquire a supplemental carbon and
nitrogen source to grow in the presence of TNT (Spanggord et al. 1980b;
Jerger, ot al, 1976; Klausmeier, Oamon, and Walls 1973). Hudock (1972)
reported that Pegudomonas spp. metabolirzed TNT in & contaminated soil
without inhibition only after a period of adaptation., Howevar, Jerger,
st al, (1976) showed that reduction of TNT by aquatic and sediment
microbial communities proceeded readily without acclimation. They found
that indigenous populationa isolated from control stations and from
stations contaminated with varying concentrations of TNT exhibited

similar TNT traneformation rates.
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One author (Traxler 1974) reported ring cleavage of TNT by a gram
ucgative bacterium. However, the remainder of the literature reported
no ring cleavage by microbial degradation (Burlinason 1980; Kaplan and
Kaplan 1982d; Jerger et al, 1976; Carpenter et al. 1978; Hoffsmommer et
al. 1978; and others). Based on the products found, the litaraturs
supports a stepwise reduction of the nitro moieties on the TNT molascule
yislding amino and hydroxylamino products which further react to form
agoxy compounds (Carpenter at al. 1978; Burlinson 1980; Hoffsommer et
al, 1978; Kaplan and Kaplan 1982¢; Parrish 1977; Won et al. 1974;
Spanggord et al., 1983), A biotransformation scheme for TNT in compost
(Figure 2) was proposed by Kaplan and Kaplan (19620)1 A similar scheme
was proposed by McCormick et al. (1976) for mesophilic systems. Para
position raduction is favored over orthe position reduction (Kaplan and
Kaplan 1982c; Hoffsommer et al. 1978; Parrich 1977; Greene, Raplan, and
Kaplan 1984).

Microbial decompoaition has been ltuéied,with the objective of
using microorganisms as a waste treatment alternative for TNT-containing
wastes (Kaplan and Kaplan 1982c; Osmon and Andrews 1978)., However, the
predominant changes effected by microorganisms, i.s., reduction of nitro
groups to amino groups, and coupling of rings to produce azoxy
compounds, resulted in products that wers environmentally less desirable
than TNT (Ellis et al, 1978 and Lee et al, 1973)., The fate of INT in
activated sludge has also been investigated (Carpenter at al, 1978;
Hoffsommer et al. 1978), but the same undesirable degradation preducts
vere found, and the reactions proceseded too slowly to be of practical

use as a waste treatment method.

14
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Ioxicology

A sumnary of literature on cases of TNT poisoning to munitions
workers through the sarly 1960's is given by Urbanski (1964). Due to
high demand for TNT during World War I, industrial hygiene was widely
neglected resulting in numerous casss of poisonings attributable to TNT.
For axample, during the first seven and one-half months of WWI at a
single munitions factory in the United States 17,000 cases of poisoning
ware recorded, 475 of which were fatal. Statistics for World War II
showed marked improvement. About 1,000 casmes of mild poisoning, 379
more serious, and 22 fatalities were reported, Current statistics were
not found: however, safety standards are now well enforced and raported
incidences of poisoning are rare,

The priwmary modes of exposurs of workers to TNT were absorption
through the skin (Hamilton 1927), and inhalation. Mild symptoms of
poigoning include irritation of the digestive tract, and paleness or
purpling of the skin, More severe symptoms are methemoglobinemia,
severe jaundice due to liver damage and aplastic anemia caused by
disfunction of the bone marrow (Urbanski 1964).

TNT i known to be toxic to rats and mice (Lees et al. 1975, 1977;
Ellis et al. 1978), fish (Dsamon and Klausmeier 1972), unicellular green
algee, copepods and oyster larvae (Won et al, 1974), 'INT is also known
to inhibit growth of fungl, yeasts, actinomycetes, and bacterila

(Xlausmelier et al. 1973),

16
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Waste Ireatment and Disposal

In the early days of large-scale TNT manufacture, waste effluents
were discharged directly into surface water (Liebel et al. 1978, Walsh
et al, 1973) or indirectly into surface and/or ground water after only
brief periods in settling ponds (Cragin et al. 1985, Spanggord et al.
1982, Walsh et al. 1973, Sanocki et al, 1976, Stilwell et al. 1976,
Jerger et al. 1976, Weitzal et al. 1975, Fox et al, 1975). In some
cases, natural avaporation was allowed to concentrate the waste
residues {n lagoons (Spanggord et al. 1983), Screenable solids were
sometimes removed from effluents and burned ;n open areas before water
wag discharged (Rosenblatt and Small 1981)., Today the waste waters are
pumped through a carbon adsorption column (Jenkins et al. 1984) or
distilled, condensed, and then discharged into streams (Spanggord et al.
1982) or incinerated, Waste treatment of acld effluents often consisted
of neutralization with soda ash (crude |od1umlcarbonato) prior to
discharge (Cairns and Dickson 1973).

Many of the older leaching ponds and settling lagoons were buried
when production facilities were rebuilt, modernized, or discontinued,
Today, many of these are being excavated because the potential for
contamination of groundwater is now recognized. Studies are in prograss
to determine if they should be completely excavated and disposed of in a
more environmentally safe manner (English, Smith and Meuser 1983).

At most installations, concentratad liquid wastes from red water
and pink water are fncinerated (Cairns and Dickson 1973, Walsh et al.

1973, Cragin et al. 1985). Originally, these wastes were manually




spread on a concrete pad, ignited and allowed to burn in the alr. This
practice was carried out under temporary waivers in many states whore
regulations barred ppon-burnin; (Forsten 1973)., The incineration
process produood-nitfogen oxides that polluted the air and particulate
matter that settled over large areas contaminating the ground and
becoming subject to runoff or to leaching into the groundwater (Conley
and Mikucki 1976), Under Presidential Executive Ordar 11507, the
government took tha lead in developing incineration capabilities that
minimized pollution. Forsten (1973) evaluated three incinerator medels
for this purposa, An underground burning pit with a low air current
system has been widely adopted,

For many years sxpired munitions, primarily TNT and hexahydro-
1,3,5-trinitro-1,3,5-trlazine, vere dumped into the sea, Obaclete
liberty shipa were filled with munitions and scuttled (Hoffsommer and
Rogsn 1972, Ogmon and Andrews 1978). Some of these ocean dumps have
been investigated by the Navy and found negative for explosives
contamination (Hoffsommer, Glover, and Rosen 1972; Hoffsommer and Rosen
1972).

Conlaey and Mikucki (1976) explored tha possibility of disposing of
liquid and solid TNT wastes in sanitary landfills. Results of their
lysimetry studies indicated that TINT did not migrate downward in the
soil to any great extent. However, in a subsequent study, Osmon and
Andrews (1978) recommended that the concept of disposal by landfilling
be abandoned. They found that manipulation of soil moisture,
concentration and types of nutrients, and dsgree of soil aeration wers

ineffective in causing completo mictrobial degradation of TNT, They

18
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1 recommended that large scale composting with domestic or industrial

rafuse be explored, Kaplan and Kaplan (1982b) conducted a study in

which IIAG]TNT was composted with horse manure, alfalfa hay,

gracsclippings, dead hardwood leaves, and garden soils. Their results

showed 1) fio cleavage of the TNT ring structure, 2) reduction of nitro

groups to amino groups, and 3) coupling to azoxy compounds. A

significant percentages of the 14¢.1abel (13.9 percent after 91 dnylj

e o

1 was bound to the humin fraction of the compost. The amount of bound,

! labeled matarial increased with time of composting. Therefore,
compoating did not contribute to decomposition of TNT and was abandoned
as an abatemsnt process.

Presently, only ona facility actively produces TNT in the United

7 States (Radford AAP, Radford, Va). The facility utilizes carbon
adsorption columns for cleanup of sffluents. The several AAPs that load
and pack TNT-containing munitions utilize incineration for waste

disposal.




PART II1: MATERIALS AND METHODS

Adaorption and Desorption of INT by Soils
fxom Selected AAPs

Soil Collection

Locations of AAPs that were sampled for this study are shown in
Figure 3, Soil samples ware collected from uncontaminated sites at 12
of the AAPs that handls TNT now or have handled INT in ths past. Seven
of the 14 installations having documanted TNT contamination of ground
water or soil in the data hase of the US Army Toxic and Hazardous
Mﬁtoriall Agency (USATHAMA) (Tucker et al, 1983) were sampled., Five of
the AAPs sampled are listed by USATHAMA as potentially contaminated with
TNT. The remaining AAP sampled was reported by installation personnel
as having handled TNT in the past.

Sampling of soils from all of the AAPs of interest was precluded by
budget limitations. Many of the locations wers selectsd bhecause travel
by personnel of the WES for other purposes was to proximal areas.
However, a special trip was made to Radford AAP, Radford, Va., because
it is the only facility currently manufacturing TNT, Holston AAP was
sampled on the sams trip since it was within practical driving distance
of Radford, A special trip was also made to Louisiana, Longhorn, and
Lone Star AAPs because they are very close togather and within easy

driving distance of WES,

20
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Soil survey maps for each of tha AAPs to be sampled were obtainad
from local US Department of Agriculture Soil Consarvation Service (SCS)
offices, The SCS, in most sampling areas of thes country, weras
preparing now survey mapa, Thersafors, maps for some arsas were not yet
updated and were very old, Several counties of intersst had no map
available. Soil maps were taken to the AAP where personnel familiar
with the operations and grounds of the facility were asked to identify
areas potentially receiving TNT contamination from past or present
activities, Activities mentioned as potential causes of contamination
included dumping, burning, or lagoonal disposal of manufacturing
effluents or wash watars from load and pack operations. Soil type in
poteritially contaminated areas was noted on the soll survey map, and
areas on the facility having the same soil type, but safely removed from
any possible contamination, were located. Test samples wers taken from
thuse uncontaminated sites,

Soll samples were taken by removing any vegetative cover or litter
from the soil surface and collecting several shovelfuls from the top 1S
cm of soil (the A horizen), The same procedurs was followed at several
spots within a few metres of each other to obtain a represencative soil
sanmpla. Approximately 40 1 of soil were collected from sach AAP,

All soils were alloved to air dry, ground to pass through a 2-mm
sieve, sealed, and stored at 25°C in 28-1 Bain Marie pots until testad.

Physical and Chemical
Characterization of AAP Soilx

pii. Four 10-g replicates of soil on an oven dry weight (ODW) basis
wers weighed to the nearest 0.1 mg into 50-ml glass beakers. The soil

samples were mixed with 20 ml of reverae osmosis (RO) water unti{l all
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dry particles were thoroughly wet. The rxesulting suspension was stirred
with a magnetic stirrer for 1 min svery 15 min until a total of 45 min
had passed, The pH of the suspension was then determined with a glass
and a reference silver-silver chlorids alectrode on a Beckman Model 5S.3
pH meter (Beckman Instruments Ine., Fullerton, Calif.).

Particle sizs distribution, The particle size diatribution was
deternmined in four replicates by using the method of Day (1956) as
modified by Patrick (1958). The method determines the percentage of
three size fractions in the soil: sand (2 mm to 30 u diameter), silt
(50 to 2 u dismeter), and clay (<2 u diameter),

Cation exchange capacity, Cation exchange capacity (CEC) was
determined in four replicates using the ammonium saturation method of
Schollenbarger and Simon (1945),

Blectricsl conduativity, Electrical conQucclvicy (EC) was
determined {n four replicates on extracts of saturated pastes made from
soils using the method of Rhoades (1982). The conductivity meter was a
Model 31 YSI (Yellow Springs Instrument Company, Yellow Springs, Ohio).

Extractable iren, manganess. aluminum, and calcium., An ammonium
oxalate/oxalic acid extraction procedurs was used to remove hydroxides
of iron, manganess, aluminum, and calecium from soils in four replicates

(Brannon and Patrick 1985), Extracts were analyred by the Analytical

Laboratory Group, Environmental Laboratory, WES, using a Beckman Spectra
Span I1IB Argon Plasma Emission Spectrophotometer (Applisd Research

Laboratoriss, Dearborn, Mich.).
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Percent organic carbon., Percent organic carbon (OC) was
deternined by the complete combustion method described by Nelson and
Sommers (1982),
Ihin:layar Chromatographic Scxasning
Salsction of sxtragting selvant., All 13 AAP soils were screensd by

thin-layer chromatography (TLC) for contamination by TNT and several of

-— e . o B o nw a oamt—— .

its degradation products, even though every effort had been made to
avoid soll collection in areas remotely suspected of contamination, A ‘
preliminary experiment in which [1“CJTNT-:roneud soila were extracted
vith four sclvents (acetone, benzens, methanol, and methylene chloride)
showed acetons and methanol to be the most effective in removing
II“CITNT (or 1ics 140.14beled degradation products) from the soils.
Howaver, to minimize the obscurance of compaunds of interest by
do-extraction of extranocous compounds, each of the solvents waa

retested for use with TLC. A clay soil having an organic carbon content
of 2.401 percent and a cation exchange capacity of 135 meq/100g was
extracted with each of the test solvents listed above. The clay was
assumed to be TNT-free because it was collected far from any munitions
activities. The soil extracts were chromatographad againast 45-50 ul of

known standards (listed below),
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Ssandaxd Compounds for Thin:laver Chromatographic Analysis
2,4,6-trinitrotoluene 4-amine-2,6-dinitrotoluene
2-amino-4,6-dinitrotolusne 2,4-dianino-6-dinitrotoluene
2,6-diamino-4-dinitrotolusns 2,4-dinitrotoluens
2,6-dinitrotoluene 3,4-dinitrotoluena
2,3.-dinitrotolusre 2,5-dinitrotolusns

2,2',6,6'-tetranitro-4,4' -azoxytoluene

A solvent was selectsd that produced the least visual interference with
the known standards when viewed under ultra vielet (UV) light (254

nanocneters).

Salegtion of molvant avatam, A review of tha literature revealad

that many solvent systems had besn used to separate TNT and various
related compounds. Based on the work of Jerger et al, (1976), Naumova
et al, (1979), and Osmon and Andrews (1978), the following solvent
asystems were selected for testing: benzens/ethyl acetate (75:25),
banzens/hexans/pentane (50:40:10), and benzena/chloroform (75:28),
Using known concentrations of TNT, 4ADNT, and 2ADNT, silica gel TLC
plates (Redi Plate-8ilica Gel GF, Fisher Scientific, Pittsburg, Pa.)
ware migrated in each of the thres solvent systems, Separation of these
threes compounds was particularly important in this study because of
their known prevalence in the environment. Se; ration of 4ADNT from
2ADNT was especially critical becauss their markedly aimilar chsmical
structures make them difficult, 4if not impossibls, to separate by many
analytical techniques. The solvent system most completely separating

thess three compounds was sslected. Any of the 13 AAP soil extracts
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exhibiting UV-visible spots, the Rg value of which was not consistent
with the thres standard compounds, was subjected to a second screening,
In the second screening extracts were nigratcd with all other standard
compounda, (Complate list given above.)

ILC of AAP soils, Three five-gram (ODW) replicates of each AAP
soil were extractad thrae times with 10-ml portions of methanol, the
solvent aslected in the praliminary solvent test. Samples were
extracted in 50-ml stainless stesl test tubes on a reciprocating box
shaker for 30 win, centrifuged at 17,369 x gravity (g), or 12,000 rpm,
for 10 min, and the supernatant removed with a Pasteur pipatte,
Extracts from the same replicate were combined and concentrated under a
strean of dry air to a final volume of 0.5 ml before plating on silfica
gel plates., Plates wers migrated in TLC tanks until the solvent front
vas within a few cm of the top., As the plates were removed from the
tank, the solvent front was marked. The plates were allowed to air dry,
and then viewed under UV light. Each visible spot was marked and the
distance it had migrated from the point of origin was measured so that
an R¢ value (distance of solvent migration/distance of unknown
migration) could bo calcularad. Rg values of unknowns were compared
with R¢ values of known standards on the same plate. When Re values
vers equal, the possibility that the identity of the unknown waa the
same as the identity of the standard was acknowledged,

Sell to Solution Ratic

To compars results of tests conducted with different solil to

solution ratios, adsorption of TNT using four soil to solution ratios

vas compared. 8ince both organic and inorganic surfaces potentially




?3:(‘. :

27
provide sites for adsorption, and organic carbon is often highly
correlated with adsorpticn of neutral organic compounds, e.§.,
pesticides (Weed and Weber 1974), a soll high in percent OC and also
relatively high in GEC and percen: clay was selected, Joliat AAP soil,
the soil selected, axhibited the highsst psrcent 0C of any of tha AAP
soils (3.592 percent) and also exhibited a relatively high CEC (102
meq/100 g) and percent clay (23.8 percent)., The four ratios tsated were
ltoh, L to 1D, 1 to 20, and 1 to 30,

Soil samples of 5, 2.5, 1.25, and 0,83 g were weighed (ODW) into
50-ml stainleas stesl centrifuge tubes in thras replicates, To sach
tube were added 23 ml of & (14clrnr solution containing 0.023 ucCi I“C/ml
and 16 ug total (14¢ 1abeled plus unlabeled) TNT/ml. Tubes were sealed
and placed on a reciprocating box shaker at highest speed (280
excursions/minute) for 2 hr. After shaking, the tubes were centrifuged
for 20 min at 17,369 x g. Three l.ml aliquota of the solution were
removed to each of thres vials containing 20 ml of PCS liquid
sointillation (LS) cocktail (Amersham Corporation, Arlington Heighta,
I11.) and counted for 20 min by LS., Standard curves wers preparad by
plotting counts per minute (CPM) per millilitre against micrograms of
INT per millilitre in the [I“C]TNT treatment solution. Micrograms of
TNT per millilitre of solution were then related to micrograms per gram
of moll (ODW),

Adzazption Kinetics

Adsorption kinetics wers determined using soils from two of the

AAPs., The two soils, selected on the basis of percent 0C, were the

Louisiana AAP soil, with a relatively low percent 0C (0.367), and the




28
Joliet AAP soil, with & relatively high psrcent 0C (3.3592). Each sofl
vas equilibrated with three concentrations of TNT in aqusous solution
(1.0, 4.0, and 16.0 ug TNT/ml). Concentration values included both
140.1gbeled and unlabeled TNT, These soncentrations wars equivalent to
5.0, 20,0, and 80,0 ug INT/g of moil in the centrifugs tubes. Each of
the solutions also contained 0.027 uCi/ml of l4¢.1abeled TNT, Five-gram
s0il samples wers weighed intc 50-ml stainless steel centrifuge tubes in
three replicates for each sampling time. Then 25 ml of [1“C]TNT
solution was added to each tuba, The tubess ware placed on a
reciprocating box shaker and allowad to shake at highost speed. Three
tubes were removed at each of the following times: 0.25, 0.50, 1.00,
1.50, 2,00, 5.00, 10,00, and 24,00 hr., As soon as tubes were removed,
they were centrifuged for 30 min at 17,369 x g. Three l-.ml aliquots of
the supernatant were counted by LS for 10 min. Zero time values were
datermined by counting 1 ml of solution from each concentration of TNT
in three replicates.

Three replicates of each test solution without soll were placed on
the shaker and sampled initially and at 2.00 and 24,00 hr, These
"no-soil" blanks were included to measurs any adsorption of II“C]TNT to
the walls of the centrifuge tubes,

A standard curve relating 146 CPM per millilitre to concentration
of TNT (micrograms/millilitre) was prepared for esch test solution
(Appendix A). The INT concentration in the solution phase, assuming
that all l4¢ activity was due to [1“CJTNT and not to radiolabeled
decomposition products, was plotted against time to establish an

adsorption kinatlcs curve for each of the soils.
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Reascrption Kinstica

For comparative purposes, the same soils sslected for the
adsorption kinetics studies were also used for the desorption kinatics
studies. Highteen l-g samples (ODW) of Joliet and Louisiana AAP moils
were weighed to the nearest 0.1 mg into 350-ml Oak Ridge Type
polycarbonate centrifugs tubss (Sybron/Nalge, Rochester, N, Y.), Twenty
mill4litres of the 16 ug/ml [14G]INT solution was added to all tubes,
the tubes ware weighsd to the neatest 0,01 g, and the soils adsorbed for
2 hr as described above., Three replicates without moil were run as
described above to measure any adsorption of [L4C])TNT to the
polycarbonate centrifuge tubes, After adsorption, tubes were
centrifuged, the TNT solution was removed, and the tubas wore brought
back to original weight by the addition of RO water. All tubes were
returned to the reciprocating box shaker. Three tubes of each soil typa
were removed at sach of the following times: 0.5, 1.0, 1.5, 2.0, 5.0,
and 10.0 hr,

Tubes ware centrifuged for 20 min at 17,369 X g as soon as thay
were taken from the shaker. One millilitre of solution was removed for
scintillation counting as desoribed for the admorption test, TINT
concentration in the solution phase was plotted against time to
establish a desorption kinetics curve for aeach of the soils,

Batoh Adsorxption Equllibriun

OUne-gram soil samples (ODW) from each of the AAPs, plus a Tunica
silt and a Sharkey clay, wers weighed to the nearest 0.00l g into 50-ml
polycarbonate centrifuge tubes in three treplicates for sach of the

following five concentrations of TNT: 1,0, 4.0, 8.0, 12.0, and 16,0
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ug/ml. The silt and clay were included bocauss they are routinaly used
in the standard WES plant bioassay smployad latar in this study, Twenty
nillilitres of [L4CJTNT solution containing 0.023 uGi [l4C)TNT/ml, plus
sufficient unlabaled TNT to produce the final concentrations listed
above, were added to sach tube., All tubes were equilibrated for 2 hr on
& reciprocating box shaker operated at naxinuﬁ speed. At the end of the
2-hr period, tubes ware centrifuged at 17,369 x g for 20 min, A l-ml
aliquot of the solution phase was removed and counted three times by LS
for 10 min.

Adsorption data were fit to a linear and two classical isotherm
models using linear regression. Tha two classical models were the
Langmuir Isotherm Model and the Freundlich Isotherm Model (Weber 1972),
Linear regressions wers calculatsd using the procedures available with
Statistical Analysis System (SAS Inmtitute Inc, 19883),
dagueantial Degoxption

Eight soils selected on the basis of average K4 were used in the
sequontial desorption testas. Soils exhibiting as broad a range in
adsorption as posmible were selected, Twenty millilitres of 1l6-ug
INT/ml solution was added to tubes containing 1 +/- 0,001 g of each of
the selected soils, and each tube was weighed to the nearest 0,01 g.
After 2 hr of adsorption, the solution was removed, and ths tubes were
brought up to the original weight with RO water, Thay wers raturned to
the reciprocating bex shaker for 2 hr, At the end of tha first
desorption cycle, the tubus were centrifuged for 10 min at 17,369 x g
and the solution removed. One millilitre of the mclution was diluted

with 20 ml of PCS8 and counted by LS for 10 min three times. Secord and




third desorption cycles were conducted in the same manner.
curve was consulted to convart CPM/millilitre to micrograms

TNT/millilitre (Apvendix A).

A standard
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Adsorption and Desorption of INT Undex
Controllad pi and Redox Potential

Experimental systems for controlling pH and redox potential (Eh)
were a modification of that described by Patrick, Williams, and Moraghan
(1973) (Figure 4), Modifications included manual manipulation of pH by
injection of 1 N HCl or L N NaOH through the serum cap, and use of
uilver-silver chlovide (Ag - AgCl) refersnce snd pH electrodes rather
than calomel slectrodes.

Three pH/Eh test systems (replicates) were sut up for aach of the

following combinations of test conditions: pH 5,0, Fh ~150; pH 5.0, Eh

+430; pl 6.5, Eh -150; pH 6.5, Eh +450; pH 8.0, Eh -150; and pH 8.0, Eh

+450, (Eh values ware corrected to the Ag - Agcl slectroda accouding to
the procedure given by Jones 1966,) The most adsorptive soil (Joliat '
AAP soil) was solected for the pH/Eh tests. One hundred thirty g of
soil (ODW) which had been ground to pass through e 200 mesh sieve
(particle size no greater than 75 microns) was added to 2,600 ml RO
water in a 2800-ml Fenback flask to produce a 1:20 soil to solution
ratio. The soil was maintained in suspension by magnetic stirring.
Each flask was equipped with a no. 13 rubber stvopper through which
electrodes, gas inlets and outlets, a thermomater, and sampling ports
passed (Figure 4).

Aftar equilibration had been achieved (2 - 3 weeks), £ifteen 20-ml
aliquots of soll suspension ware vemoved vis the sexum cap using a
hypodermic syringe equipped with a long needls. The samples wera placed

into 50-ml polycarbonate centrifuge tubss (Oak Ridge typn). If
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Flgure 4., Laboratory apparatus for comtrolling pH and redox
potential in soil slurrima
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sugpensions were from flasks maintained under reduced conditions, each
tube waz flushed with Ng prior to filling to maintain a reduced
atmosphera. Tubes were spiked with £ive concentrations of [1“C]TNT.

The spiking resulted in three replicates of the following "*NT

concentrations (ug/ml): 1,0, 4,0, 8,0, 12,0, and 16.0. All tubes were

_placed on a reciprocating box shaker at maximum speaed for 2 hr., After

shaking, tubes were centrifuged at 17,369 x g for 10 mir and one
millilitre of the solution was counted in PCS three times by LS for 10
min., After all remaining solution had been r;movud. each tube from the
12,0 ug TNT/ml treatment was brought up to its original weight with KO
water and veturned to ths shaker for desorption., Desorption Qu: carziead

out on the 12.0 ug TINT/ml selution bnc@ulc statistical comparison of the

INT esdsorption data for the 12,0 and 16,0 ug TNT/ml solutions showed no

-significant differences. These resultus indicated that the 12 ug/ml

solution was sufficiently concentratad to saturate the soil, Therefore,
use of the more concentrated solution for desorption was unnscessary,
Soil and water wers allowed to shake for 2 hr, the tubes were
centrifuged and the solutions counted by LS as previously described.
Thres such desorption cycles were performed in sequence.

Preliminary tests had shown that ropcatnd sampling of flasks
through the serum cep ueing a hypodermic syringe and needle did not
produce a conaistent ratio of woll to solution. Therefore, the exact
soil to solution ratio was determined for each sample withdrawn from the
flasks. Centrifuge tubes were weighod before and after receiving the
suspension aliquot. At tha end of the test, all solution was removed

from tubes and the remaining soil allowed to oven dry at 104%C over
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night. When cooled, the tubes containing dry ‘soil were weighed again.
Since the exact volume of the withdrawn aliquot was known, the soil to

solution ratio could be calculated.

Regxadation of INI Undax Oxidized and Reduced Conditions

Preliminary Test for the Effectivensss
of Mexcuxic Chloxide as s Soll Sterllant.

In order to determine whether degradation was biotic or abiotic, a
sterile treatment was included in the study, According to Van Clsemput,
Patrick, and McIlhenny (1976), a 0.01 M solution of mercuric chloride
(HgClz) 4s sufficient to inhibit biological reduction without
interfering significantly with chemical roducéion in a 1:2 soil to
water auspension. Therefors, a 200-ml 1:20 soil to water suspension was
treated with 10 ml of a 0.2 M HgCly solution sc that the concentration
of HgClz in sach test was 0.01M. Since the amount of smoil in this study
was 10 times smaller than in the study reported by Van Cleemput,
Patrick, and Mcllhenny, the rate used should be more than offective.
Nonetheless, a preliminary test was conducted to assess the
effectiveness of this rate of HgCly as a sterilant under the conditions
of the current study.

Sediment from Brown's Lake, a small freshwater lake, was treated in
a 1:20 oven dry sediment to water ratio with HgClps. Three 250-ml
polycarbonate centrifugs tubes were treated with HgCly, and three were
left untraated to ssrve as controls., All six tubes were placed on a
reciprocat!ng box shaker operated at maximum speed. All centrifuge

tubes were sampled at 10 min, 30 min, 5 hr, 24 hr, and 48 hr. Three
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l-ml samples were removed aseptically from sach tube and plated on Petri
plates containing nutrient agar. Plates were incubated at room
temparature for 48 hr in order to ascertain whether or not growth of
microorgsnisms in the suspended sediment had terminated.
Soil Ingubation and Treatmsnt

Experimental systems for controlling Eh and pH were prapared using
the procedures of Patrick, Williams, and Moraghan (1973)., Four
replicates of two Eh's (-150 and +450) at pH 7.0 were maintained, Soil
from Joliet AAP which had bewn ground to pass through & 200 mesh sieve
was introduced into 2800 ml Fenbach flasks. Sufficient RO water was
added to produce a 1:20 soil to water ratio,

When the desired conditions of Eh and pH were atable for 24 hr,
three 300-ml samples of suspendead soil were removed from sach replicate
by hypodermic ayringe to 500-ml poalycarbonate centrifuge tubes, Efforts
to maintain anaerobic conditions consisted of flooding centrifuge tubes
with air-free N7 gas prior to and during lnmpio introduction, Since the
exact soll to solution ratio for each sample could not bs measured
directly, an approximation vas made by removing 5 ml of suspended soil
from the Fenbach flask befors and after removal of teat samples. Oven
dry weight was determined on thess samples and the average was used to
calculate the soil to solution ratio in each replicate.

Two of the three samples from each replicate were treated with
sufficient TNT to make the final concentration in each tube equal to 16
ug TNT/ml of suspsnsion (equivalent to a treatment of approximately 80
ug TNT/g of moil on ODW basis). One of the TNT-treated samples received
10 ml of 0.2 M HgCly 4s a soil aterilant. The third sample remained
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untreated and unsterilized to serve as a control, Efforts wers mads to
keep all samples out of light during and after treatment with TNT,

All samplas wers pluced on a reciprocating box shaker for 24 hr,
When removed, steriliczed samples were cultured on standard methods agar
(BBL Microbiology Systems, Cockeysville, Md) to be sure that they had
rensined sterile., Samples were cultured by aseptically pipetting one
millilitre of suspended soil onto the surface of the media, Culturas
were incubated at room temperaturs (ca. 235°C) ‘for 24 hr,
Extragtion and Analvais

Samples were centrifuged at 17,369 x g for 20 min and the solution
phase separated from the soil phass by carefully pipetting off the
solution. One g (wet weight) of the soil was weighed into a prewsighed
aluminum pan to the nearest 0,0001 g and oven dried at 104°C ovar night
for determination of percent solids. The remainder of the soil sample
was extracted with 50-ml porcions of methanol thiee times using a sonic
probe (Fisher Scientific, Springfield, N, J.). In a preliminary study
nethanel was found to be a more effective solvent for extraating TNT
from solls than benzene or methylene chlori{de. Jenkins and Grant (1987)
reported that methanol extraction using an ultrasonic bath was moce
effective than using Soxhlet, mechanical shaking, or a
homogenizer-sonicator for removing TNT from soils. The sonic probe was
submersed in the solvent just above the soil surface and activatsed for
three min according to EPA Method 3350 for Sonic Extraction of Solids
(EPA 1986). After sonication, samples were centrifuged at 17,369 x g
for 20 min. The extracts were pipetted off and the soils were

resxtractad with fresh portions of asthanol, When the final extraction
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had been completed, the extract was filtered using a Buckner funnel with
Whatman no. 41 filter paper., The three extracts from each replicate
were combined, concentrated under a stream of N3 in the dark, and frozan
at +59C until time for analysis by gas liquid chromatography (GLC).

The solution phase was extraocted thres times with methylene
chloride by shaking in o separatory flask, allowing phases to separate
for about 15 min, and removing the extract. Sodium sulfate (NapS0,) was
added to sach extract to remove any water coextracted by the solvent.
The extracts were then filtered to remove the NagS0;. Extracts were
concentrated under a stream of Ny in the dark, and frogzen at -5°C until
time for analysis by GLC.
dtaciatical Analvais

Data war subjected to a two factor analysis of variance to test for
differsnces betwsen means. When it was necessary to reject the null
hypothesis, Lavene's Test for homogensity of variances was performad
(Brown and Forsythe 1974), If resulta indicated that variances were
differsnt at the 0.05 level of probablility, a transformation was applied
to the data in an effort to achleve humogenaity of variances, When
varjances remained unequal after various transformations were applied
(square root, Ln;lo. 10;2, 1n, and log-log), analysis of data by a
nonparametric procedure (e.g., Friedman's Test) was performed,
Differences found using nonparamstric procedures whre separated by
conducting multiple comparisons for nonparnmoﬁrio analysis of variance
(Zar 1984). When results indicated that variances wers homogeneous, a
Waller-Duncan K-Ratio Test (Stasl and Torrie 1980) was used to separate

differences among treatment means.




(31 {3
Ve

G g

¥ AL el - ST STNY .4 " NRSFARCIT AT A RRVIEN D W GV N0 e TR I a i R O T T I N AR IYPRV Y

39
Rlant Uptake of INT. SADNT. and ZADNT

Rraparation and Ireatment of Sails

Methods of collection, characterization by chemical and physical
tests, and initial preparation of ths two test soils, Tunica silt and
Sharkey olay,*" are described by Folsom et al. (in preparation).

Initial preparation included air-drying of soils followsd by grinding to
pass through a 2-mm siave., Soils thus prepared wers sealed in
noncorrosive drums and stored in a gresnhouss at 21 to 30°C until used.

Previous experiments had shown that applying crystalline TNT
direotly to dry soil and hand-mixing produced an unsven distribution of
TNT throughout the seil, When this treatmant method was used, the
variability in INT concentrations betwesn samples was unacceptably high
(Folsom et al. in preparation), Therefors, an alternats treatment
method was developed for the presant atudy in which solutions of
treatment compounds (TNT, 4ADNT, and 2ADNT) were added to solils. The
entire amount of the respective compounds was applied to a small aliquot
of soll. This treated aliquot was then mixed with a larger batch of
soil that was distributed into pots for the plant uptake study,

Three small aliquots (360 g) of silt and thrcq‘gf clay were treated
with water to make a thick slurry that could ba mixed readily in a malt
mixer. Two hundred millilitres of water was added to each aliquot of

the silt, and 400 ml was added to each aliquot of the clay. One aliquot

*"Thess two soils wars used in the plant bicassay because of a
prior agresment with the sponsoring laboratory (US Army Medical
Bioengineering Rosearch and Development Laboratory). The agrssment was
made prior to initiation of teats of AAP soils.
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of each type of soll was treated with an acatons solution containing
[U-I“O]TNT (California Bionuclear Corporation, Sun Valley, Calif.) and
unlabeled TNT; ons aliquot of each smoil typs was treated with
[mcthyl-I“G]bADNT (California Bionuclear Corp.) and unldbolod'AADNT; one
aliquot of each soil typs was treated with only unlabaled 2ADNT, Only
unlabsled 2ADNT was used because 14C.labeled 2ADNT was not available,

The acetons solution was dropped alowly (about 10 dropa/min) into
the soll alurry while it was being mixed. When the desirad amount of
treatment compound had been added to each soil aliquot, the slurries
ware poured into individual shallow pans and allowed to air dry for
approximately ? days on the laboratory bench, During this time, the
solla vers expossd to intermittent laboratory lighting. Any caked soil
that had formed during drying was broken up by grinding with a mortar

and pastle., Treated samples ware retained for treatment of the laryer

~ soll batches (13,000 g total) regquired for the plant uptake atudy. The

treatmentas produced a final activity in the large batches of soil of
4.16 x 10°3 uCL per g of TINT-treated soil, and 3.8 x 10°2 uCi per gram
of 4ADNT-treated smoil, Final soil concentrations were 80 ug of TNT,
4ADNT, or 2ADNT per g of soll on an oven-dry Qoight (ODW) basis,

The laxge soil batches wers fertilized to ensure adequate nutrition
for plant growth. Each soil batch received 50 ug N as (NH;) 2804, 25 ug
P as NaHPO4, and 25 ug K as KCl per gram of soil. This corresponds to
a rate of 56 kg nitrogen, 28 kg phosphorus, and 28 kg potassium par
hectars. The silt and the clay required addition of calcium carbonate
(L.0., lime requirement as described by Allison and Moodis 1963) to

ralse the pH te 7.0, prior to conducting the WES plant bioassay

.
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procedure (Folsom and Lee 198l), Only reagent-grade chemicals ware
used,

804l batches of 15 kg were dry-mixed in a twin shell dry soil
blender (Patterson-Kelley Co., Fast Stroudsburg, Pa.) (Figure §).
Controls were mixed before treatments and received fertilizer and lime
only. Mixing of soil and fertilizer was interrupted after 5 min for
addition cf the soil aliquot containing traatment compound., Mixing was
resunmed for 13 min.

During the dry-mixing of l4g.treated soils, &ll precautions were
taken to minimize contamination of gresnhouss aurfaces and exposure of
personnel to treated soils., Access to the gréenhouse was limiced to
individuals requiring access. Laboratory coats, shue covers, gloves,
respirators, and film badges were worn by all individuals in the
greenhoure, All greanhsuse tans weie turned off while dry soils ware
being handled and remained off during the following 24 hx. When potting
of treated soils was completed, the air dispenser on the gresnhouse fan
Jet was removed and disposed of in & radicactive waste container, Whaen
initial soil treatment and potting were complated, all greenhouse
surfaces were thoroughly cleaned and subjected to wipe tests to detect
any radioactivity.

Five replicates containing 2.5 kg of each treated soil on an ODW
baais were potted in a modification of the standard WES plant bicassay
apparatus (Figure 6) (Folsom and Lee 1981), The standard apparatus was
modified to accummodate a 3.3-1 plastic Bain Marie pot inside a 7.6-1

Bain Marie pot rather than the standard 7.6-1 inside a 22.7-1, Soils
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Cyperus esculsntus
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Flgure 6. Plant bicassay expstrimental unit
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veras moistenad to 0.03 to 0,05 MPa (30 to 30 percent of fisld capacity,
i.e., field capacity squals 0.00 MPa) by filling the outer bucket with
deionized water and monitoring tensiometers (Model 506M, Irrometer
Company, Inc., Riversids, Calif.) placed in the soil of sach pot.
Excess water vas siphoned from outer pots when tensiometer readings
reached 0,00 MPa.

To detect any labaled compound that may have leachsd from the soil
as plants wers watersd, all of the water siphonad from each treatment
was combined, filcared (Whatman No. 3) to remova any incidental soil,
and evaporated to 1 ml using & low.temperaturs hot plate, The 1 ml of
water remaining after concentration wa;\dildtgh'wich 20 ml of PdS and
counted by LS,

One replicats from each treatment and control was randomly selected
and designated to provide material for the investigation of analytical
procedures.

Pots wers randomly located on greenhouss benches, using a
cumputar-generated random numbers table, and allowed to equilibrate for
20 days prior to planting. The temperature of the gresnhouse was
maintained at a daytime maximum of 30°C and a nighttime minimum of 21°C,
Since natural day length during the test period (December to February)
varied from slightly more than 10 hr to slightly more than 11 hr,
supplemental lighting was used to maintain a 16-hr day length, A 16.hr
day produces optimum vogetative growth of C. esculentus (Folsom and Lee
1981). A photosynthetic active radiation level of 1,300 uE/m?/sec was

maintained during the 65-day period of the experiment.

—
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Soil Sampling and
Planting at 20 Days (T20%

After a 20-day incubation pariod (T20), the soll in each pot was
sampled. Three soll cores 2 cm in diameter and 10 to 12 em long were
taken from each pot. The three cores were combined, mixed well, and
retained for analysis by LS; ctc. and combustion., A 5.g sample was
oven-dried overnight at 104°C to determine oven-dry weight. Immediataly
after sampling of soils, thres sprouted tubers qf G sagulentiug were
planted in each pot, ﬁothodn for generating and sprouting ﬁubefn.ware
given by Folsom and Lee (1981). Plants were waterad when tenslometaer
readings sxceeded 0.05 MPa. Moisture levels were monitored dlily to
maintain 0,03 to 0,05 MPa, aﬁ previously described.

Plant and Soil: . v
Sampling at 63 Days (T1i5)

Sixty-five days after potting the asoils (45 days aftex planﬁing).
plants were harveited. Plants from each pot ware clipped 2 cm above the

soll level, weighed, chopped into 2Z-cm segments, and the segments mixed

well, Each sample was divided into two approximately equal subsamples,
one for l%¢ analysis and the other for GLC analysis. Subsemples from
each replicata were placed into plastic Ziploc bags. Subsamples for GLC
analysis were frozen until the time for analysis. Percent moisture was
determined by oven-drying (70°C overnight) 2 g of plant material from

each of the 4¢ subsamples. The remainder of the subsamples for lag

analysis was stored in the dark at 4°C until extracted (within 4 days).
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Soil Homogenedty Test
A 3011 horogeneity test was conducted to check for uniformity in

the distribution of 14¢.1abeled compound throughout the batches before

' [1“G]TNT- and [1AC]aADNTucrtatod soils were removed from the twin-shell

_biqnd¢: (Figura 5). A sample (ca, 25 g) was taken from each of the

following positiun~ with regard to the "V' of the blender: the left
side, the right side, and the bottom. Three 5-g aliquots of the
. traated soil from each position were extracted once with 5 ml of
acetone., Extraction was accomplished by ihnking at maximum speod (280
excursions per minute) for 10 min on a reciprocating box shaker followed
by centrifuging at 17,369 x g for 10 min. IOnn millilitre of the
extract was diluted with 20 ml of PCS And analyzed hy 1S couﬁting{
Equivalent concentrations of TNT and 4ADNT, i.s., the concentration
assuming that all l4¢ detected was from original 14¢.14beled trestment
compounds and not from 14g.1abulad decomposition products, were
determined by consulting standard curves of the respactive trmatment
solutions (Appendix A).
l4¢ analvgis of Soils

Preliminaxy soil extraction test. A preliminary soil extraction
test wa@ conducted to determine which of the following solvents was the
most efgicient for extracting [1“C]TNT from the silt and clay: acatone,
benzene, methanol, and mathvlens chloride. Four 5-g replicates of
[1“C]TNT-trentod goil were extracted once with 5 ml of solvent in a
50-ml stainless steel centrifuge tube, Extraction and analysis by LS
wera accomplished as described above for the seil homogene!ty test.

Five grams of untreated svil in four rveplicates vas extracted in the
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same mannsr. Ons milliliire of the extract was diluted with 20 nl of

PCS and counted by LS for 20 min.

mmmamuumum.mm_mm 8011 extraction for

- analysis of the :oila aamplqd dqriug ch. plunt uptake: study was

performed in’ cho a;no wuy as for: the soil homb.‘noity teat, except that
samples wore extracted three. timnp uuinp queeone, cho -olvont noloctod
on the basis of rnnultn of eho prnlihinnry -011 extr;cciun conc. Thu |
thras sxtracts wvete oombinod and concontrwzéd undor a uttcum of alr to 5
ml. One millilitrs of the conOintraco was countud by 18. étnndnrd

curves were oonlulcod to relate CPM/ml to mtcrogrnmu of INT ot 4ADNT per

‘millilitre (npp.ndix A). Microgrnm: per millill:ra of aoil excrncc vers

chen related co mlcrograml pet’ gram of tatl \ODW)

Carbon train analyses of soila, Tvo catbon trainl for the

St

complete combustion of soil samples were set up uncording to Nelson and
Sommers (1982) with certain mcdificntions.. Modificatiors wers made to
quuntiﬁ& 14092 by LS eoﬁnsing instead of determining t¢tal carbon
gravimetrically. A diagram of the carbon train is shown in Flgure 7,

Commercially supplied compressed oxygen regulated by & flow valve,
was purified by passage through‘i 1V parcent potasaium hydroxide (KOW)
trap. The oxygen llow rate was adjusted to approximately 100 ml/min,
The purifisd oxygen then passed through a quartz glass combustion tubpe
housed in a medium-temparature induction furnace (950°0). A porcn;ain
combustion boat containing the weighed soll sampl: was pluced in the
center of the combustion tubs, and the tube was sealsd immediataly with
a stopper through wﬁioh the oxygen flowed, Before exiting the tube,

excess oxygen and the gases uvolved from the birried sample were passed

T
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over platinized asbestos, which acted as a catalyst to ensure the
complete oxidation of CO and any other volatile C compounds to CO3. The
gases were then freed of most water vapor by passage through a washing
bottle, or trap, of concentrated sulfuric acid (H3804), Remaining
moisture, as well as oxides of nitrogen and sulfur and the halogens, wvas
removed by passage through a U-tube filled vith anhydrous Mg(Cl04)2 on
the first side snd Mg0, on the other. Samples were burned for 10 min,

The COz was trapped in a sealed glass test tube containing 20 ml of
Oxifluor-00; (complate oxidizer cocktail for tha sbsoxption of
radicactive CO3) (New England Nuclear Research Products, Boston, Masas).
Ten millilitres of Oxifluor-COs will incorporate 14 millimoles, or 0.60
g, or 300 ml (at standard temperatures and pressure) af CO3. The
ttapping tube was venited into a vial, also containing 20 ml of Oxifluor
to;onlurc that no 14002 would ba lost if the first trap were exhausted.
Oxifluor from both tubss was counted three times for 10 min by LS. The
train was continuously flushed with oxygen betwesn successive uses.

Twe standard curves weve prepared to assess the efficiencies with
which the carbon trains were able to recover l4¢ spikes from the soils.
[14C]TNT was arbitrarily selected for the efficiency determination.

§ilt was used with one train exclusivaly and clay with the other to
minimize variability, Direct spiking of soils as the samples were
placed into the combuztion tube produced unacceptable variations in
recovered I“COQ‘ This may have been due to rapid volatilication of
samples before the combustion tube could be sealed, To reduce the

variation and improve recovery of spikes, the uparating efficiencies of
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the carbon trains were determined hy burning soil samples onto which
(14C)INT had besn adsorbed. )

A stock solution containing 16.0 ug/ml total TNT (14G-labeled plus
mi.bmd) and 0,023 uCi/ml (14C)INT was diluted with RO water to
produce six concentrations of TNT. The total TNT concentrations used
(lac-llbllld plus unlabeled) wers 0.0, 1.28, 3.2, 6.4, 9.6, 12,8, and
16,0 ug/ml, Five-gram sanples of each soll type (silt and clay) for
sach test conosntration were weighed into 350-ml stainless ateel
centrifuge tuhes in thres replicates. Twenty-five millilitres of
II“G]TNT solution wers added to each tube, and the tubess were sealed and
plnﬁ.d on a raoiprocnting box shaker operatad at maximum speed., Three
replicates of tubes prepared in the same manner, but containing only
(1“G]TNT solution (no soil) were run simultaneously with the soil
samples to measurs any adsorptian of solution to walls of the
centrifuge tubes. After 2 hr, all sampleas were removed from the shaker
and centrifuged at 17,396 x g for 10 min. Three 1l-ml aliquots of
solution were removed from esach tube and counted in 20 ml of PCS by LS
for 20 min, Soil samples contatining adsorbed [l“C]TNT were frozn until
the time for analysis (not mc s than 2 weeks).

After thawing, eix 0,5-g soil samples from each centrifuge tube
were weighed to the nearest 0,000l g into porcelain combustion boata.
The wet soll in each boat was overlaid with a thin coverins of burnt
soll to prevent effervescence or flashing (incompleis combustion). A
153 unmplg from each tubs was weighed into an #luminum pan and placed in
a forced.draft oven at 104°C overnight for determination of oven-dry

moisturs., MNeisture lows from the wet soils during weighing was fairly




51
rapid; therefore, the first boat weighed was paired with the last boat
veighed, tha second with the £ifth, and the tﬁitd with the fourth for
combustion in the carbon train. This procedurs war used to compensate
for differences in moisture between weighings. Each boat of a pair vas
combusted in & separate run of the train, but 1“coz from both boats was
trapped in the same set of Oxifluor trapa. Counts per minute from both
sets of Oxifluor traps wers combined after subtraction of solution
background counts, The sum was corrected to oven-dry weight to obtain
CPM per gram of combusted soil.

To obtain an expscted CPM in the soil phase, total CEM in the
solution phase were added to total CPM adsorbed to the centrifuge tube
and the sum subtracted from the total CFM initially added to each tube.
Efficiency curves were prepared by plotting the sxpected versus the
actual CPM found for each soil type and ita respsctive carbon train. A
regression analysis was performed on the curves to determine whether
theix slopes were significantly different from one another.

GLC Analysis of Solls

US EPA Standard Method 3540 for extraction of organic compounds
from solid wastes (US EPA 1982) was used to extract soil samples.
Analyses were performed by the Analytical Laboratory Group,
Environmental Laboratory, WES. Twenty-gram soll samples were extracted
by Soxhlet for 17 hr in hexane-acetone (l:1 by volume). Approximately
20 grams of anhydrous sodium sulfate was added to sach extract as a
dehydrating agent, Prior to GLC analysis, extracts were concentrated
and transferred to 1 ml of benzens in Kuderna-Danish tubes with

condensers,
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A dual-column Hewlett-Packard Model 5880 GLC waa employed for

Y P Y T

analysis of soil and plant extracts. The instrument had two 30-m fused ,
silica capillary columns, One column (0,329-mm internal diametsr) was
coated with DBS (J and W Scientific, Folsom, Calif.), while the other ‘
(0.310-mn internal diameter) was coated with SP2100 (Supeleo, Inc., |
Bellefonte, Pa.). The columns were of widely separated polarities,
Helium (pressure, 110 kPa) was the carrier gas. A nitrogen-phosphorus
datector at a temperature of 300°C was used. The injection port
temperature was 250°C, A lower temperature, 200°C, was tried in an
attempt to minimize degradation of injected compounds, but no
improvement was achieved, The instrument was programmed for a
tomperature gradient of 100 to 200°C in 5°C per minute increments.
dnalysis of Planta y
Rlant yielda, All freshly harvested plant materlal from each
replicate was weighed to the nearest 0,1 g (total fresh weight),
Oven-dry weight was determined to the nearest milligram by drying (709C
overnight) a 2.0 g subsample of the fresh plant material harveated an
described previoualy. Yields for all plant material in each pot were
calculated from the dry weight of the 2 g subsample.
Exalininaxy plant axtraction tesat. A preliminary extraction test
was conducted on plant material to determine which of the following
solvents was the most efficient extractant of [I“C)TNT: acetone,
bengzens, hexana/acetone (1:1 by velume), or methanol. Two grams of
plant material (fresh weight) from control and TNT-treated roplicates
that had been designated for investigation of analytical procedurss was

extracted in 50-ml stainless steel cencrifuge tubes. Three replicates
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ware extracted for each test solvent., Extraction was porformed by
homogenizing plant material in 20 ml of solvent with a Polytrun
(Brinkmann Instruments, Westbury, N.Y.) operated at maximum speed,
Homogenates wers centrifuged for 10 min at 17,369 x g and the extracts
removed with a pasteur pipatte. One millilitre of the extract was
diluted with 20 ml of PCS in a scintillation vial and counted for 20
min by LS using the internal stundard method described by Wang, Willis
and Loveland (1975). Each vial was spiked with [14C]TNT (internal
standard) and recounted for 20 min. The oounéing sfficiency (CE) for

esach vial was caloulated using the following equation:

(CPM of internal standard + sample) - (net CPM of sample)
CE =

disintegrations per minute of internal standard

Extxaction of 2-¢ wlant sanplas. Extraction of plant material was

performed in the same way us described above for the preliminary plant
sextraction test, sxcept that samples tere extractad three times uaing
benzens, Thix was the solvent selected by comparing 14¢ ¢ounting
efflciencies for mpikes by sach solvent in the plant extraction test,
Three extraots of the same sample were combined, concentratsd to | ml
under & stream of alr, and counted in 20 nl of PUS by LS.

Bxtragtion of all xemaining plant.mararial. Since 14c counts
detected in the initial extracts of 2.g plant samples wore very low, all
remaining plant material in l4g subsanmples vas extracted with benzene to
{increase the chances of detecting l4g, Five-gram samples wexe weighed

until all material for each replicate had been used. An equal weight of
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athydrous Na;S04 and 20 ml of benzene were added before the samples weie
homogenized in the Polytron, Extraction was performed as above, except
that only one extraction was done, Extracts from the same replicate
were combined, concentrated, and counted by L&,

Standard curves were prepared for [1401TNT and [14014Anur using
extraots of untreated plant material. Plant material was prepared as
described above for extraction of 2 g plant samples. Extract was
measursd into scintillation vials containing 20 ml of PCS, spiked with
the following dilutions of 14¢.1abeled compound (8, 4, 2, 1.6, 0.8, 0.4,
0 u;/ﬁl). and counted for 20 min by LS, Micrograms of TNT or 4ADNT per
millilitre of extract were determined from s standavd curve relating CEM
per mwillilitre to ug of TNT or 4ADNT per millilitre of extract (Appendix
A). Ovan-dry plant matsrial wam caloulated as micrograms per gram from
micrograms per millilitrs of solvent and ODW of plant material
extracted,

GLC Analyuis, Five grams of fresh plant material was homogenized
in the Polytron with 40 ml of henzens and approximately 5 g of anhydrous
sodiun sulfate, Extracts were filtered, concentrated to 1 ml, and
snalyzed by GLC.

Stasiaticel analysss

Analysis of variance (ANOVA) using a completely randomized
experimental design was performed on the data to test for differences
among treatment meens (F Tests)., The ANOVA was conducted using the
procedures available with SAS (SAS Institute, Inc., 1985), When the
ANOVA showed that the null hypothesis must be rejected, linear

contrasts (Steel and Torrieo 1980) or the Waller-Duncan K-Ratio T-Test
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was usad to separate differances betwesn means. Tha probability of a
Typs 1 arror was 0,05 in the F Tests and in each contxast, In comparing

percant recovaries of lag by extraction and by carben train, the T-Teat

procedure avallqbli with SAS was employed, Carbon train efficiency

curves data were subjected to 1inear regression analyses,
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PART IV: RESULTS AND DISCUSSION

Soils fxom Salacted AARa

Soil _Chaxactazization
Table 3 lists the soil types of the AAPa according to Soil

Conmsarvation Service maps for the various areas. Results of the soil
characterization tests ars given in Table 4., ‘'In ganeral, the AAP solils
tepresentesd a wide range in soil characteristics. Averags percent 0C,
CEC, and clay were relatively low, but are not atypical of soils in the
sastarn and central United States (Buckman and Brady 1969).
Thin:lavax Chropategxaphic Sarsaning

ﬁg1.n;Lnn,nt_gx;;.g;;ng_.glx.n;* Reaults of the solvent extract
test are given in Table 3, Acetons extracts of the uncontuminated clay
ooll produced UV-viaible spots on the chromatographic plates above the
origin, whils tha other three solvents produced none. Rg values of the
two spotm corrosponded closely with R¢ values of two standard compounds

(2,3DNT and 4,4'A20XY). Therefore, acetone extractad potentially

interfering compounds and could not be used as the extractant of cholce,

Since methanol had been shown in a preliminary experiment to be aa
efficient as acetons and more efficient than the other two solvents
tested, methanol was selacted as the extracting aolvent for TLC

scrosning of the AAP soils,

36
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i Table 3
. Us_S0i} Conasrvation Saxviqe Soil Iypas of AAP Solls
fice Soil Type
Cornhuskers *
Crane Loay Orthents
Holston burning ground Altavista 811t Losm
Holston roadside Holston-lizban Land Complex
lowa Ladoga Silt Loam “
Jolist Elliott 8ilt Loam
Kansas Claysy Orcﬁnntl
Lonestar Snwyur S8ilt Loam
Longhoxn , Scotaville Sand Loam
Louisiana Prentiss ;Ad Stough 8iit Lonmq
; Newport vLolmy Orchontll
f Radford Caneyville 8ilt Loam
Savanna L
Volunteer w
Clay Sharkey Clay
8ile Tunica 8ilt

% Soil wnap unavailable, Boil type not known.

Sslection of solvent aystam. R values for TNT, 4ADNT, and 2ADNT

migrated in the three test solvent systems are given in Table 6. The

diflerence batwesn Ry values obtained when all three standards werc




P T ~ n_
- e — e m
i
‘sajedr[dex Inoj Jo sSuram e GIALS sanyep x w
011 FA 4 961 Fi74 A4 | £96°0 L0 SULT TEL LE°6 ye'Yy IS
%5670 9°6S 091 [ATAS 6 71 WY ¢ SYC 9% 063¢ oL°8 1L°s £e1>
0t'1 174 % FAN T A N = YA 7°9Y 89L°T 68°6 0O°S 0°st 00 09°S IAFJUNTOA
$9°1 LR A 16l 981 C'tl a1 S9L 0°s £9 L788 8°S TTHIPARS
906°0 6° €t 60T 9°S8 S°1e 650°T %£°S O0°sT 0O°st 0°0% 1¢°¢L projpEy
¢0°1 6°YL 6701 6" 1L 7l 6ES°E BZ'Y 9°S 8¢l 9708 L L zodasy
{1°1 8°6¢t 601 991 £ 91 £9¢°0 8Y'tl 9701 878t 9°0S o'y PaRIsSINeg
£€0°1 z°62 766 7796 6°0Z 9¢°0 BL°8 G'ST T°tt 6°1S FrAN | wzogduoy
8£6°0 S'1t 6°08 91 LR 9¢°0 92°1 0°01 ¥%'wt 9°¢S 65"V TSI}
G870 £6 01 9 ¥7°0t1 909°¢ B8BL't £°9T 00V L7 EE €174 sesury
90°¢ LYYy et o1¢ 0°791 T6S°€ 06T 8t B'IS LA T4 L9 IaTior ﬂ
91 1 051 91 ot LYy 85¢°T 859 002 09y 0°s1 sg8°s BA0Y
L1670 szt S oY1 91 2°s¢ SSI'T SE°S 8ty L782 L ¥ 4 00°9 avwcrwu‘muown ;
panoxd Juruamg
%2670 8°0% 191 st 8°82 TEL'T 9T 181 Lot Z°1s L GasToH
91°1 $°9L 91 e LA & 3 66L°C 8T 902 S iw 6°1¢ 6L°Y *TII)
9¢L°0 07t 601 w1 £°6E 9¢8°0 (S°C 00¢ ¢s°{LZ LAY [4 O 4 SaI|SDERIIO)
) (@ool/oo®y — SP
1o WITEN]Y  BoIY 239 20% a3 nd 23S
—FElay STqmioRnIXy
0 o1 €515
¥ IqeL

B




59
Table 5
Rotencial Intexferance of Compounds Extxacted from an Uncontaminated
Clay Soil on TLC Analvsis of INT and Its Dagradation Products

' Number of Spots
Extractant . ~Ahova Oxigin —Be Values

acetone 2 0.66, 0.89*
benzene 0 . 0
methylene chlovide . 0 0
nethanol } 0

% Mears of thrae extractions plotted once.

_ Table 6
ReValuas for INY., SARNT, and JADNT Mizrated
in Three Sclvent Systems
Rf Values of

Selvens Saten T TV
benzenv/ethyl acetate (75:25) 0.74% 0.50 0.42
benzene /hexane/pentane (50:40:10) 0.33 - 0.08 0.08
benzena/chloroform (75:25) 0.59 0.25 0.23

* Values givon reprasent means of two spots on the same plata! one
composed of the standurd alore; and one composed of all three standards
in combination.

combined and migrated together differed from Ry values of individual

standards by no more than +/- 0.004. All three systems separated TNT

from the other two comwpounds, However, rhe system oxhibiting the bast

separation of 4ADNT from 2ADNT was bonzene/ethyl acetate, Once good




B amme

60
separation of 4ADNT and 2ADNT was assured, R¢ values for the remaining
standard compounds wers detsrmined in banzene/ethyl acetate (75:25).

Tabla 7 shows that the Rg valuss for TNT and a.a'AZOXY..and for 3,4DNT
and 2,3DNT weres che same, or nearly ;ho same (1.e,., they were not
separated). Therefore, adjustments wers made in the solvent vatio until
all standarde ware separaved, A ratio of 85:15 (benzene/ethyl acatate)
produced the baat separatisn of all the standards (Table 7) und was |

adopted fcr analysis of the AAP soil extracts,

Table 7
Bs-Values of Standard Conpounda in Two Benzane/Eshyl
Acatate Solvent Systens
2,4,6-trinitrotoluene _ _ 0.72% d.sé
4-amino-2,6-dinltrotoluene 0.42 0.4y
Z-amino-4,6-dinitrotoluens | 0.37 0.40
2,4-diamino-6-dinitrotoluer.a 0.14 0.16
Z,6-diamino-4-dinitrotoluene 0.20 0.21
2,4-dinitrotoluene T 0.60 0.64
2,6-dinitrotoluena 0.62 0.67
J,4-dinitrotoluene 0.35 0.56
2,3-dinftrotoluene 0.955 0.54
2,5-dinfitrotoluene 0.686 0.70
2,2',6,6'-tetranitro- 0.73 .86

4,4' -azoxytoluene

* All valuer are meaus ol three apots on each of two plates (six spots),
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TLC of AAP goils. Only four of the soils exhibited fvluorescence on
i _ chromatographic plntol-érublc‘a). 'All others showsd no evidence of
: fluprcscon&ow‘ Tach of the four showing potential contaminaticn

exhibited a single spot only. ‘ - ' o

Table 8 _ _
. . 8f.Valuas for Soils Shoving Plyexaacensa er TLC Rlates

Sell _ n | Rz_Valus
r ! : Holston burning ground 0.20

Crane R . 0,84
Lonestar _ ‘ 0.81

Kansas . 0.86

Only one of these R values corresponds clossly tn the Rg value of any
" of the standerd compounds. The Rf value for Holaton burning ground

(0.20) is very close to the Re value for 2,6-diamino-4-nitrotoluene

(2,6D4NT) (0.21)., Since this soil cample was collected near an old
; trash burning ground, it is puwsible that the apot reprasents
contamination. Therefore, results of studies conducted with this msoil
must be interpreted with care. However, all other solls were
uncontaminated,
Sell to Solution Ratioc

Adsorption coefficienta for sach soll to solution ratio are shown

in Tahle 9, Analyain of variance showed significant differences among
J the K4 values for the ratios tested. Use of the Waller-Duncan K-Ratio

1 Test Yor separating differences between means showed a significant
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Table 9

Adsoxption Coofficientse for Bach.Soil to folution Ratle

Rauia - T Ka
1:8 : S S 48449 &
1:10 - 3.9295 b
1:20 | o . 3une
1:30 2.6487 ¢

* Means of three replicates. Means tollowed by the sams latter
aro not significantly differvent at P < 0,05 using
Waller-Duncan K-Ratio Test.

differencs betwesn sll ratios except the 1:20 and the 1:30 (P < 0,08).
The Kq value decreased as ché ratio increased. It was desirable to
compare resulvs of this atudy with results of a study of ﬁhe effects of
tedox potential on adcérption and desorption of TNT. 1In the second
atudy it was necessary to malrtain an aqueous suspansion of soil. The
s0il to solution vatlo that could be most effectively muspended was
1:20. Therefore, the 1:20 ratio was selected for all wubsequent tasts,
Adsorptdeo Kinecled

Graphs of adsorption kinetics for Joliet and Louisiana AAP moila
with thres concentrations of TNT are shown in Figures 8 and 9,
respectively. Adsorption ocourred rapidly. Joliet AAP soll reached a
steady state (1 significant change in solution concentration) within
1,0 hr, More than half of the INT was adsorbed within the firat hour
from all three test solutions, After 2 hr, the solutlen concentration
began to decrease again. A similar decrease was reported by Tucker st

al. (1985), who followsd the adsorption kinetics of TNT in soil by high
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performance liquid chromatography (HPLC) of extracts of the solution
phass. They attributed this decreass in solution concentration after
reaching a temporary steady state to microbial degradation of TNT in the
soll phase. Their conclusion was supported by the presence of microbial
degradation products in the solution phase. If degradation products are
formed, a decreaso in solutien 14¢ counta may be due to a shift in the
partitioning {squilibrium) caused by the difference betwasn adsorption
of TNT anA adsorption of the product or products being formed. It ias
also possible that the heat of friction generated during the test caused
some decomposition resulting in a shift in the partitioning.

The Louisiana AAP soll reached a steady state within 0.5 hr and
maintained the steady state for at lsast 2 hr at all tested
concentrations of TNT. A decreass in solution concentration similar to
the decreass observed in the Joliet AAP soll was observed after two
hours in the Louisiana AAP soil, However, the decreass proceeded nore
slowly in the Louisiana AAP soil. It is possible that the higher 0C
content of the Joliat AAP soil increased the rate of microbial
degradation by providing substrate for the microorganisms. Several
invescigators (Klausmeier, Osmon, and Hoffsommer 1973; Osmon and
Klausmeier 1972; Won et al., 1974) have found that although TNT cannot
ast as the sole carbon source for all microorganisms, microbial
degradation of TINT can procesd in the presence of other carbon sources,
Desorption Kinatics

Desorption kinetics curves for Joliet and Louisiana AAP soils are
presented in Figures 10 and 11, respectively, Joliet AAP soil reached a

steady state in 1.5 hr and Louisiana AAP soil reached a steady state in
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2 hr., These results indicate that desorption occurs almoust as rapidly
as adsorption. From 2 to 10 hr, no sigrificant change in the
concentration of INT in the solutions was observed. When a steady state

of desorption was reachsd, Joliet AAP soil still retained an average of

12,5 percent of the added TNT; Louisiana AAP soil retained 6.25
percent. '
Batch Adsorption
Batch wdsorption data for all of the tested AAP solls are presented

in Table 10, Adsorption data were fit to a linear and two nonlinsar
models that are commonly used to relate solid and agueous phase
contaminant concentrations in soils. The two nonlinear models were the
Langmuir Isotherm Modsl and the Freundlich Isotherm Model. Equations
for sach Model are pressnted balow (equations 1 - 3, respectively) /
(Weber 1972),

q = KaC (1)

q = QbC/(1 + bC) (2)

q = K4 I/n (3)
where q is the solid phase concentration of contaminant (ug/g), K4 is
the adsorption cosfficient (ml/g), C is the solution concentration of
the contaminant (ug/ml), Q is the monolayer sorption capacity (ug/g), b
is the Langmuir constant related to entropy, and n is the Freundlich
characteristic constant., Model parametera for the two nonlinear models

vers determined by fitting the experimental data to the linearized
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forms of the Langmuir and Freundlich Models as given below (equations «

- and 5, respectively) (Voice and Weher 1983).

T e ) + (R0 (@)
lnq w InKg +.(1/0)InCG - , ' %

noinl parunctc:c and uentt:ticnl information for batnh adsorption
of INT onto test soils are ptnnnnend in Table 11, Examinatlon of
R-square values anroll,undiin.fut each soil indicated that the
adlorﬁniun.ddta flé tﬁc Lﬁngmutr Isotherm Model motre cloaely than tha
data Fit either the Freundlich or the Llinsar model for every soil,

There was less difference betwsen R-squars values of the Langmuir and
Freundlich ModAln than betwean the linsar model and eithey of the other
two., The fact that the data fit the Langmuir Model indicated that
adsorption of TNT reached a maximum as adlorpéion sites in the noil ware
£11led,

Plots of adsorption ilsotherm models for two suils (Jnliet and
Newport) ate shown with thair respsctive Resquare values in Figures 12
and 13, (See Appendix B for isotherms of remaining scils.) Inspection
of the data points revealed that the point for the highest TNT
concentration (16 ug TNT/ml) fsll below the model curve for all soils
sxcept for clay and Joliet, This obaarvation suggests that maximum
adsorption (saturation of the TNT-adsorption sites in the soil) had been
reached with less than 16 ug TNT/ml., 1In that cass, the final data point
would represent no further adsorption and could interfars with fitting
of the data to the linear model, Therefore, a regression analysis was
conducted omitting the highest concentration data point in order to

examine the linsarity of the adsorption isotherms prior to the high

T T T TN v e v e e
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SOL CONCENTRATION {ug TNT/g ODW)
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SOLUTION CONCENTRATION (ug TNT/ml)

Figure 12. Joliet AAP data plotted with threae isotherm models




SOIL CONCENTRATION {ug TNT/g OGW)

Figure 13,

NEWPORT
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Newport AAP data plotted with three isotherm models
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point (Table 12). Comparison of thase R-square values with those from

the Langmuir Modsl indiceted rhat the Langmulr Model was still the

. batter fit,
Table 12
Soil R-gquars Soil ~R-gquare
Cornhuskers 0.9356 . Longhorn ‘ o 0.929%6
Crane 0.9292 Loulsiana 0.,9077
Holston burning ground 0,9125 Newport 0.8915
Holston roadside 0.9490 Radford . 0.9328
Towa 0.9300 Savanna ©0.9588
Joliat 0.9746 Volunteer 0.9452
Kansas 0.97¢61 Clay ‘ 0.9694
Lonestar 0.8701 Silc | 0.8839

Reaults of a Pearson correlation analysis of adsorption Ky values
with soll properties are shown in Table 13, Adsorption was most closely
correlated with extractable iron (r = 0,89) and CEC (r - 0,87).
Ordinarily, adsorption of hydrophobic compounds that exhibit low aqueous
solubilities (less than 10-3 M) and that are nog sugceptibls to
gpeciation changes ox complex formation im controlled by the organic
carbon fraction of the soil (Karickhoff 1981). For example, when the
ratio of mineral to organic carbon content is 1-ss than 30, mineral

contributions to adsorption are usually masked (Karickhotf 1984), The



Table 13
Reaxacn Coxxalasion Valuas (R) for Adsoxption.
Ba-Valuss with Soll Propartisa
Soll Rropaxty B Soll Property R __
Iron 0.89213 Percent silt 0.16959
CEC 0.86560 pH 0.16798
Percent Clay 0.7007% : Manga&--a 0.04127
Percent 0C 0.40174 EC -0.39643
Calcium 0.34983 Percent sand -0.55073

Aluminum 0.17950

ratio of mineral to organic carbon in the AAP soils was less than 30
(excapt for Holston road side for which the ratio was 38), Therefore,
organic carbon should axert a gresater affect on adsorption of TNT than
the mineral component of these moila. This was not the case, Higher
correlation with CEC than with percent OC may be due to the alight
polarity of TNT (dipole moment = 1,37 Debye, Mexck 1976), 1t is also
poasible that decomposition (speciation chang&n or complex formation) to
more polar products, e.g., 4ADNT, ocourred during the test, Bowman and
Sans (1977) found that some pesticides adsorbed most readlily to
montmorillonite when the saturating cation was Fot3 They attribute
their results to protonation of tha -NHy groups by the acidic clay
surfaces. Protonation of -NH; groups by the acidic clay surfaces may
explain the high correlation of TINT adsorption with Fe content in the

AAP soils when degradation has produced -NHy moleties.
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Sequential Degorption

Sequential desorption data for all of the tested soils are
presented in Table 14. Desorption data were also fit to the linear
model, and to lineariged langmuir and Freundlich Models ({equations &, 4,
and 5, respestively).

q = RgC + qr (6)
vhere qy is the irrevexsibly adsorbed concentration in the soil. Model
parameters for xesults of ssquential desorption of TNT £rom seven of Eho
AAP soils and from the clay are pralentod in Table 15. Comparison of
R-square values between models for the same woll indicated that
desorption of TNT followed the linear modsl moat alosely for all soils
except lowa. Iowa exhibited a llightly-higho£ R-square value with the
Fraundlich Model than with the linear modal, For the clay, Joliet, and
Kansas soils, thers was little difference betwsen R-square values of the
Linsar and the Frsundlich Modsla, Even though the linear modal was the
best fit, none of the three models fit the data very wall for the
Radford, Newport, or Crane soils (R-mquare values were 0,5866, 0.6342,
and 0,734, respectively), Extrapolation of the linear model to the
Y-axls intercept indicated the amount of adsorbed TNT remaining in the
goll after the three sequential desorption cynlea (Table 16). Even
after three sequential desorption cycles, some TNT remained in the
soils. Linear desorption isotherms of two representative soils are

shown in Figurs 14,
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Table 14
Equivalent Concentrations® of TNT in Soil and Solution Aftex

Soll C gt g g g g
Clay. 2.64 49.0 0.830 32.4 0.306 26.20
Crane 1.45 12.1 0.287 6.4 0.091 4.%9
Iowa 1.83 19.3 0.43% 10.6 0.164 7.33
Joliet 2,01 28,6 0.529 18.0 0.1%0 14,20
Kansas 2,02 19.6 0.465 10.3 0.158 7.08
Newport 0.92 5.3 0.146 2.6 0.042 1,73
Radford 1.22 10.8 0.224 6.0 0.067 4,63
Savanna 0.%7 6.6 0.183 2.9 0.039 2,14

% Equivalent concentratlons determined by consulting standavd curves
to relate CPM/ml to ug/ml of moil extract and cnizulnting ug/g of
oven-dry soil. is procsdurs assumes that all “*C detected was from
the respective 14c.1abeled treatment compounds, i.s., no
decomposition to other compounds had occurred.

*% Sequentisl desorption was conducted after two hour equilibration
with a solution containing a total of 320 ug TNT.

+ Solution concentration (ug TNT/ml) at steady state.

++ Soll concentration (ug TNT/g ODW) at steady state.

Hyatexesia

Slope (K4) and standard error from linear regression analysis of
adsorption and desorption data for each soil axre presented in Table 17.
Statistical comparison of slopes for udsorptinn and desorption isotherms
within each soil typs (difference batwsen twe independent regressions,
Steel and Torrie 1980) showed no significant differences at the 0,03

lavel of probability., This result is an 1ndiéction of absence of

SRR PO A
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Table 16 i

INI Adsorked and Deacrbed by AAP Solla :;

INT Remaining in Soil H

After Three Sequential :

s of*'rot:nl Mﬂf‘&ﬁ:ﬁ

Sol) -Me/g. ~INT Added gle —Adsorbed :

Crane 41,08 12.84 4,50 10,95 :

Tova 55.89 17.46 6.85 12,26 !
Joliat 68,81 21,50 13.26 19,27
Kansas 60.06 18.77 6.61 11.01
Newporxt 23,95 7.48 . 1.78 7.43
Radford 34,79 10.87 4,62 13,28
Savanna 23,93 8.10 2,02 7.79
Clay 101.73 .79 23.78 23,38

* Total TNT added was 320 ug/g soil (ODW),

Environmental Consequences of

The conditions under which this study was performed were most
closely analogous to short-term sxposurs of surface soils to aqueous TNT
contamination in the environment. Sorption properties of TNT
photodecomposition producta or microbial degradation products were not
taken into account, It is likely that soil sorption properties of these
compounds differ from those of INT. In th: absence of degiadation
products, TNT was only slightly resistant to desorption. Almost 20

percent of adsorbed INT was retained after three sequintial desorption

cycles of Joliet AAP soil, the AAP soil most recalciirant to




SOL CONCENTRATION (ug TNT/g ODW)

JOLIET
31 -
28 - 1
28 -
22 A
19 - y
184, LINEAR
R-square = 0.9882
13 ___I T T T Y t T T T T
0.1 0.3 0.6 0.7 0.9 1.1 1.8 1.8 1.7 1.9 2.1
NEWPORT
7 [ ]
o - _
[ ]
® //
4 ~
-l - »
a N ]
i e
] - . LINEAR
. R-square = 0, 8342
0 . : ' : , , : S—
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SOLUTION CONCENTRATION (ug TNT/mi)
Figure 14, Linear sequential desorption isotherms for Joliet

and Newport AAP soils
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hysteresis, i.e,, adsorption and desorption occurred to the same extent.

§ The mean percentage adsorbed was 13.9 percent. The mean percentage

4 desorbud after three sequential desorption cycles was 88.3 percent,
desorption. The averags percentage retained by the AAP soils was 12,
Lack of hystaresia suggests that continued desorption, or leaching, may
remove more, and perhaps all, of the TINT from the AAP soils unless more
strongly adsorbed degradation products ars formed. In the event of INT
contamination of soils higher in CEC or in OC than the AAP soils tasted

in this study, greater retention of TNT by the soils can bs axpected.

Effecta of pH and Redox Poteantial on Adsoxption
And _Desorption of INT

Ratch Adagxpticn

Batch adsorption data for Joliet AAP soil incubated under six
combinations of pH and Eh are given in Table 18, These data were fit to
the linear, Freundlich, and Langmuir Models. Estimated regression
parameters are shown in Table 19. Examination of R-square values for
each model indicated that the Freundlich Model provided the beast fit for
sach combination of conditions except for pH 5.0/Fh +450 for which the
Langmuir Model exhibited a slightly higher R-square value. In fact,
there was little difference between R-square values of the Freundlich
and Langmulr Models for all combinations of pH and Eh. Therafore, these
results are not inconsistent with results of the batch adsorption study

of other AAP svils. Table 20 shows results of a statistical comparison
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of Kg values betwsen the combinations of test conditions (comparison ot
two independent regrassions, Stesl and Torrie .1980). Reaults indicated
no significant differences. Thersfors, pH and rgdox potential exertad
no effect on adsorption of INT by Ehc tested soil. Adsorption

isotherms are shown in Figures 15 and 16,

Saquantial Desoxption

Sequential desorption data for Joliet AAP soil incubated under six
combinations of pH and Eh are given in Table 21. Standard erroras of the
Kg valuss for each combination of test conditiona are given in Table 20.
Statistical comparisons of desorption slopes (compurison of two
independent regressions, Steel and Torrie 1980) indicated no significant
differencea. Thervefore, pH and ﬂh exerted no significant effect on
desorption of TNT by the tested soil. However, standard errora for this
date were great vhich is not surprising when the langth of time during
which the soil was in contact with the solution is considered. For
generation of adsorption data, teats ware conducted for 2 hr., For
generation of sequential desorption data, an additional 6 hr wus
required, Within that additional time, degradation of TNT resulting in
variable desorption of 14¢.1abeled compounds could have occurred,
Examination of the results revealed a goneral trend that suggested
greater ratention of TNT by the reduced soil at all thrse pH values,

Examination of the data indicated that variances for one specific
flask were consistently greater than that for other replicates. The
adsorption count data for solution phase in chLu flask wers conasistently
lover than for the other two replicates, However, the desorption count

data for the solution phase in this flask wers consistently higher than
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for the other two replicates. Since each adsorpticn data point was
pipstted independently from tha others, the differance could not be
attributed to plpetting error. These obssrvations suggested that
something in the soil of that particular sample adsorbad abnormally
strongly, but very readily (although incompletely) desorbad, Tharefore,
assunming that the population is normally distributed, Dixon's test for
outliers was applied (Sokal and Rohlf 198l). The test indicated that
the values could not bo considered outliers. Variances for all of the
data was too great. Thersfors, that data point was not removed from the
data set,

Curve fitting for this data met (except for the linear model) was
not attempted because of the high variance coupled with the fact that
only thres points wers generated by the sequential desorption cycles.
Linear regreasion analysis was conducted and R-square values for each
combination of Eh and pH (Table 22) illustrate that desorption for all
conditions was fairly linear,

Table 23 summarizes amounts of TNT adsorbed and desorbed for each
set of test conditions. The data showed that only about 25 percent of
the added TNT was adsorbed. About half of the adsorbed TNT was removed
from oxidized tests, but very little (less than 10 percent) was removed

from the reduced tests.
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Table 22

Soil at Each Eh and pH
Eh T _R-square
| -150 5.0 0.979
; +450 5.0 0.990
5 .150 6.5 0.948
+450 6.5 - 0.987
-150 8.0 0.989
+450 8.0 0.989
Table 23

Amounts of INT Adsorbed and Deaorbed by Joliet AAP Soil Incubated Under
Salected Conditions of Eh and ph

TNT Remaining in Sfoil
After Three Sequential
LJ —Resorption Cycles

§ of Total s of Total

~Eh_ ~pH ~ug/g.  _INI Added Mg/g.  _Adsorbed
-150 5.0 63, 3wk 26.4 49.8 78.6
+459 5.0 50.0 20.8 20.1 40,2
-150 6.5 91.8 38.2 113.2 123.4
+450 6.5 53.3 22,2 28.6 53.6
-150 8.0 63.9 26.6 84.1 131.5
+450 8.0 50.2 20.9 23.9 47,7

* Data given on adsorption is from the 12.0 ug/ml treatments only
since the samples receiving that treatment lsvel were also desorbed,
¥ Values ara mean of three replicates.
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Dagradation of INT Undar Oxidiced
and Reducad Conditiona

Preliminary Teat for the
2-Af_A fSoll Stexilant

No growth of microorganisms occurred on plates that received HgClj-
treated sediment at any of the sampling times, while plates that
received untreated sediments were completely overgrown. Therefore,
HgCly at the concentration used was an effective soil sterilant.
Dagxadation of INT

GLC analysis of degradation samples are shown in Table 24, Lack of
homogeneity in variances after sevaral tranlfarmationl of the data
dictated application of nonparametric analysia. Results indicated very
few statistically significant differences among the treatments.

However, several tronds in the data wore observed., For example, limited
abiotic reduction of TNT was evident. In both oxidized and reduced
solution phase, small quanticies of 4ADNT, 2ADNT, and 2,6D4NT were
detected, In the soil phase, only 4ADNT and ZADNT were found; however,
quantities were much higher in the soil, especially in the reduced soil,
than in solution. Blotie reduction of TNT exceeded ablotic raduction
even when abiotic reduction was factored out of soil data. (Little
differetice betweean biotic and abiotic reduction was evident in the
solution data,) Microbial degradation was grintnr under reduced than
under oxidized conditions and was more evident in the soil than in the

solution phase.
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Plant Uptake of INT. 4ADNT. and 2ADNT

Chemical and Physical

Results of chemical and physical characterization tests for the

silt and clay ars presented in Table 25.

Table 25

~Llay_ ~Silt.

pH 5.71 4,54
Particle Size -

Percent Sand 8.70 9,37

Paxcent Silt 36.9 73,1

Percent Clay 54.4 17.%
Electrical

conductivity (dS/m) 2.45 0.72
Percent organic carbon 2.40 0.57
Cation exchange tapacity

(meq/100 g) 135, 17.2
Extractable metals (ug/g)

Iron 1,252 252

Aluminum 160 196

Manganese 59.6 152

Calcium 0.9534 1.10
Seil Homogansity Test

Results of the test for soil homogeneity are ashown in Table 26,
Sampling was not replicated; therefore, the data could not be subjected
to statistical analysis, However, examinntioﬁ of the data showed an
average variation among the means of all treatments and soil types of
almost 20 ug of TNT and 4ADNT per gram of soil. A higher degree of

homogenaity was observed in the silt than in the clay for both

— RS
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Table 26

Percant RBacoverias of 14C and Equivalent Concentrationa* of TNT and

NS, v Sy 4 { TN T 4ADNT-Txeated
—_—ll . Clay §lls . Clay.

Blender
Pomition _ Sww  ug/g 8. g8 -4 N 8 g

Leoft 46.58+ 37.86 88,60 71,37 29.59 22,85 41,32 32,12
Middle 46.83 38,07 B86.12 69.39 29.84 23,04 41,29 32,10
Right 48,45 39,36 79.76 64.32 31.06 24,00 38,21 29.70

* Equivalent concentrations determined by consulting standard curves
to relate CPM/ml to ug/ml of soil extract and calculating ug/g of
oven-dry soil, This Rroccduro assumes that all 194G detected was
from the respective 145.1abeled treatment compounds, i.e,, no
decomposition to ochef compounds had occurred,

%% Percent of original 4C treatment recovered by extraction of soils,

+ Means from extractions of three subsamples from each blender
position,

treatments. Percent recoveries across treatments were highly variable.
Therefore, the treatment could not be conaidered homogeneous, With the
exception of the TNT-treated clay, racoveries of treatment compounds
from the soils were less than half of what was added. These unexpected
results provided the first indication that significant amounts of
treatment compounds could not be accounted for in soll extracts,
Possible mechanisms responsible for this result are explored in
subsequent sections of this report.
14 Analyais of Soils

Preliminacy moil extraction test, Results of the preliminary soil

extraction test showed that acetons and methanol were more sfficlent
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extractants of l4C from both solls (silt and clay) than either
methylene chloride or benzene (Table 27). Thess results are not
surprising because TNT is slightly polar and should be more soluble in
the more polar solvents. According to Urbanski (1964), the solubility
of TINT in acetone is 132 g/100 g of solvent and in benzene is 88 g/100g
of solvent, (Solubilities of TNT in methylens chloride and methanol
were not found in the literaturs.) On the bl!il of these extraction

results, acetone was selscted as the extractant for soils.

Table 27
nmn:_mmm;_qj_i‘mﬂm_mmmmmmmmm:
Extracted fxom [-*CIINT-Trested Silt and Clay
with Four Solventawe
gongentration of TNT
Sile Clay
Solvent . L+ Sug/g) 3 ~ug/g)
Acetone 57.35 46.45 a++ 99,92 B0.40 a
Methanol 55,35 44 .86 a 83.55 67.% a
Methylene 49.65 40,36 b 42,26 34,43 b
chloride
Benzene 45.54 37.04 ¢ 29.16 23.98 b

* Equivalent concentrations determined by consulting standard curve to
relate CPM/ml to ug/ml of goll extract and calc&&acing ug/g of
oven-dry soil, is procedure assumes that all *®C detected was from
the respective "“C-labeled treatment compounds, i.e., no
decomposition to other compounds had occurred,

*% Values shown are differences between means of three extractions of
TNT-treated and untretXed soil,

+ Percent of original *“C treatment recovered by extraction of solls.

++ Means followed by the same letter which was within soil types are
not sighificantly different at the P < 0,05 level.

Y

n o
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Siphoned water, Results of l4g analysis of excess water siphonea
from outer pots after watering plants are shown in Table 28, Percents
of total counta added for all five replicates of the same treatment and
soil type are given, Although these data represent detection of l4g,
percent recoverias of total 14¢ added to the soils initially wers small,

For all treatments and soil types, the average loss was 0.0005 ug/g of

soil.
Table 28
Racovery of ¢ from Siphoned Water

Percent of Total Counts Added
Ireatment —to Soils Initiallyww
Silt, TNT 1.77 % 10°3
Clay, TNT 9.46 % 10°%
Silt, 4ADNT 7.17 x 103
Clay, 4ADNT 6.73 x 1073

* Water siphoned from outer pots after wataring plants, Water sample
from all five replicates of the same treatment and soll type were
combined for the entire 45-day growing period.

** Values ares percents of total 136 cPM added to each soil treatment.
Extracted soils, Results from l4g counts of T20 and T65 silt and
clay extracted with acetone and counted by LS are shown in Table 29,
The data demonstrate a digtinct difference in the behavior of the two
treatmant compounds in the silt and clay. Carbon 14 was present in
significantly greater quantities in the 4ADNT- than in the TNT-traated
gilt at T65 and in almost significantly greater quantities at T20 (P

=0,06). However, this did not occur in the clay. The TNT-treated clay

retained significantly more l4¢ than 4ADNT-treated clay at both T20 and
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Table 29
14¢ Analysis of Extracts of TNT- and 4ADNT-Txeated Silt and
Clay Sumpled 20 and 65 Days Aftex Soil Treatment

Silt Clay
T20% TE5ww T20 T65
Ireacment __ug/8 . —ue/g. 00 9 _ug/g..  ug/R..
4ADNT 12.68 Ba+ 17.66 Aa 7.88 Ch .47 Cb
TNT 9.58 Aa 4,68 Bb 11,26 Aa 10,46 Aa
Control 0.75 Ab 0.73 Ac 0.83 Ac 0.76 Ac

* T20 = 20 days after scil treatment, the time at which tubers were
planted,

*% T65 = 65 days after soil treatment, the time at which plants were
harvested,

+ The equivalent uoncentrationa of treatment compounds given are means
of four replicates extracted three times with acetons. Values
followed by the same uppercase letter across soil types are not
significantly different at the P < 0,05 level. Values follnwed by
the same lowsercase latter down are not aignificantly different at
the P € 0.05 level, ‘

T63. This result suggerts strong adsorpcion of TNT by the clay., This
possibility is explored further when results of carbon train analysis of
solls are diascussed,

No signiiicant differences were noted between lavels of 1%C in clay
from T20 to T65 for either treatment compound. However, 146 1evels
changed from T20 to Té5 in the silt for both treatment compounds, The
14 1evel decreased from T20 to T65 in the TNT-trected silt. It is
possible that TNT or its l4g.1abeled degradation products became less
extractable through time., There is some evidence in the literature in

support of this possibility (Cragin et al. 1985). Volatilization of

photo or micrebial degradation products is also possible, The 14¢ 1evel
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showed a slight, significant increase from T20 to T65 in the
4ADNT-treated silt, This increass may be explained by an incresse in
sxtractability of the 14¢.1abeled compound through time. This
possibility is supported by the presence of the 146.1abel on the methyl
group in 4ADNT, 1f the methyl group were removed from the molecule by
some mechanisn, lag may have bacome mors easily extracted, Carbon-l4
was detected in significantly graater quantities in treated soils than
in controls, but detectable levels of ¢ yere present in some controls.

Carbon train, An efficiency curva for the carbon train with which
the s#ilt was used is shown in Figure 17. Linear regression analysis of
the curve data showed a slope of 1,63 which was significantly different
from 1 (100 percent recovery) at the 95-psrcant confidence level.

Percent recoveries of added TNT for silt are shown in Table 30,

The mean percent recovery of 14 from the silt acroms test
concentrations was 71,30 percent, with a standard daviation of 8.78
percent. However, percent recoveries increased as the concentration of
[1AC]TNT decresased, Most of the sample values fell into the range of
the lower concentrations and, consequently, of greater pesrcent racovery.
Mean mass balance for the silt spiked for preparation of the efficlency
curve was 89.78 percent with a standard deviation of 2,25 percent.

An efficlency curve for the carbon train with which clay was used
is shown in Figure 18. Linear regression analys.s of the curve data
showed a slope of 1,04, which was not significently different from 1.
Percent recoveries of added TNT for clay are shown in Table 31. The
mean percent racovery of 14¢ from ¢lay scross test concentrations was

81.99 percent with a standard deviation of 13.03 percent, Mean mass
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balance for the clay spiked for preparation of the efficiency curve was
86,09 parcent with a standard deviation of 10.85 percent.

Carbon train reaults (Table 32) showed no significant diffarences
batween levels of 14C in the 4ADNT- and TNT-treated silt at T20 or at
T65, However, the clay exhibited significantly morse 14¢ in the
TNT-treatment than in the 4ADNT-treatment at both times. Laevels of l4C
in the INT-treated clay were alsc higher than in TINT-treated silt.

There were no significant differences between levels of 14G in the 4ADNT
treatments at T20 and at T63 in either soil; 14C levels in TNT
treatments showed a slight, though significant, decxease from T20 to T65

in the clay, but no diffsrence in the silt,

Table 32
and _Clay Samplad 20 and 63 Davs After Soil Treatment

_8ilt CLAY

T20% TESwh T20 T6S
Irsatment —MELE . V74— —NEle BT 74 S
4ADNT 25.12 Aa+ 24,74 Aa 26.61 Ab 21.74 Ab
TNT 30.72 Ca 30,62 Ca 55.62 Aa 41,52 Ba
Control 0.76 Ab 0.74 Ab 0.81 Ac 0.78 Ac

% T20 = 20 days after solil treatment, the time at which tubers were
planted,

w* T65 w 63 days after soll treatment, the time at which plants were
harvested,

+ Valuos shown are msana of four replicates extracted threue times with
acetone, Values followsd by the same uppsrcass letter across soil
types ars not significantly different at tlie P < 0.05 level.

Values followed by the same lowsrcase letter down are not
significantly differsnt at the P < 0,05 level.

e gt st e o g e s e o e sy e emeseese
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In Table 33, percent recoveries of l4g by extraction and by carbon
train analysis are compared, Percent recoveries by carbon train
analysis were significantly greater (P < 0,05; T-test) than recoveries
by extraction analysis in all soils except controla and the silt 4ADNT
treatment at T63, which exhibited no difference. On the averags,
recoveries by carbon train exceeded thoss by ‘xttaccion by a factor of

four. If carbon train recoveriss were corrected to the efficisncies of

Table 33
Sompaxisen of Percens '4C Recoversd by Extraction and
by Carbon Ixain
I20% T6Sw*
Extraction Carbon Train Extraction Carbon Train
Ixsatmant L] ] 3 3
Clay
TNT 13,21 B+ 68.83 A 12,20 B 51,16 A
4ADNT 10.03 B 34,34 A 6,98 B 28,19 A
Control 0.13 A 0.09 A 0.04 A 0.06 A
Sile
TNT 11.11 8 37.62 A 4,96 B 37.48 A
4DNT 16.09 B 32,47 A 22,38 A 32,05 A
Control 0.02 A 0.04 A 0.00 A 0.01 A

* T20 = 20 days after soil treatment, the time at which tubers were

planted,
wt T63 = 63 days after soil treatment, the time at which plants were
harvestad.

+ Values shown are means of four replicates extracted three times with
acstons, Values followed by the same uppercase lettsr across and
vithin sampling times are not significantly different at the
P < 0.05 level.
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the two carbon trains (71,30 parcent for the train with which silt was
analyzed and 81,99 percent for the train with which clay was analyzed),
this difference would increase. The carbon train results indicate that
the extraction techniques employed did not remove all of the l4¢.1abeled
compounds that were actually present in the soils,

Significantly more 4ADNT was found in the silt than in the clay by
extraction, but the carbon train showved no significant difference
between amounts of 4ADNT in the silt and the clay. Comparison of the
extraction data with the carbon train data suggests that 4ADNT was more
oasily extracted from the silt thun from the clay. Both methods of
analysis showsd more TNT in cﬁ« clay than in the silt. These results
support adsorption of both niUN{ and TNT to the clay. In the silt thers
was no significant difference betwasn amounts of 4ADNT and TNT (except
for significantly more 4ADNT than TNT at T63 by extraction) by either
method at sither time. However, in the clay thers was significantly
more TNT than 4ADNT by both methods and at both times. These results
suggest that the clay has a greater retentive affinity for TNT than for
4ADNT. This is consistent with results of soll sorption studies which
showed highest correlation between adsorption and iron, CEC, percent
clay and percent OC. The clay was markedly higher in each of thess
properties than the silc,

Although adsorption may account for low-psrcent recoveries by
sxtraction, even carbon train analysis recovered asn average of only
about one half of the treatment levels of l4c, (Extraction analysis at
T65 accounted for roughly 12 percent of the treatment level of 14¢ while

carbon train analysis accounted for roughly 40 percent.) The remainder
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of the original treatment level of 146 must be assumed lost from the
soil by some other mechanism. |
QLS Analysis of Solla

Tables 34 and 33 show results of GLC analysis for T20 and T6S
soils, respeatively, GLC analysis was conducted to detect any of the
following compounds: TNT, 4ADNT, 2ADNT, 2,6D4NT, 2,4D6NT,
déumino-z-niﬁrocoiunno, 2,4DNT, 2,6DNT, and TNB. Except for TNT and
TNBE, the above compounds were selectsd because a review of the
literaturs showed that thay ware ths most frequently reported
biodegradation products of TINT, Biodegradation was considered to be the
most probable degradation mechanism occurring in the scil. Some of the
compounds (2ADNT, 4ADNT, and 2,4D6NT) had also been prepared by chemical
roducttdn of TNT in the laboratory (Sitsmann 1974). The successful
reduction of TNT to these compounds in the laboratory raises the
posaibility of spontaneous chemical reduction as a mechanism of
doérndntion in the soils, in the plants, or during analytical
processing. TNB was included becauss it is & commonly detected
photodecompoaition product of TNT chat could possibly form during
treatwent, on soil surfaces after potting, in the plants, or during
sample preparation.

Results indicate that recoveries of tresatment compounds and all
potential degradation products were much lower than with either l4g
method of analysia. In TNT-treated silt and clay at both T20 and T6S5,
LADNT and 2ADNT were present in significantly greater quantities than
INT. This result indicates degradation of TNT to 4ADNT and 2ADNT within

20 days of soil treatment. In tha clay, TNT concentration was
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significantly higher than concentrations of compounds other than 4ADNT
and 2ADNT. 1In the silt, TNT concentration was no different from
concentrations of compounds other than 4ADNT and 2ADNT. Thess rasults
suggeat that TNT is much less stable or less sxtractable in the aoil
than the two degradation products. In both TNT-treatad soils, 4ADNT
concentrations excesded 2ADNT concentration at T20 and at T635, an
indication that 4ADNT production is mors favorable than 2ADNT
production, or that 4ADNT is more psrsistent in the acil than ZADNT.

In 4ADNT- and 2ADNT-treated soils at T20, the treatment compound
persisted in aignificantly greater concentrations than any other
compounds with the excaption that no compounds predeminated in the
2ADNT-treated silt, 1In the T65 soils, treatment compounds predominated
over nonamending compounds in all treatments with two exceptions., The
first exception was the failure of TNT to dominate the TNT-treated silt
and clay at either sampling time. The second exception was the
4ADNT-treated silt for which there was no significant difference between
the 4ADNT leval and the level of 2,4-diamino-6-nitrotoluene (2,4D6NT).
These results offer strong evidence that 4ADNT and 2ADNT are the most
persiatent degradation products of TNT in soils and that 2,4D6NT iz a
degradation product of 4ADNT,

Across soil treatments at T20, TNT occurred in significantly
highest levels in the TNT- and 2ADNT-treated silt and in second highest
levels in the TNT- and 2ADNT-treated clay. This result suggests some
equilibrium between TNT and 2ADNT in the soil unless cross-contamination
of 2ADNT-treated soils with TNT occurred. The latter cannot bs ruled

out because INT and other compounds were also datected in controls. If

S amme
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volatilization, or cosvaporation with soil moisture followed by
cocondsnasation on the soil surface occurred, such low-level
croas-contamination could result. Low-level contamination of controls
was also obsarved with both 14C methods of analysis. 4ADNT occoutred in
significantly highest levels in 4ADNT-treated clay and milet at T20.

This result substantiates its stability in soils relative to othar
degradation products of TNT, 2ADNT was significantly highest i{n the
2ADNT-treated clay, but was not significantly different from other
treatment compounds in the 2ADNT-trsated silt at T20. This result
suggests greater adsorption of 2ADNT to clay than to silt with
consequent stability in the clay.

Acroms soil treatments at T835, TNT predominated in the TNT-treated
silt and clay. 4ADNT peralsted in significantly highest levels in the
GADNT-treated silt and clay. However, thers was no significant
difference between the lavel of 4ADNT in the silt and in levels of other
traatment compounds in both soil types. The AADNT level vas
significantly greater than controls in both soil types. 2ADNT porsisted
in significantly highest levels in both 2ADNT-treated soils.

These results suggest that 4ADNT and 2ADNT do not degrade to
significant quantities of any of the other compounds for which soils
vwere assayed in the atudy. Nevertheless, significant decreases in both
4ADNT and 2ADNT occurred in the soil., Although carbon train results
support adsorption as one mechanism reducing the amount of treatment
compounds that are sxtractable, a significant quantity was loat by some
other mechanism, e.g., volatilization. Other compounds occurring in

concentrations significantly greater than coutrols were
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2,6-diamino-4-nitrotoluene (2,6D4NT) in the 4ADNT-treated silt,
2,4-dinitrotoluene (2,4DNT) in the 2ADNT-treated silt and clay, and
2,6-dinitrotoluene (2,6DNT) in the 4ADNT-treated silt and clay. These
results suggest that 4ADNT degrades to 2,6D4NT and 2,6DNT and that
2ADNT degrades to 2,4DNT in the wmoil,

The two principal limitations of tha GLC analytical method wera low
recoveries of added known quantities (spikes) and instability of some
compounds on thp column or at the injection port. Table 36 shows
recoveries of spikes added to selected soll samvles immediately prior to
extraction for GLC anelysis. Recoveries of these spikes from soils
sampled at T20 and T65 varied with the compound being assayed, However,
moRt recoveries wero less than 50 parcent, Low recoveries of spikes may
have been due to volatilization of compounds or heat degradation of
compounds during the Kuderna-Danish concentration step. A change from
colorless to pink (an indication of decomposition, or degradation) was
observed in solutions of TNT when they were heated in the laboratory,
Semples wers not assayed for dimers of TNT, such as the azo and azoxy
compouncs, because of their reoady degradation on the GLC column. TINT
and TNB also exhibited some instability at the injection port and on the
column.

Recoveries as a sum of all products detected and based on
percentage of original treatment levels are given in Table 37.
Recoveries averaged approximately 40 percent of those obtained by lag
extraction analysis and approximately 12 percent of those obtained by

145 carbon train analysis. Spot checks by a high-performance liquid
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Table 37
Raxcent Recoveries of Original Ireatment. Lavels (80 ug/g of Soil)
asa Sun of ALl Cumpounds Datected by GLC
Soil Type Tzaatment T E—rT

Clay INT 2.69 2.75
Clay 4ADNT 7.20 5.92
Clay 2ADNT 9.60 3.9
Clay Control 0.62 0.00
sile TNT 4.60 1.14
silt 4ADNT 7.45 3.05
sile 2ADNT 3.05 3.32
silt Control 0.36 0.00

chromatographic (HPLC) mathod (USATHAMA 1983)* are compared to GLC
analysis in Table 38. HPLC analysis produced higher values than GLC for
moot samples that exhibited concentrations above detection, However,
recoverias were still much lower than with either l4C method of
analysis. Recoveries of spikes by HPLC averaged 102 percent, with most
values above 100 percent, Extraction for HPLC analysis was by
acetonitrile and methanol and did not require application of heat, which
could account for higher values if heating were responsible for loss of

compounds during sample preparavion for GLC, Two disadvantages of the

+ These aseays were performed by the Laboratory Branch of the
Tannesses Valley Authority, Chattanooga, Tenn.

L o
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Table 38

Conparison of HPLC and GLC Results from Selscted T20 Solls

Soil INT, LADNT ~—l2ADNL
Ima Ixsatpant ~GLCk  HPLGw:  _GLQ. HRLC . GIC  HRLC
Clay TNT 0,13+ <1 0.81 4.4 0.50 2
Clay TNT 0.10 <l 1.7 12 1.2 <1
Clay 4ADNT 0.087 <1l 5(9 11 0.027 <1
Clay 4ADNT 0.060 <1 7.6 12 0.028 <l
Silt TNT 0.51 <1 1.4 2.4 0,92 1
silc INT 0.075 <l 0.85 2.0 0.59 1
silt Control 0.091 <1 0.085 3.6 0.025 2

* Detection limit for both TNT and 4ADNT was 0.0001 ug/g.

%% Detsction limit for both TNT and 4ADNT was 1 ug/g. HPLC was not
capable of separating 4ADNT from 2ADNT, Therefore, values given for
4ADNT by HPLC analysis may include 2ADNT,

+ Values given are in micrograms per gram of oven-dry soil.

HPLC method were that 4ADNT and 2ADNT could not be separated and that

detection limits were higher than with the GLC method,

Analysis of Planta

Blant vields, The data pressnted in Table 39 show plant yields
for each treatment by soil type., Thers wers no significant differences
in yield between treatmenta within soil types. However, ANOVA for clay
across all treatments and means for silt across all treatments showed
significantly greater yields in clay than in silt,

Yields for all control and treated pots in this study were

significantly lower than (about 28 percent of) those obtained with the

standard WES plant bioassay apparatus, which utilizes 7.6-1 rather than

T TN o~ Y w mm— v— v v e ey -
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Table 39
Elant Yislda (grams)

s T T
Control 5,99 7.88a
TNT 6.78a 9.27a
4ADNT 5.63a 8.53a
2ADNT 4,90a 9.71a
Mean of all treatments

and controls by soil

type 5.8243 8.802A

% Means of four replicates in grams of ODW per pot,

*% Meanas followed by the same lowercase letter within scil types are
not significantly different at the P < 0,05 level. Means followed
by the same uppercase letter acrogs soil types are not significantly
different at the P < 0.05 level,

3.5-1 pots (Folsom et al, in preparation). The reduction in yields may

be due to nitrogen limitation, Even though nitrogen was added to the

smaller pots at the same rate as in the standard plant biocassay, it is
possible that the total quantity of nitrogen available to plants was
less in the smaller pots. Nitrogen loss relative to the total added may
have been increased due to the greater surface area to volume ratio in
the smaller pots. Differences between results with the two pot sizes
will be further investigated in a later study due tv its importance for
the standard WES plant bicassay.

l4¢ analysis of preliminary plant extraction test., Results of the

plant extraction test are given in Table 40, The table shows

efficiencies with which the internal l4¢ gtandard was recovered from

W TV R TRy T YT T T W T T
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Table 40
Basulta from Extraction of Plancs Grown in (l4C)INT-Traated and
Untreated Clay Uaing Foux Sqlvants
4%¢ Counting .

olwnt T Tramad o T
Acetone 19 . 4oww 20, 5bo
Methanol 31.6b 31.3b '
Hexane:acetons 15.7¢ 19.7¢
Benzene 47.7a 61.0a

* Values given atre means of three replicates, Counting efficiencies
were determined by the internal standard method describad in the
e t;::ﬁn followed by the msame letter within columns are not
significantly different at P < 0.05 level.
plant extracts. Counts for che beazene extradct were significantly
higher than those for the other solvents tested. Since benzene produced
the greatest efficiency in counting the internal l4e yeandard, it was
selected as the plant extractant, The internal standard method was used
because quenching by chlorophyll was very high in these samples. The
same solvent was not sslected for the plant and soll extractions., It is
probable that acstons, the solvent selected for soil extractions,
removed many of the soluble organic compounds from the plants, These
compounds may have contributed substantially to quenching of 46 in the
plant extracts. These compounds, e.g., especially the photosensitive
chlorophylls, may have contributed substantially to gquenching of l4¢

(reduction {n scintillation by interference) in the plant extracts. It

should be noted that no 14¢ above background levels were found in the
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plant material taken from the TNT-treated clay. This is consistent with
results of the 2-g plant analysis discussed below. All of the plant
material used in this test was taken from a single TNT-treated clay
replicate of the plant uptake study.

l4c gnglvsis of 2-g plant samples. Results of l4C analysis from
extraction of 2-g plant samples are given in Table 41, Carbon-1l4 was
detected {n plants grown in GADNT-treated silt only. No 14C was
detscted in any other treatments nor in controls, It is important to
recall that the l4C.label was on the methyl group of the
4ADNT-molecule. The methyl group is susceptible to removal by
photochamical processes. The possibility of detecting degradation

products of 4ADNT are therafore greater,

Table 41
149 Analyais of 2-g Plant Samples¥
8ilt ~Clay
gontxol LN 4ADNT Lontrol ~INT. 4ADNT
NDw* B+ ND B 4,78 A ND B ND B ND B

* Micrograms of treatment compound per gram of oven-dry plant
material,

*% Danotes none detected, Dstection limits wers 0,01 ug/g of oven-dry
plant material.

+ Values given are moans of four replicates, each of which was
extracted three times. Means followed by the same letter across soil
tvpes are not significantly different at P < 0,05 level.

14c analyeis of all remaining plant material. Table 42 shows
results of 14¢ analysis of all remaining plant material, No statistical
analysis was performed on the data dus to the abaence of three data

calls, two within a single treatment, and becauss variances lacked

T T T Ty W T YT T AT
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Table 42
16¢ Acalyais of ALl Remaining Plant Matarialt
Ails Clay.
Sengrel NI 4ADNI.  Gemsxol = INL.  4ADNX
NDws# 44,57+ 55.00 ND 13.26 ND

% Micrograms of treatment compound per gram of oven-dry plant
material.

** Denotes none detected. Deteotion limits werse 0.0l ug/g of oven-dry
plant material.

+ Values given are means of four replicates, except for silt control
and silt INT, which contained sufficient plant mauterial for two and
thres replicates, respectively.

homogeneity even after several transformations of ths data,
Nevertheless, inspection of the meana shows that 14¢ was detected in
plants grown in TINT- and 4ADNT-treated silt and in TNT-treated clay.
However, uptake levels represented less than 1 percent of the total l4g
available in cach pot (based on T65 carbon train recoveries from soils).
Nevertheless, thess results indicate that the plant did taxe up labsled
compound(s) from the INT-traated silt and clay and from the
G4ADNT-treated silt., Lack of 14C in 4ADNT-treated clay may reflact
reduced availability to the plant dus to strong adsorption of 4ADNT to
the clay. Less plant uptake of 140 from TNT-treated ¢lay than from
TNT-trested silt also supports adsorption as a mechanism limiting plant
availability of TNT in the clay. Comparison of 14¢ extraction and

carbon train results for 4ADNT-treated clay and silt (Table 33) showed

greater retention of 4ADNT by the clay at T6S.
GLC analysis. The data presented in Table 43 show results of GLC

analysis of plant material., 'The only compounds detected weres TNB, TNT,

T T W v e mm——r—— e e oy
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and 2ADNT, These compounds were detected in plants from the TNT- and
4ADNT-treated silt and clay, but not in those from the 2ADNT-trsated
soils. TNB was also detected in the silt control. These results are
qualitatively consistent with l4¢ extraction data of all remaining
plant material except for the detection of 2ADNT in plants grown in the
4ADNT-treated clay and detectivn of be in silt controls. HNo lbg was
detected in tﬁil.-bl‘ntl.

The presence of TNB in plants growr in the 4ADNT-treated silt,
although in vcry_Ltmttnquugngity. may support photodecomposition of
4ADNT in the ll.lc. ' |

Recoveries of apikes added to plant samples immediately prior to
extraction for GLC analysis were nomparable to those obtained with
soils, with the excsption of the diamine compounds (2,4DENT and
2,6DANT). No Q.QDGNT.WII r-covu;od. and only 4 pesrcent of the 2,6D4NT
was recovered, _It is probable that these compounds were lost during the
concentration step prior to GLC analysis rather than during GLC analysis
since standard preparations of the compounds vere stable on the GLC
column,

Eactors sotantially limiting plant uptake. Limited plant uptake
of treatment compounds occurred during this atudy, Howaver, lag
analyses demonstrated uptake of labeled compound(s) by C, esgculentus
from both the silt and clay. Carbon 14 analysis indicated detection of
the radiocactive {sotops only and did not indicate the identity of the
compound(s) of which the radicisotope was a part. Therefore, in the
absence of GLC detection, tha identity of the compound(s) actually

present in the plant was unknown.
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More 14C was taken up from silt than from clay., This result iz at
least partially explained by the greater adsorption and conssqusnt
reduction in bioavailability of tresatment compounds in clay than in
silt, Carbon train results indicated that significant adsorption of
treatment compounds ocourred in both soil types. Comparisen of 14
results when soils ware analyzed by carbon train and by solvent
extraction (Tabla 33) showed that significant levels (roughly 30 - 43
psreent) of the l4¢ remained in the TNT-treated soils after extraction.
In adsorption studies the clay soil adsorbed 31.8 percent of the TNT
added and ratained 23.4 percent of the adsorbed amount (or about 7.5
percant of the total amount added) after three sequential desorption
cycles (Table 16), Comparison of results of the soil sorption studies
with those of the plant uptake study suggest a discrepancy between the v
short term (1 - 2 days) and the long term (20 - 65 days) adsorption
steady state of TNT in soils., Such a discrepancy is discussed by
Karickhoff and Morris (1985) for sorption of hydrophobic organic
pollutants in sediment suspensions. They assert that when only changes
in aqueous phasa and/or sorbed phass concentrations are measured, then
the process appears complete after a few hours, but in reality it may H
continue indefinitely. A two-compartment model is usad to distinguish
rapid or "labile" exchange, requiring at most 'a few hours to achieve, ]
from highly retarded or "nonlabile" sorption raquiring days to weeks to
ocuur. The authors suggest that an intraparticle process, wheraby
chemical 1s slowly incorporated into either particle aggregates or
sorbent components, is responsible for this apparent dichotomy in

behavior, TNT literaturs also supports increased adsorption over time *
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as an explanation for lack of extractability. Cragin et al. (1985)
found a decrease in recovery of TNT from soils and sadiments over a
7-day storage period. In sediments containing 59 percent moisture, only
5 percent of TNT spikes were recovered by acetone extraction after 2
days, After ruling out volatilization of TNT, the authors attributed
this loas to adsorption. It should be noted that volatilization of TNT
degradation products was not considered. In the present study, the silt
aliquot contained ca. 37 percent water and the clay contained ca. 53
parcant water when the acetons treatment solution was applied. Although
the treated soll aliquots wers allowed to alr-dry immediately aftaer
treatment, carbon train results indicated that significant adsorption
resulted from the treatment msthod and also occurred between TO and T20.

Plant uptake was also limited by loss of treatment compounds from
the soils prior to planting. The first indication of this loss was
provided by results from the soil homogeneity test in which percent
recoveries for all treatments were much lower than expected, One
possible mechanism for loss of treatment compounds is photodecomposition
during treatment., Even though efforts were made to protect solutions
from exposure to laboratory lighting (there was no natural light in the
laboratory) by storage in brown bottles, limited exposure was
unavoidabla, Acetone, the solvent of cholce for applicatfion of TINT,
LADNT, and 2ADNT to the soils is reported by Spanggord et al. (1980b) to
be a triplet exciter, or photosensitizer. These investigators observed
& more rapid loss of TNT from acetone than qum aqueous solutions, They
reported a half-11fe of 9 hr for 100 ppm INT {n 0.10-percent acetone

solution and 3 hr in a 1,0-percent acetone solution, In the prasent
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study, the treated soil aliquots contained 80 ug of traatment compound
(e.g., TNT) per gram of soil and a total acetons concantration in the
aqueous phase of approximately 0.3 and 0.1 percent for silt and clay,
respsctively, (The clay required more water to producs a workable
slurry and vwas, consequently, more dilute than the silt,) 1I1f
photodecomposition occurred at the same rate il reported by Spanggord et
al. (1980b), significant amounts of the TNT could be photodecomposed
during the treatment psriod. Corresponding data for 4ADNT were
unavailable. Howsver, Burlinson et al. (1979) found in one study that
90 percent of TNT decomposed after 1 hr of irradiation, while only 30
percent of 4ADNT and 20 percent of 2ADNT decomposed.

Another possibla mechanism for loss of treatment compounds from the
soil is volatilization, TNT is not considerad a volatils compound
because it has a vapor pressure of 1,28 x 106 torr at 20.0°¢C (Coates,
Freedman, and Kuhn 1970; Leggett, Jenkins, and Murrmann 1977.)

However, microblal decomposition products as well as photodecomposition
products of TNT may be volatile, For example, Leggett, Jenkins, and
Murrmann (1977) reported the vapor pressure of 2,4DNT above golid TNT to
be 2.2 x 10" torr at 20°C which is nearly 20 times higher than the
vapor pressure of INT, They also reported that the concentratioen of
2,4DNT exceeded that of TINT above the solid by at least one order of
magnitude. Vapor pressure data on the 20 or so known photodecomposition
products of TNT could not be found, However, it is not unreasonable to
assume that some of these products, for example the benzeneas, would
possess higher vapor pressures than INT, Furthermore, the presence of

water in the soil is known to enhance volatilization of pesticides
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(Guenzi and Beard 1974), many of which exhibit vapor pressureas
comparabla to that of TNT. It is therefors possible that
photodscomposition followed by volatilization from the soil during the
drying of treated soil aliquots in shallow pans accounta for soms loss
of treatment compounds and the consequent low recoveries of added
compounds .

Principal known degradation products of TNT were detected in the
soils by GLC analysis, but were found in the plants in extremely
limicid quantities. Discrepancies batween 14¢ and GLG results indicate
that the GLC Ah‘lyttonl method was ineffective for p}nnc material.
Inability to adequately identify compounds in the plant precluded the
drawing of conclusions regarding plant levels of specific compounds. In
the soils, TNT was degraded to 4ADNT and 2ADNT, both of which wera more
stable than TNT. However, recoverias of lag by carbon train analysis
not only demonstrated significant adsorption of labslad compounds by the
soll, but also indicated significant losa of treatment compounds from
the soils.

Environmental

Inplications of Plant Uptake
Adsorption of TNT and 4ADNT by leafy portions of C. sesculentus ls

minimal at the soil levels utilized in this study. No adsorption by
2ADNT was detectad, Soil characteristics exert an important influence
on plant uptake because adsorption to certain soll fractions, e.g.,
clays or organic carbon, reduces bioavailability, The influence of
soil sorption on plant uptake may become less important as soil levels
of the compounds incyeasa. That is, once soll sorption reaches a

maximum, more compound may become bioavailable,
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Limited concentrations of TNT and 4ADNT in the leafy portions of
the plant does not preclude accumulation in lipid-rich plant parts,
e.g., seeds or tubers, The compounds may be transported tu seeds via
passive aqueous transpurt and bioaccumulate there while remaining at
relatively low concentrations in astems and leaves. It is also possible
that simple partitioning with lipid-rich tubers occurs in the soil. The
snvironmental implications of bioaccumulation in seeds or tubers is ‘

significant because these plant parta are important foods for wildlife,
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PART V: CONCLUSIONS

Soils from the Army Ammunition Plants sampled exhibited a broad
range of physical and chesmical characteristics except for their
relatively low organic carbon and clay content, Such soil properties
are generally consistent with low retention of organic contaminants,
Adsorption of TNT to the AAP soils was rapid and followed the Langmuir
Adsorption Isotherm Model. Adsorption correlated most highly with
extractable iron, cation exchange capacity, percent clay, and percent
organic carbon., Desorption was also fairly rapid. After three
sequential desorption cycles, an average of 12 percent of the adsorbed
TNT remained in the soil. These results indicate that soil sorption
will not effectively prevent mobility of TNT in the environment unless
adsorption increanes over extended periods of time, or more stronmgly
adsorbing degradation products are formed.

Redox potential and pH exerted no measurable effect on adsorption
or desorption of TNT. However, a trend in thea data suggests greater
retention of TNT by reduced than by oxidized soifl. If this is the case,
INT would remain somewhat immobilized if buried in roduced sediment,
e.g., at the bottom of a disposal lagoon,

Limited uptake of TNT and 4ADNT, and no uptake of 2ADNT by C,
gsculentus was detected, Availability of treatment compounds was
probably limited by loss of compounds from soils by volatilization of
microbial and photodegradation products, and irreversible adsorption of
compounds and/or their degradation products to soils., Neither TNT,

4ADNT, nor 2ADNT became concentrated in C, sgculentus. It is unlikely
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that any of these compounds present a problem to the plant at the levels
tested, However, if soil levels are sufficiently high to saturate the
adsorbing components of the soil, plant uptake and soil mobility may
increase. Limited concentrations of TNT and 4ADNT in leafy pornionn of
the plant does not prdbludn'lccumulation in lipid-rich plant pkr:s,
¢.§., &eads and tubera.

Since 14C-labeled compounds were present in plants in quantitles
too low to be detected by GLC analysis, no conclusion can be drawn
concerning degradation of treatment compoundllwichin C. aaculentus.
However, in the soils TNT was degraded to 4ADNT, and, to a lesser
extant, to 2ADNT. According to GLC results, 4ADNT was more stable and
parsistent in the soil than eithexr TNT or 2ADNT. Implications are that
4ADNT is more bioavailable in the soll than INT, but both ars mobilized

into the plant to a limitad extent.
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SOL CONCENTRATION fug TNT/g ODW)

-

o 2 4 6 A 10

BOLUTION CONCENTRATION (ug TNT/mi)

Figure Bl, Clay soil data plotted with three isotherm models }
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CORNHUSKERS
)
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SOLUTION CONCENTRATION (ug TNT/ml)

Figure B2, Cornhuskers AAP data plotted with three isotherm models
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R-square = 0,001

o 2 4 6 & 10 12 1
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20 - LINEAR
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3 4 6 8 10 12 14
SOLUTION CONCENTRATION (ug TNT/mi)

Figure B3. Crane AAP data plotted with thres isotherm models
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LANGMUR
R-square = 0,598
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3
S

LINEAR
R-aquare « 0,940 f

0 2 4 8 &8 10 17 14
SOLUTION CONCENTRATION (ug TNT/ml)

Figure B4, Holaston burning ground AAP data plotted with
three isotherm modesls
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Holston roadside AAP data plotted with threes

isotherm modals
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Iowa AAP data plotted with three imotherm models
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FREUNDLICH
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Figure B7.
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Kansas AAP data plotted with three isotherm models
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| Figure B8. Lonestar AAP data plotted with three isotherm models
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Longhorn AAP data plotted with three isotherm models
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Figure B10. Louisiana AAP dat plotted with three isotherm models
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Figure Bll, Radford AAP data plotted with threa isotherm models
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SAVANNA

40
)
ao-
)
20 - .
10 1 / FREUNDLIOH
'Y Resquare = 0. 801
0% 7 e 8 1o 7 i
48
35“ a
25 : '
18 - .
LANGMUR
81 ¢ Resquare » 0.972
0 2 4 8 8 10 12 14
32.
20 - 1
20 -
14
8 LINEAR
R-squares » 0.879
ST T AT e 8 o 12 14

Savanna AAP data plotted with thres isotherm models
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Figure B13.
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511t AAP data plotted with three isotherm models
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VOLUNTEER
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Figure Bl4., Volunteser AAP data plotted with three isotherm models
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