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FOREWORD

EPA is charged by Congress to protect the Nation’s land, air, and water systems.
Under a mandate of national environmental laws focused on air and water quality, solid
waste management and the control of toxic substances, pesticides, noise and radiation,
the Agency strives to formulate and implement actions which lead to a compatible
balance between human activities and the ability of natural systems to support and
nurture life.

The Robert S. Kerr Environmental Research Laboratory is the Agency’s center
of expertise for investigation of the soil and subsurface environment. Personnel at the
Laboratory are responsible for management of research programs to: (a) determine the
fate, transpont and transformation rates of pollutants in the soil, the unsaturated and the
saturated zones of the subsurface environment; (b) define the processes to be used
in characterizing the soil and subsurface environment as a receptor of pollutants; (c)
develop techniques for predicting the effect of pollutants on groundwater, soil, and
indigenous organisms; and (d) define and demonstrate the applicability and limitations
of using natural processes, indigenous to the soil and subsurface environment, for the
protection of this resource.

Soil treatment systems that are designed and managed based on a knowledge
of soil-waste interactions may represent a significant technology for simultaneous
treatment and ultimate disposal of selected hazardous wastes in an environmentally

acceptable manner. Decisions pertaining to which wastes and chemicals are amenable

cre



to this technology must take into account: (1) the long-term uncertainties associated
with the land disposal option; (2) the goal of managing hazardous wastes in an
appropriate manner; and (3) the persistence, toxicity, mobility, and propensity to
bioaccumulate hazardous wastes and their hazardous constituents. There is currently
a lack of scientifically derived fate and transport information for the wide range of
hazardous chemicals for which such decisions can be made. This report presents
information pertaining to the quantitative evaluation of the treatment potential in soil of
specific listed hazardous organic chemicals as identified by the United States
Environmental Protection Agency (EPA), and waste sludge from explosives production
and its related chemicals.

AfTlon ¥ Yt/

Clinton W. Hall

Director

Robert S. Kerr Environmental
Research Laboratory



ABSTRACT

This study developed comprehensive screening data on the
treatability in soil of: (a) specific listed hazardous organic
chemicals, and (b) waste sludge from explosives production (KO44)
and related chemicals. Laboratory experiments were conducted
using two soil types, an acidic soil (Mississippi soil) with less than
one percent organic matter, and a slightly basic sandy loam soil
(Texas soil) containing 3.25% organic matter. These experiments
evaluated the: (a) relative toxicity of the chemicals and waste using
the Microtox®© bioassay method, (b) degradation of the chemicals and waste in
the soils, (c) adsorption characteristics of the chemicals in the two soils, and (d)
toxicity reduction that occurred during degradation.

The major conclusions were:

1. The chemical structure of the compounds evaluated affected their relative
toxicity. With chlorophenols, the relative toxicity was related to the
position of the chlorine group on the phenol ring. The order of relative
toxicity was para>meta>ortho. The same order appeared to occur for
methylphenols and nitrophenols. The chemical substituted on the
phenol ring appeared to have an effect on toxicity. Nitro-substituted
phenols appeared to be less toxic than the methyl- or chloro-substituted
phenols. Mixing of the chemicals with the soils did not affect the relative
toxicity of the chemicals in the two soils.

2. Data characterizing the chemical loss in the soil and in the water soluble
fraction (WSF) extracted from the soil as well as the toxicity reduction in

the WSF could be represented satisfactorily by either first or zero order



kinetics. In most cases, the data were represented by either kinetic
parameter with high correlation coefficients.

. The rates of chemical loss were higher in the Texas soil. Chlorophenols
with chlorine substituted in the meta position had greater half-lives and
lower loss rates. Chemicals with a nitro group substituted in the phenol
ring appeared to have a lower loss rate.

. The Freundlich equation described the adsorption of most of the

chemicals with the two soils satisfactorily. The values of the Freundlich
constant (Ky) for the chemicals in the two soils were different. For the acid

extractables, the K; values generally were greater in the Mississippi soil.

For the amines and alcohols, the K; values were greater in the Texas soil.

. The loss of the applied chemical in the soil and in the WSF as well as
the reduction of the WSF toxicity were compared for nine of the
chemicals. The chemical loss in the WSF was about 1.5 times faster than
the chemical loss in the soil. The WSF toxicity decreased at about the
same rate as the WSF chemical concentration. No enhanced

mobilization of the applied chemical occurred during degradation.
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SECTION 1
INTRODUCTION

SCOPE OF STUDY

This study was designed to provide comprehensive screening data on the
treatability in soil of: (a) EPA listed hazardous organic chemicals, and (b) a specific
hazardous waste and related chemicals. The resuits of the study provide data that can
be used when permitting decisions are made related to: (a) management of spills, (b)
remediation of contaminated soils, and (c) the use of land as a waste management
alternative. The degradation and partitioning data can be used as input to predictive
models that estimate the movement of chemicals in the unsaturated zone of the soil.
Examples of such models include RITZ (Regulatory and Investigative Treatment Zone
Model)“' 2), VIP (Vadose Zone Interactive Processes Model)(3' 4), and KOPT
(Kinematic Qily Pollutant Transport Model(5).

These models were developed to understand the treatment potential of organic
chemicals in soil. The modsls integrate the processes that affect chemicals in soil
(degradation and partitioning) so that an assessment can be made of the extent to
which protection of human health and the environment occurs. The understanding
that results from the use of such models allows the identification of chemicals and
wastes that require control to reduce or eliminate their hazard potentiai prior to
application to soil.

Laboratory studies were conducted to determine: (a) degradation kinetics, (b)
sorption, (c) toxicity of the chemicals and waste, and (d) the reduction in toxicity that

occurs during degradation. The results of these studies are discussed in subsequent

sections.



DESIGNATED CHEMICALS AND WASTES

The chemicals and specific waste that were part of this study are identified as
hazardous wastes under CFR Sections 261.32 and 261.33. These chemicals can be
expected to be components of many industrial compounds and wastes that enter the
soil from spills and inadequately sealed impoundments (pits, ponds and lagoons) and
as part of wastes applied to operating land treatment units.

The chemicals that were evaluated are identified in Table 1. The specific
hazardous waste, and chemicals related to that waste, that were evaluated are noted
in Table 2.

Samples of the explosives waste sludge (KO44) and the chemicals TNT, RDX,
and HMX were obtained with the help of the U.S. Army Toxic and Hazardous Materials
Agency (USATHAMA). A sample of wastewater treatment sludge resulting from the
manufacture and processing of explosives was obtained from the Holston Army
Ammunition Plant with the assistance of USATHAMA. This material was stored at 4° C

until required for analysis and use.



TABLE 1. CHEMICALS THAT WERE EVALUATED IN THIS STUDY

EPA Hazardous

Compound Formuia waste Number
Acld Extractables

PRENOI....c.ceviiiecei vt CGHGO ........................................... U188
O-CrOSOl ...uinniirieieeiieciiiee e ans C7H80 ........................................... uUos2
P-Cresol ...ccuuvviineiieiiiei e CaHGO ..o uos2
M-CroS0l..c.civeniiitieneeirevien e riree i ernerennees CaHOu i uos2
2-Chloroph@nol ..........ccccvvvieriiiiiiniinenisnnnnn. CgHgClO i uo48
3-Chiorophenol ..........ccoovvveereeiiceeiriiiennnannn. CgHgCIO. ..o NOS
4-Chloroph@nol ...........ccoviviiiniiicennirencennnnn, CgHgClO..oiis NOS
2,3-Dichlorophenol...............cc.ceoeeivniienennens CgH4CIh0. i NOS
2,4-Dichlorophenol .........c..ccovviiiiiiiriinninnee. CgH4Cla0. i uog1
2,5-Dichlorophenol ...........cccoeviviiiviirinicennns, CeH4CI0 s NOS
2,6-Dichlorophenol..............ccocceveeivneirinnnnns CgH4CI0 i uos2
3,4-Dichlorophenol .........c.coeevvieiiivniennnnnnnnns CeH4Cla0 i NOS
2,4,5-Trichlorophenol...........ccc.ccvvieinvennnnnnn. CgH 30130 ......................................... U230
2,4,6-Trichlorophenol.........c.ccccvverivrinrennee. CGHSC'SO ......................................... U231
Pentachlorophenol ..........cccceceiieniveiieninnans CgHCIg0. ..ot U242
2,4-Dimethylphenol.......cc.cccerrvireniceeniennnnnnn, CBHwO .......................................... U1ot
2-Methyl-4-Chlorophenol..........ccccccevrevnennes CaHCIO. it NOS
3-Methyi-4-Chlorophenol................cccceuceenees CaHZCIO..iicine uo39
3-Methyl-6-Chlorophenol..............c.ccvervnenne. CaH2CI0..ciiiiiie NOS
P-Nitrophe@nol......cccovviiiriiiriiniiinn e C6H5N03 ......................................... ut70
2,4-Dinitrophenol...........cccccoveiiriviveiirnnnnens CgHgNoOg oo P048
4,8-Dinitro-0-Cresol .......c..cooeevviervnceennennn CaHgNSOg o P048
Thiophenot......cco..cevviiinnniinennns cereerenearaae CgHES oo uot4
Amines

Diphenylaming..............ccccevnviiiiinniieennennnn, CioH N X016
m-Phenylenediamine...........c.cccccvuierinrrnennnn. CgHgNo oo X017
Toluenediamine..........ccooceueveeeniriinnnenennnnn. C7H6(NH2)2 ....................................... U221
Brucing ......cooeniiiniiiiiiciiiiere et e e C23H26N20 Qeeresrerssnertnrsnessaanestiatessenae Po18
Alcohols

Isobutyl alcohol ..........ccovviiieniiiiiiiiieeeaen, Cc 4H1°O .......................................... U140
Allyl @lCOhOl....cccuureiviecierieie s CaHgO e P005
Propargyl aleohol ...........ccccceviiiiiiiiieinnnenn. CaHp0 i P102
1-Butanol.....ccoeeviiiriiicirirc e, C4H1°O .......................................... Uo31
2,3-Dichloropropanol............ccceeeeenrinieerennenens CaHgClo oo X006
Mthano! ... .cuvieiiin e i eena e CH4O e U154
Other

C_arbon disulfide.........ccooiviiiiinieiiiiinne CSpriiiiiiiiii Po22
2-Nitropropane.......cccceeeeeeierenimiiiiiiiiinn, CaHyNOg oo U171
ThIOUPB@...eeuuiieenreneruerrrareneisrnnereerneeraenne CH NS .o U219 ,




TABLE 2. THE HAZARDOUS WASTE AND RELATED CHEMICALS
THAT WERE EVALUATED

Specific Hazardous Waste
KO44 - Wastewater treatment sludge from the manutacturing and processing of explosives

Explosive and Munitions Manufacturing Chemicals

EPA Hazardous
Compound Formula Waste Number
2,4-Dinitrotoluene C7HgN,O4 u105
2,6-Dinitrotoluene C7HgN,O4 U106
TNT (2,4,6-Trinitrotoluene) C7HgN30g -
RDX* C3HgNgOs -
HMXH C4HgNgOg -

RDX = Hexahydrotrinitrotriazine

++ HMX = Cyclotetramethylenetetranitramine



SECTION 2
CONCLUSIONS

The major results were the following:

A. CHEMICAL TOXICITY

1.

The Microtox® biological assay represents an appropriate method with which
to evaluate the ECgq toxicity of a chemical or waste.

. Comparison of the ECgq data indicated that: (a) the alcohols were less toxic

than the acid extractable compounds, and (b) within chemical categories, there

were considerable differences in relative toxicity.

. The chemical structure of the compounds evaluated affected the relative toxicity

of a compound. With chlorophenols, the relative toxicity was related to the

substitution position of the chlorine group on the phenol ring. The order of
relative toxicity was para>meta>ortho. The ECgq data suggested that the same

order occurred for methylphenols and nitrophenols.

. The chemical that was substituted on the phenol ring appeared to have an

effect on toxicity. Nitrq-sub_stitutea phenols, even when substituted in the para
position, appeared to be less toxic than the methyl- or chloro- substituted

phenols.

. When the chemicals were mixed with two different soils, and the E050 value of

the water soluble fraction (WSF) of the soil mixtures was measured, the values
also indicated that chemicals with the chlorine in the para position had the
greater toxicity. Mixing of the chemicals with the soils did not affect the relative

toxicity of the chemicals in the two soils.

. In general, the acceptable non-inhibitory chemical loading rates for the

Mississippi soil were lower than those for the Texas soil. There was no

consistent pattern for the differences.



B. DEGRADATION STUDIES

7. The chemical or waste loading procedure (Table 9, Section 4)
resulted in chemical loadings that did not inhibit the non-acclimated
organisms in the laboratory microcosms, except in one case (4,6-
Dinitro-o-Cresol).  This procedure provided a good estimate of
initial, acceptable chemical loadings that can be used in laboratory
degradation studies.

8. Both zero and first order kinetics provided adequate representation
of the data. For most of the chemicals, the data could be fit to
either kinetics with high correlation coefficients.

9. The rates of chemical loss were higher in the Texas soil than in the
Mississippi soil. There did not appear to be any pattern to the
differences in rates in the two soils.

10. Chlorophenols with the chiorine substituted in the meta position had
greater half-lives and therefore lower chemical loss rates. This
was particularly evident with the mono-, di-, and trichlorophenols
in the Texas soil.

11. Chemicals that had a nitro group substituted on the pheno! ring
appeared to have a lower loss rate.

C. ADSORPTION STUDIES

12. The Freundlich equation described the adsorption of the chemicals on
the two soils satisfactorily, with high correlative coefficients,
except for a few chemicals.

13. The range of chemical concentrations evaluated ranged from the low
mg/l concentrations to near or at saturation c;oncentrations, and for

most chemicals covered two to three orders of magnitude. For these



14.

15.

16.

17.

18.

19.

20.

21.

concentration ranges, a linear adsorption relationship, i.e., n = 1, did

not occur.
The values of the Freundlich constant (Ky) for the chemicals in the two soils

were different. For the acid extractables, the K; values generally were greater in
the Texas soil which had the higher pH and the greater organic carbon content.
For the amines and alcohols, the K; values were greater in the Mississippi soil,
which had the lower pH and the lower organic carbon content.

TOXICITY REDUCTION ‘

Two loading rates, the Texas soil, and nine chemicals (phenol and eight
chlorinated phenols) were used in this study. Both first and zero order kinetics
satisfactorily fit the water soluble fraction (WSF) chemical loss data and the
toxicity reduction data.

The higher chemical loading rates resulted in higher chemical concentrations in
the WSF and higher WSF toxicities at the beginning of the experiments.

The higher chemical loading rates generally resulted in slower chemical losses
(higher half lives) and slower toxicity reduction. However, at both loading rates
for each chemical, the chemicals were degraded and the toxicity was reduced.
No differences due to the loading rates were apparent in zero order kinetics.
The loss of the chemicals in the WSF was about 1.5 times faster than the loss of
the chemical in the soil.

The WSF toxicity for each chemical decreased as the soil chemical and the
WSF chemical concentrations decreased.

The WSF toxicity decreased at about the same rate as the WSF chemical
concentration when the data for all nine chemicals were compared.

No enhanced mobilization of the applied chemicals occurred as the

degradation and detoxification occurred.



22.

No water soluble toxic products appeared to be formed as the chemicals were

degraded in the soil.

E. MUNITIONS CHEMICALS AND WASTES

23.

24.

25.

26.

27.

The Freundlich equation described the sorption of 2,4- and 2,6-Dinitrotoluene in
the two soils satisfactorily. 1t did not do so for TNT, RDX, or HMX.

No loss of 2,4-Dinitrotoluene occurred over a 47-day study even though the
loading rate used was determined to be acceptable using procedures
discussed in Section 4. Degradation loss rates were obtained for 2,6-
Dinitrotoluene and TNT. First order kinetics were a better representation for
TNT than were zero order kinetics.

The half life of TNT in the Mississippi soil was shorter, and the loss faster, than

in the Texas soil. No difterence in the loss rates in the two soils for 2,6-

Dinitrotoluene was apparent.

The sludge resulting from the manufacture and processing of explosives
contained: (a) high concentrations of nitrogen and COD, (b) concentrations
generally less than 10 mg/l for heavy metals, and (c) no TNT, RDX or HMX.

The munitions sludge had a high toxicity as measured by the Microtox®©
procedure. The constituents causing the relative toxicity were in the soluble

phase of the sludge.



SECTION 3
GENERAL MATERIALS AND METHODS

CHEMICALS

The chemicals evaluated in this study were identified in Section 1. To the
extent possible, analytical grade chemicals were used in the experiments and as
spikes and controls in the analytical procedures. The chemicals were purchased
either from Aldrich Chemicals or Sigma Chemicals. Specific explosive and munitions
manufacturing chemicals were obtained from sources identified in Section 8.

SOILS

The intent of this study was to provide comprehensive screening data on the
treatability of specific chemicals and a hazardous waste in soil. The characteristics of
the soil will affect the degradation, sorption, and treatment potential and two soils with
different characteristics were used. One was an acid soil with a low organic content
and the other was a basic soil with a higher organic content and cation exchange
capacity (CEC).

The acid soil was obtained from an area near Wiggins, Mississippi, and was
supplied by researchers at Mississippi State University. This soil is referred to as
Mississippi soil in this report. The characteristics of this soil are presented in Table 3.
The analyses were conducted by staff at Mississippi State University using appropriate
methods(6).

The basic soil was obtained from an area near Austin, Texas, that, to the
knowledge of the personnel of this project, had not been exposed to industrial
chemicals or wastes. This soil is referred to as Texas soil. The characteristics of the
soil are presented in Table 3. The analyses were conducted by staff at the soil testing

and characterization laboratory, Texas A&M University, College Station, Texas.



Because independent laboratories provided separate analyses of the soils, the
data in Table 3 are not always directly comparable. However, the data provide
pertinent information on the important characteristics of the two soils.

Both soils had initial microorganism counts that were typical for an agricultural

soil with an active microbial population.

TABLE 3. CHARACTERISTICS OF SOILS USED IN THIS STUDY

Misslssippi Texas

Characteristic Soll Soll
Texture sandy loam sandy silt loam
Classification Typic Paleudults Mollisal, Cumulic
pH 4.8 7.8
CEC ( meq/100 g) 6.35 10.8
Organic Carbon 0.94% 3.25%
Sodium 0.02 meq/100 g 0.3 meq/L*
Potassium 0.07 meq/100 ¢ 3.6 meq/L
Calcium 0.29 meq/100 g 9.5 meq/L
Magnesium 0.06 meq/100 g 1.3 meq/L
Hydrogen 5.9 meq/100 g -
Carbonate (COg) - 0.0 meqg/L
Bicarbonate (HCOg3) - 7.2 meqg/L
Sulfate - 1.9 meqg/L
Chloride - 2.8 meqg/L
Particle Size Fraction (%)

Sand 68.0 61.5

Silt 23.4 311

Clay 8.6 7.4
Moisture Content by Weight (%)

1/3 atmosphere 12.4 17.0

15 atmosphere 8.2 6.2

* .. Saturated paste extract

P e e s S
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After the soils were received at the Environmental and Water Resources
Engineering Laboratory at The University of Texas, they were air dried, sieved and
stored at 4° C in the dark. Prior to each experiment, soil samples were taken for use,
the moisture content increased to near saturation, and the indigenous organisms
allowed to establish equilibrium concentrations.

INSTRUMENTATION

The principal analytical instruments used were the Microtox© analyzer, the gas
chromatograph (GC), and the high pressure liquid chromatograph (HPLC). The
Microtox®© unit, which was used for chemical toxicity evaluation, is discussed in detail
in Section 4. The following describes the operational procedures employed for the GC
and HPLC analyses.

Gas Chromatography

Two types of gas chromatographs were used to quantify chemical
concentrations. The choice of GC depended on the volatility of the compound and the
solvent used with the compound.

Compounds extracted in Methylene Chloride were analyzed by capillary
column gas chromatography. The analytical procedure followed is outlined in EPA-
SW 846 (Method 8040)(7). The method consisted of injection of a 1 pl sample into
the gas chromatograph (Hewlett Packard Model 5890A) which was equipped with an
electronic integrator (Hewlett Packard Model 3392A), a methyl silicone capillary
column, and a flame ionization detector. The chromatographic system was calibrated
using an internal standard technique each day.

The operating conditions of the capillary column gas chromatograph are
presented in Table 4. The initial temperature and temperature progress rate were
selected based on the retention time of the test compound and the internal standard.
The integrator options were set to minimize the tailing of the chromatographic peaks,

which affected the peak area calculations. The initial temperature was between 30° C
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and 100° C depending on the retention time of the compound, the temperature
progress rate was between 15° C and 30° C/minute, and the final temperature was
180° C. A two-minute final time was utilized at the termination of each run in order to
ensure that the column was clean.

TABLE 4. OPERATING CONDITIONS FOR THE GAS CHROMATOGRAPHIC ANALYSIS
OF COMPOUNDS IN METHYLENE CHLORIDE

e e e e T
Condition Description

Capillary Column methyi silicone (dimensions: 5m length x 0.53 mm 1.D. x
2.65 um film thickness)

Temperature  Initial 30° C-100° C at 0 minutes with progress rate
of 15-30° C per minute.
Final 180° C at 2 minutes
Injection Port 200°C
Detector 250°C
Detector Flame lonization
Hydrogen Gas Rate 30 mb/minute
Air Rate 400 mL/minute
Carrier Gas Helium Rate 20 mL/minute

Compounds extracted in either water or Methanol (e.g., alcohols) were
quantified on a packed column gas chromatograph (Tracor 550) equipped with a six-
foot column packed with 5% Carbowax 1500, 80/100 Carbopack K-C (Supelco, Inc.).
The GC was operated isothermally at 130° C with a flame ionization detector. The
electronic output signal was converted to concentration units by interfacing the GC
with an integrator (Spectraphysics Model 4290). The GC was calibrated by the
internal standard technique outlined in Method 8040 (EPA-SW846)(7).

12



High Pressure Liquid Chromatography

Phenolic compounds contained in filtered water (i.e., as part of the sorption
study, Section 6) and the compounds of low volatility (Brucine, Thiourea, RDX, HMX
and TNT) were analyzed by high pressure liquid chromatography (HPLC).

The HPLC (Waters Associates Model 440) was operated at room temperature
and utilized a C-18 reversed phase column. Aqueous solutions (50 ul) of various
samples were eluted with 50:50:0.1 of acetonitrile:deionized distilled water:acstic acid
solution. The UV absorption detector wavelength was 254 nm. The flow rate and
chart speed were maintained at 3.0 ml/min and 0.1 inch/min respectively. The
attenuation varied from 0.01 to 2.0 depending on the relative compound absorption at
254 nm. Duplicate samples were analyzed to ensure instrument accuracy.

Standard solutions for each compound were run prior to sample analysis for
external standard calibration. The peak height on the chart paper for each standard
solution was measured and linear regression analysis (Lotus 1-2-3, IBM/PC) used to
determine the relationship between peak height (cm) and concentration (mg/L).
Comparison of peak heights of samples to peak heights determined for standard
solutions allowed estimation of sample chemical concentrations.

QA/QC PROCEDURES

Care was taken to assure that sound, representative data were obtained. The
specific quality assurance-and quality control procedures that were followed and
information on precision and accuracy are presented in Appendix B.

TOXICITY

The relative toxicity of the chemicals and the specific waste as well as of the

water soluble fraction of soil-chemical mixtures was measured by the Microtox®

system. Details of the system and how it was used are presented in Section 4.
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SECTION 4
RELATIVE TOXICITY AND CHEMICAL LOADING

OBJECTIVES

A major objective of this study was to obtain information on the degradation
kinetics of these chemicals and specific waste in soil. To do so, it was important that
the chemicals be in the soil in concentrations that would not be toxic or inhibitory to the
soil microorganisms. Therefore, it was necessary to determine: (a) the relative toxicity
of the chemicals and specific waste prior to adding them to the soils, and (b) the mass
loading rates of the chemicals that would not be inhibitory.

The relative toxicity tests that were conducted were not intended to provide
information on toxicity from a human health or safety or from an environmental
standpoint. Rather, these tests were used as a relative toxicity screening method.
Such tests also can be used to identify the relative toxicity reduction that occurs when
chemicals an_cl waste are managed by the land treatment process.

BACKGROUND

The usual procedures to quantify toxicity of a chemical are toxicity assays which
measure the effect of the chemical on a test species under specified test conditions.
The toxicity of a chemical is proportional to the severity of the chemical on the
monitored response of the test organism(s). Toxicity assays utilize test species that
include rats, fish, invertebrates, microbes and seeds. The assays may use single or
multiple species of test organisms. The need to unequivocally measure the effect of
the toxicant on the monitored activity has favored the use of a single specie as the test
organism in a toxicity assay.

Toxicity assays using bacteria as the test organism are gaining popularity due
to their rapidity, ease in handling, cost effectiveness and the use of a statistically

significant number of test organisms(8: 9). The Microtox® assay is a microbial assay
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used for toxicity measurement, hazard assessment, and quantitative-structure activity
relationship (QSAR) studies of environmental poliutants(8-11),

Although no single bioassay procedure can provide a comprehensive toxicity
evaluation of a chemical, a valid toxicity screening test can provide information about
the relative toxicity of a compound and can help predict non-inhibitory chemical
application rates. The Microtox© system is a relatively simple, rapid and inexpensive
test and was used as the toxicity screening method in this project. The use of the
Microtox®© procedure to screen and predict the treatability potential of waste in soil has
been evaluated and found to be satisfactory(12, 13),

Microtox®

The Microtox® system is a standardized toxicity test system which utilizes
marine luminescent bacteria (Photobacterium phosphoreum) as indicator organisms.
Bioluminescence of this test organism depends on a complex chain of biochemical
reactions involving the luciferin-luciferase system. Chemical inhibition any of the
involved biochemical reactions causes a reduction in bacterial luminescence. The
Microtox®© toxicity assessment considers the physiologicai effect of a toxicant, and not
just mortality.

The system utilizes an instrumental approach in which the indicator organisms
are handled as chemical reagents. Suspensions of about one million bioluminescent
organisms are "challenged” by addition of serial dilutions of an aqueous sample. A
temperature controlled photometric device quantifies the light output in each
suspension before and after sample addition. Reduction of light output reflects
physiological inhibition which indicates presence of toxic constituents in the sample.
The small sample volume required (~10 mL) is a positive aspect of the system.

The instrument used in this project was the Beckman Microtox© Model 2055

Toxicity Analyzer System. Except for slight modifications, procedures indicated in the

15



Microtox® System Operating Manual(14) were followed. A summary of the procedure
that was used is included in Appendix A.
ECs50_Evaluation

The ECs is the concentration of a chemical that causes a 50% decrease of
light produced by luminescent bacteria in the Microtox®© test. The method provides for
simultaneous testing of a control and dilutions of a chemical. The percent light
decrease after 5 minutes is plotted against sample concentration. The concentration
that diminishes the light output by 50% is designated the ECsg under the defined
conditions of exposure time and test temperature. When calculating ECsqg data,
responses for all concentrations are normalized against blank responses by
multiplying the initial light output of each concentration by the mean blank ratio for time
t. This normalization corrects for effects of light drift and offsets in light output due to

dilution. An explanation of the analytical and calculation methods used to obtain
ECgq data is presented in Appendix A.

ECsp evaluations for the specific chemicals are presented in Table 5. Results

for the munitions chemicals and sludge are presented in Section 8. These ECgq

values represent values for the chemicals and sludge as a solution of the chemical
and of the as-received sludge. The values are not comparable to the ECgq values that

might occur in a soil-chemical or soil-sludge mixture. These ECgq values are useful

as: (a) a relative screening evaluation for the chemicals to estimate which chemicals
have a greater toxicity potential, and (b) input to decisions about concentrations that
can be applied to soil that will be non-inhibitory to the soil microorganisms.

In Table 5, the 95% confidence values (95% ClI) of the ECgq values also are
presented. The 95% CIl was calculated in a standard statistical manner. Specific

details about the procedure are presented in Section 5. The 95% CI identifies the
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TABLE 5. ECgq DATA FOR CHEMICALS EVALUATED IN THIS STUDY

—ECgoValues (ma/)

Compound Value 95% Ci
Acid Extractables

Phenol......ccoooeieriiiiiin e 26.7 .o, 25.4-28.1
0-Cresol.. ..o et e 224 .............. 21.8-23.0
P-Cresol.......cccoomereerneiinnenrieieeinenennns 1.1 1.07-1.16
M-Cresol ..c.oeeeeeeeeeeee e er e 5.8 .. 5.6-6.1
2-Chlorophenol...........cccoceiricceeenn. 16.1 e 15.1-17.1
3-Chiorophenol............ccccccvvenemnnnnee. 38, 3.4-43
4-Chlorophenol............c.cccooeveeennn, ) I 1 S 0.9-1.0
2,3-Dichlorophenol.............ccovveeeernene 48......cceee..... 4.7-5.0
2,4-Dichlorophenol.................cccoeeeee 28 ... 2.7-2.9
2,5-Dichlorophenol............cc.c.ccoveneene 8.2. . e 7.8-8.6
2,6-Dichlorophenol................c.cco...... 159 .. 14.8-17.1
3,4-Dichlorophenol............c.ccocceeeeens 05 e 0.4-0.5
2,4,5-Trichlorophenol........................ 09. ... 0.8-1.0
2,4,6-Trichlorophenol........................ 9.3 e 8.6-10.1
Pentachlorophenol............c.c.coocee.. 11 1.1-1.2
2,4-Dimethylphenol.........c....cccceeni 3.8 3.4-4.3
2-Methyl-4-Chlorophenol................... 11, 1.06-1.14
3-Methyl-4-Chlorophenol................... 0.3 0.2-0.3
3-Methyl-6-Chiorophenol................... 58 i 5.7-6.0
p-Nitrophenol...........ccoceeveiniiiiiiienns 7.0 cieeeinne 6.7-7.3
2,4-Dinitrophenol ............ccccevvvcinnes 13.5 e 11.0-16.6
4,6-Dinitro-0-Cresol ..........ccccccceernee 105 s 9.1-121
Thiophenol........cccooivveineininiceneen, 28...cconneennn. 2.6-3.1

——ECs0—Vvalues (mg/t)
Compound Value 95% CI
Amines
Diphenylamine ..............ccccveeiicnneeees 2, 1.9-2.1
m-Phenylenediamine......................... 112, 99-122
Toluenediamine .............c.ccccceeveeeerinnn: 44 .o, 41-47
BruCing......ccooeveerimeeiieeieriereeree e 213l 197-230
Alcohols
Isobutyl alcohol..............ccoeeeirnneeenne 1740.............. 1590-1920
Allyl alcohol .........oooeviiiieecie, 1120............... 960-1320
Propargyl alcohol...............ccceeeeeneeen. 106.....cccoeenene 99-115
1-Butanol..........coooeveeiieeiiiiiecees 2400.............. 2180-2640
2,3-Dichloropropanol.........cccccceeeeeneee. 120 e, 104-140
Methanol................ccoeeiieiiiinneenee, >84,500.................. -
Other
Carbon disulfide .............c.occovenenennn. 30..ciiiiaenn, 27-32
2-Nitropropane............ccccccvevereeeennnens 49................... 41-59
ThIOUM@A ....cccoviiiiieeeececeneee e 4530.............. 4050-5080

-~ _—— -~ " - . . ____—



range of values within which the estimated true mean ECgq value should occur with

the probability of error being 0.05. The relatively narrow 95% CI values indicate the
low scatter of the data obtained.
Low ECgq values indicate a higher toxicity potential and the higher ECgq

values indicate a low toxicity. In Table 5, the ECgq data indicate that phenol (ECgq =
26.7) has a lower toxicity potential than p-Cresol (ECgq = 1.1).

The comparison of the ECgq data (Table 5) indicates that: (a) the aicohols are

less toxic than the acid extractables, and (b) within particular categories, there are
considerable differances in relative toxicity. It appeared that there was a relationship
between the relative toxicity and the chemical structure of the chemical. This was
explored using ECgq values for several of the acid extractables.

In discussing these relationships, an understanding of the structure of the
phenol compound and where substitutions can occur is helpful. Figure 1 indicates the
basic structure of phenol and indicates that substitutions can occur at five locations
that can be identified by number or name. Thus, a 2-Chlorophenol indicates a

chlorine compound is substituted at the 2- or ortho position. A p-nitrophenol indicates
that a nitro- (NO»5) group is located at the 4- or para position.

OH

6 (ORTHO) == ~—2 (ORTHO)

5 (META) __| 3 (META)

4 (PARA)

Figure 1. Schematic of the Phenol Ring and Possible Substitution Positions

18



Data for fourteen chlorinated phenols were evaluated to identify whether a

relationship between chemical structure and relative toxicity existed in this study. The
ECsp values for these compounds provide a reasonable data base to consider the

effect of chemical structure. When the ECgq values were compared (Table 6), the

relative toxicity of these compounds appeared related to the substitution position of the
chlorine group on the phenol ring. The order of toxic potential was para>meta>ortho.
The order was particularly evident with the mono- and di-chlorophenols.

This order also appeared when the methylphenols were compared (Table 7).
There were not enough data to infer that the same order occurred with nitrophenols,
although it was suggested (Table 7).

The chemical compound that is substituted on the phenol ring also appeared to
have an effect on toxicity (Table 8). Nitro-substituted phenols, even when substituted
in the para position, appear to be less toxic than the methyl- or chioro-substituted
phenols.

While it appears that the chemical structure of a compound, such as a
substituted phenol, affects the relative toxicity of the compound, this study was not
designed to determine such effects or the reason differences occur. The effect of
substitution position and chemical may be due to the influence of physicochemical,
electronic and/or steric properties of the chemical .

ACCEPTABLE LOADINGS

Microbial degradation is the major organic removal mechanism in the sail.
Therefore, microbial inhibition by a chemical or waste can be a limiting factor when
chemicals are added to the soil. A chemical and waste loading determination protocol
for land treatment demonstrations to estimate the non-inhibitory loading has been
proposed“z' 13). This protocol combines the leaching potential of the waste and the
toxicity of the leachate to arrive at a non-inhibitory loading. In this study, the

acceptable loading rates were determined by following this protocol which is outlined
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TABLE 6. RELATIVE TOXICITY OF CHLORINATED PHENOLS

Compound ECgq Value Substitution
(mg/) Position
2-Chlorophenol.........cccccoeeeen... 6.1 e e ortho
3-Chlorophenol.............ccccvveeen.n. 3B meta
4-Chlorophenol.............cccceeeneeneee 1.0, para
2,3-Dichlorophenol...........c.c.cceeee. 4.8 e ortho, meta
2,4-Dichlorophenol....................... 2B ortho, para
2,5-Dichlorophenoi....................... B 2 ortho, meta
2,6-Dichlorophenol...................... 15.9. e ortho, ortho
3,4-Dichlorophenoi....................... 0.5, i meta, para
2,4,5-Trichlorophenol................... 0.9 i ortho, para, meta
2,4,6-Trichlorophenol.................. 9.3 e ortho, para, ortho
Pentachlorophenol....................... L T OO all
2-Methyl-4-Chlorophenol.............. ) I TR ortho, para
3-Methyl-4-Chlorophenoi.............. 0.3 e meta, para
3-Methyl-6-Chlorophenol.............. L3 - SO meta, ortho

S A

TABLE 7. RELATIVE TOXICITY OF NON-CHLORINATED PHENOLS

e RN R ER R
Compound ECzo Value Substitution

(mg/) Position

Methylphenols

0-Cresol (2-Methyiphenol)....................... 224 i ortho

p-Cresol (4-Methylphenol)........................ Tod e para

m-Cresol (3-Methylphenol)...................... BB e meta

2,4-Dimethylphenol..........c.cccccccceninnnnn. B8 ortho, para

Nitrophenols

p-Nitrophenol...................cl, .0 para

2,4-Dinitrophenol .........cccoooveiiiinn. 13.5 i ortho, para

BTN E R m S e S e
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in Table 9. The logic behind this procedure is that other studies(12: 13) have shown
that the detoxification of water soluble organics in soil did not occur or proceeded very
slowly when the ECgq value of the initial mixture was less than 20%.

When determining an acceptable chemical loading, it is assumed that any
toxicity that results is due to the added chemical and not the soil. This assumption was
evaluated and the toxicity of the WSF of the Texas and Mississippi soils was
determined using the Microtox®© procedure. No toxicity of either soil was found.

The acceptable loading rates that resulted when the specific chemicals were
mixed with two soils are noted in Tables 10 and 11. These acceptable loading data
should be viewed as initial screening data for degradation and land treatment
demonstration studies. The protocol employs only an acute toxicity testing. The
soil:solution ratio used (1:4) is low and simulates only short-term leaching effects. In
the degradation studies (Section 5), the actual loading rates used were equal to or
less than those noted in Tables 10 and 11.

The loading limit of several of the alcohols was not determined. This was
because the large quantities of such soluble chemicals that were needed saturated
the soil and caused nonrepresentative land treatment conditions.

The effect of chemical structure on the acceptable loading rate also was
evaluated. The chiorinated phenoi data (Table 12) indicated that the chemicals with
chlorine in the para position generally required the lower non-inhibitory loading rates.
The mixing of the chemicals with the two different soils did not appear to affect the
relative toxicity order of the chemicals discussed earlier.

In general, the acceptable loading rates for the Mississippi soil were lower than
those for the Texas soil. There was, however, no consistent pattern for the differences.
Some of the rates were close and some differed by an order of magnitude. The

experiments were not planned to investigate the reasons for differences with different
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TABLE 8. COMPARATIVE RELATIVE TOXICITY OF CHLORO-,
METHYL- AND NITROPHENOLS

Compound ECgq Value
(mg/l)
3-Chiorophenol...........ccccvvvevivvvciiiieeee e, 3.8
m-Cresol (3-Methylphenol)................ccccceeeeeen. 5.8
p-Nitrophenol.............cccooeiie e, 7.0
p-Cresol (4-Methylphenol) ..................cc.oee... 1.1
4-Chlorophenol................ccooeveveeieiiiinnenennnnn, 1.0
2,4-Dinitrophenol..........cccccoooviviiiiiiiiiicnanonnn, 13.5
2,4-Dimethylphenol..........c.cccccoceereeniinninninnnn, 3.8
2,4-Dichlorophenol ...........cccccccnninninannnnnnennn, 2.8

TABLE 9. METHOD TO DETERMINE ACCEPTABLE INITIAL
CHEMICAL LOADINGS

1. Prepare several different ratios of a waste-soil mixture or a chemical-soil mixture. This results
in different loading rates.

2. Obtain a water soluble fraction (WSF) for each mixture, i.e., loading rate.

3. Determine the ECg for each WSF.
4. Determine relative toxicity units using the following equation: TU = 400/ECgy.*

5. Prepare alog-log plot of TU values versus loading rate.

6. The interception point for 20 toxicity units (20TU) is the lower loading limit for the soil. Since
there can be a window of acceptable lower loading rates, a value of twice the lower limit is
identified as the upper limit for this acceptable window.*

* See Appendix A for discussion of these items.

22



1954

TABLE 10. ACCEPTABLE NON-INHIBITORY LOADING RATES -- TEXAS SOIL

-————'———————_—_——.—.——_—_——————'—_———_— ——————— ——
Loading Rate* Loading Rate*
Compound (mg/kg of soil) Compound (mg/kg of soil)

Acid Extractables Amines

PRENOL ... et eere e snae s 720 Diphenylamine ...........ccccccoeninieiiniineieiceee e 230
0-CresSol.......cooviiiiiiiiiiinii e 490 m-Phenylenediamine..................cc.cccoin, 7900
P-Cresol.......ccooviiiiiiiiiii e 100 Toluenediaming ............cooovieiiieiciiieneenine. 1080
M-CPESON ..vveieiiie et ecreee e e 124 BrUCINE ..ot 3600
2-Chlorophenol...........c.cooviiiniiiiic e 380

3-ChIOrOPhenOl...........ccoiinieiiiniinci e eeeieia e 120 Alcohols
4-Chlorophenol..........cocoeeiniiiiiiiiicie e 88

2,3-Dichlorophenol...........cc.ccoeeverenreevenescrireennnno 130 Isobutyl @ICONOL..........c.ooeeiericeecrc e, ++
2,4-Dichlorophenol...........cocooiiiiniieiiiinicnans 90 AlYLAICONON ........oveveeeceeeeeee e, ++
2,5-Dichlorophenol.............coocvviiniiniiiininniines 300 Propargyl alcohol...............cccourmreeerniiinerereeeennns 8200
2,6-Dichlorophenol............cccccoiiiiiiiniineniiieeenn 630 "
3,4'DiCh|0f0phenO| ................................................ 30 1 'But.anOI ..............................................................

24 5-THCRIOTOPRENOL.........eceoeeeeeseveeerereerrrnrees 40 2,3-Dichloropropanol...........cccccccccine.. 1050
2,4,6-Trichlorophenol..........ccococcvevciciiciinnnennenns 300 MELNANOL. .ot ++
Pentachlorophenol............cccooeiimeiiniiennns 30

2,4-Dimethylphenol...........cccoooiiiiiiiinniienee 88 Other
2-Methyl-4-Chlorophenol...........c.ccoeoeeiiiiininiines 48 .

D e 18 Carbon QISUING. ....ooosoossoss 400
3-Methyl-6-ChIorophenol...........c.vevrneeivnerirenes 150 Thi PIOPANE.....coovovvrriciirieene s 1620
N 250 HOUNBA ... irerecee e e e n e e e e e e e nen e 6580
2,4-Dinitrophenol ... 1380

4,6-Dinitro-0-Cresol ...........cccceveciiiieninnieiiiiieenens 350

ThiOPhenOl ......cooeiiiiiiie e 160

+  Jower loading rate as determined using the procedure in Table 9
++ not determined, see text
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TABLE 11. ACCEPTABLE NON-INHIBITORY LOADING RATES -- MISSISSIPPI SOIL

. - - __ _ _ _ __— — —— . —

Loading Rate* Loading Rate*

Compound (mg/kg ot soll) Compound (mg/kg of soil)
e
Acid Extractables Amines
PRENOL ..ottt e 320 Diphenylamine ..............ccccooveiiiiiiiiiiiiieeerer e, 110
O-CrESO0L...coeeiiieeeeeee et 250 m-Phenylenediamine..............c...c..ocooiiiiiinnnnne. *
P-CreSOl....co.evveeieiiiiiiie i 50 Toluenediamine .................ccccooiviniiiciiciiiin e, 1400
M-CrESO0k .. .cvneereieiecricte et e 130 BruGing.......cccveveeiciree e, 3200
2-Chlorophenol...........c.cceeviniiiinncciicnn, 290
3-ChIorophenol..........cocccociniinicn s 60 Alcohols
4-Chlorophenol.............ccoeveivniimnincnciic s 45
2,3-Dichlorophenol.............coceeeverercnviinenirienenns 60 Isobutyl @ICONOL.............ccvevreniereieiecrececere v ++
2,4-Dichlorophenol..............ccocriininiiicninnnn. 45 AL AICONON ... ++
2,5-Dichlorophenol...........cc.oeerrieirsecrinrcriesereennes 30 ppparavl alcohol ... TG
2,6-Dichlorophenol..............ccoceereeeeinirireeeeieneenenenes 50 PIOPAIGY! BICOROL.....orvsor vt 5120
3,4-DiChlOrOPRENOL...........coceririeeiiereiceeere e 23 1-BUANOL. ..ot
2.4,5-THChIOTOPhENOL..........cvrvereeere e enreeeen. 30 2,3-Dichloropropanol..............ccocceveviiieivinrvininiens 700
2,4,6-Trichlorophenol.............ccoiririinercnnenne 215 MEthanol.........c.ovtviniiiiec e ++
Pentachlorophenol................ccccccrniminnininiinne 55
2.4-DimethyCIpI‘1:nol ............................................... 45 Other
2-Methyi-4-Chlorophenol................ccocoeiiiiinenn. 38 .
3-Methyl-4-ChlorOphenO| ...................................... 10 Carbon AISUMIA ... 1540
3-Methyl-6-ChIOrophenol . ...........ccoooovrorrvvrrrrrreroe 140 Z-NItODIOPANG -...oooooes v 1170
p-NlththﬂOl ..................................................... 45 ThIOUfea .............................................................. 9 1 0
2,4-Dinitrophenol ...........ccoooiiiiiiiii 270
4.6-Dinitro-0-Cresol ..........cccocminiiiniiiiiininne, 26
TRIOPRENOL ...ttt 330

*  lower loading rate as determined using the procedure in Table 9
++ not determined, see text

*  chemical deterioration of this chemical in this soil prevented evaluation of mass loading data
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TABLE 12. COMPARATIVE ACCEPTABLE LOADING RATES --
CHLORINATED PHENOLS

——Loading Rate (mg/kg)

Compound Texas Mississippl Substitution

Soil Soll Position
2-Chlorophenol..........c..ccceeeeeeennn... 380......cieiiireennen 290.....iiiieieeend ortho
3-Chlorophenol...........cccccccvvveeernnnn. 120 60...cccovviriiiiinnnns meta.
4-Chlorophenol...............cccovevennnnnns B8...iieieens 45.... e, para
2,3-Dichlorophenoi........................ 130, 60....cccnan, ortho, meta
2,4-Dichiorophenol.......................... 90. ., 45.... e ortho, para
2,5-Dichlorophenoil...........c.c.ccee.n... 300.....ciiieeees 30 ortho, meta
2,6-Dichiorophenol......................... 630......cceeviiiinnnnnn. B0 ortho, ortho
3,4-Dichlorophenol.............. ST 30, 23, meta, para
2,4,5-Trichlorophenol...................... 40, 30....ccivnnnnenn ortho, para, meta
2,4,6-Trichlorophenol..................... 300......ccciiiininenen, 215, ortho, para, meta
Pentachlorophenoil.......................... ] o BN B, al
2-Methyl-4-Chiorophenoil................. 48.....coiiiiiiieiiees 1. TN ortho, para
3-Methyl-4-Chlorophenol................. 18 e, 10, e, meta, para
3-Methyl-6-Chlorophenol................ 150 s 140...cccviiiennn. meta, ortho

soils. Therefore, it was not possible to identify the fundamental factors causing the
observed differences. However, there are several possibilities.

The concept of determining an acceptable chemical loading for a soil is to
identify an application rate or range of rates that will ensure degradation of waste
without inhibiting the microorganisms in the soil. The chemical loading determination
procedure consists of two aspects: (i) quantity of the chemical partitioning into the
water soluble fraction (WSF) under standard test conditions, and (ii) toxicity of WSF.

The first aspect is a function of sorption characteristics of the chemical under the
test conditions. The second aspect depends on the relative toxicity of the chemical,

the impact of soil characteristics on the toxicity, and the method used to measure

toxicity.
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The sorption of a chemical in soil depends on: (i) soil characteristics such as
pH, organic content, particle size distribution, and presence of other chemicals, (ii)
chemical characteristics such as solubility, partition coefficient, and pK value, and (iii)
test conditions such as soil:solution ratio, test temperature and agitation.

The sorption data obtained in this study are presented in Section 6 and there
are differences in the sorption characteristics of the two soils. Sorption increases the
persistence of a chemical in the soil and reduces the migration potential of the
chemical. Therefore, a chemical that has greater sorption characteristics will be more
tightly bound to the soil and less likely to be in solution and therefore in the WSF. The
basis of the procedure to estimate the acceptable chemical or waste loading rate
(Table 9) is the assumption that the WSF of the chemical or waste poses the
immediate and significant threat to soil microorganisms and to groundwater.

The results that were obtained were similar to those obtained by other
researchers. Sims{19) reported waste mass loading data for petroleum and wood-
preserving wastes with clay loam and sandy loam soils. The same procedure (Table 9)
was used to obtain the data. In the clay loam soil, higher chemical loadings were
possible than with the sandy loam soil. This was attributed to the higher adsorption
and hence lower leaching of the wastes in clay loam soil. Pentachiorophenol (PCP)
waste showed a lower loading than the other wastes containing creosote and
polynuciear aromatic hydrocarbons (PAH's). This may have been due to the higher
toxicity of PCP using the Microtox® assay.

The pH of the Microtox®© method also may have had an effect on speciation of
the chemicals that were available for sorption and the resuitant relative toxicity. The
acceptable pH of the sample in the Microtox®© assay is the range of 6.0-8.0. The pH of
the 'samples analyzed in this study was within this range. The chemicals evaluated
have pKa values that range widely. As an example, the pKa of pentachlorophenol

(PCP) is about 5.0 while that of phenol is about 9.3. When a sample is adjusted to the
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Microtox© pH range (6.0-8.0), the speciation will vary. For instance, at this pH range,
PCP would be completely dissociated, whereas the dissociation of phenol would be
minimal.

The method (Table 9) used to identify acceptable, non-inhibitory chemical and
waste loading rates is conservative in that acclimation of the organisms to the waste or
chemicals is not considered. in the field the actual non-inhibitory waste and chemical
loading rates to the soil may be higher than those noted in this study since microbial
acclimation will occur with time.

The higher the chemical or waste loading that can be successfully treated on
the land, the more economical will be the land treatment option. Huddleston et al.(16)
reported increased soil respiration rates and waste removal rates with an increase in
oil waste application in land treatment investigations. The microbial acclimation may
significantly increase the degradation of a waste at high waste application
concentrations(15, 17), However, the method in Table 9 does result in an initial
chemical and waste loading that will not inhibit the soil microorganisms. Such
loadings will allow the soil treatability of chemicals and wastes to be determined.
CONCLUSIONS

1. The Microtox® biological assay represents an inexpensive and expedient
method with which to evaluate the ECsgq toxicity of a chemical or waste. This

method was used to estimate the ECgq values of specific chemicals and to

estimate the non-inhibitory soil loadings of the chemicals and waste that were

evaluated.

2. The comparison of the ECgq data indicated that: (a) the alcohols were less toxic

than the acid extractable compounds, and (b) within chemical categories, there

were considerable differences in relative toxicity.
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. The chemical structure of the compounds evaluated affected the relative toxicity
of a compound. With chlorophenols, the relative toxicity was related to the
substitution position of the chlorine group on the phenol ring. The order of

relative toxicity was para>meta>ortho. The ECgq data suggested that the same

order occurred for methylphenols and nitrophenols.

. The chemical that was substituted on the phenol ring appeared to have an
eftect on toxicity. Nitro-substituted phenols, even when substituted in the para
position, appeared to be less toxic than the methyl- or chioro-substituted

phenols.

. When the chemicals were mixed with two different soils, and the ECgq value of

the water soluble fraction (WSF) of the soil mixtures was measured, the values
indicated that chemicals with the chlorine in the para position had the greater
toxicity. Mixing of the chemicals with the soils did not affect the relative toxicity
of the chemicals in the two soils.

. In general, the acceptable ron-inhibitory chemical loading rates for the
Mississippi soil were lower than those for the Texas soil. There was no
consistent pattern for the differences. The differences were likely due to

different sorption characteristics of the chemicals in the two soils.
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SECTION 5
DEGRADATION STUDIES

INTRODUCTION

These experiments were conducted to determine the removal kinetics of the
designated chemicals and wastes (Table 1) in soil. Several of the chemicals could not
be evaluated because of chemical reactions in the soils which made analytical
detection impossible. These were Diphenylamine, m-Phenylenediamine and
Thiophenol.

Biodegradation is believed to be the most important removal mechanism for
organic compounds in soil systems. Biodegradation of organics is accomplished in a
series of biochemical reactions through which a parent compound is changed or
transformed to organic and inorganic end products. Complete degradation is the term
used to describe the process whereby constituents are mineralized to inorganic end
products, including carbon dioxide, water, and inorganic nitrogen, phosphorus, and
sulfur compounds.

Aerobic soil bacteria possess the ability to biochemically catalyze the oxidation
of organic compounds. For this reason, and because the zone of incorporation at land
treatment sites generally is aerobic, the protocol used in this study allowed aerobic
conditions and aerobic biodegradation reactions to occur.

In the mixed microbial population of soil systems, one metabolic group of
microorganisms may partially metabolize a compound and may furnish a suitable
growth substrate for another group. Organic compounds also may be partially
degraded or transformed to organic intermediates that may be recalcitrant and/or toxic.

The primary goal of biodegradation testing is to obtain an overall estimate of the
rate at which a compound will biodegrade in a soil environment. Whiie few

compounds appear in the environment in pure form, a common approach for studying
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removal rates of organic compounds has been to evaluate individual compounds.
Although this approach provides an understanding of the removal rates for specific
compounds, it is recognized that during actual land treatment chemicals normally are
applied as mixtures. Interactions between compounds in a mixture within the soil
matrix may promote or inhibit their removal from soil.

In this study, the chemicals were evaluated as individual compounds and the
data should be understood in that context.

Methods used to evaluate the biodegradation of organics in the environment
commonly use indirect measures such as oxygen consumption, CO» evolution, and
dissolved organic carbon (DOC) loss, to assess the persistence of compounds in test
environments, to determine chemical loss rates and to predict the relative importance
of biodegradation.

While these procedures provide a qualitative assessment of biodegradation,
they do not determine quantitative rates of degradation for specific constituents. Such
chemical specific rates are essential for the assessment of compound fate and
transport as well as for risk analyses. ror quantitative assessment of the rate of
biodegradation of an individual constituent in a soil system, it is necessary to measure
changes in parent compound concentration with time, and the loss of a chemical due
to methods other than biodegradation. In addition, the immobilization potential
(partitioning into soils, liquid, and gaseous phases) provides additional information for
assessing the soil treatment potential of hazardous constituents.

In this study, no distinction was made between specific loss mechanisms. Thus
removal rates can be due to biodegradation, chemical degradation, hydrolysis,
photolysis and volatilization. The chemicals that were evaluated did not have a high
volatilization potential and volatilization was not considered an important removal

mechanism in these degradation experiments. The logic for this statement is
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presented in Appendix C. Thus, the degradation rates presented in this section were
not corrected for volatilization.
MATERIALS AND METHODS

In this study, the rate of degradation was experimentally determined by
measuring the difference between the amount of compound initially added to a soil
and that which was recovered after specified time intervals. The general protocol used
to determine these differences is presented in Table 13. The protocol notes that the
soils should be maintained at a moisture content which is about 80% of field capacity.
This will provide adequate moisture for the biodegradative reactions but avoid
saturated conditions. For the two soils that were used, the equivalent of 80% field
capacity was a moisture content of about 12% for the Mississippi soil and about 16%
for the Texas soil.

Soil used in this experimental program: (a) had not had previous exposure to
industrial chemicals or wastes, and (b) did not receive any pretreatment such as soil
amendments or specially acclimated biological cultures prior to these experiments.
Thus, the naturally occurring soil microbial consortium was responsible for the
bioremediated removal of the chemicals.

Chemical mass loadings were determined as part of the toxicity screening
evaluations (Section 4). These determinations ensured that the loadings at which the
chemicals were applied did not inhibit soil microbial activity. Soil pH was not adjusted
nor were supplementary organic substrates used. The control beaker (blank) was
carried through the experimental procedure to ensure quality control of the
instrumental analysis.

Various techniques can be used to apply test compounds to soil in laboratory-
scale studies. When the test compounds were not highly water soluble, the test

compound was dissolved in a small aliquot of solvent before application into a soil. In

31



these experiments, the chemicals were added to the soil as a solution of water or of
Methylene Chloride depending on their solubility characteristics.

To minimize the possible toxic effect of the Methylene Chloride, a small volume
(100 pL) of the solvent, which contained an appropriate amount of chemical for a
specific initial concentration, was applied to each soil sample and mixed thoroughly
immediately after application with glass stirrers. Each beaker contained a glass stirrer
to prevent possible cross-contamination. A 20 plL microdispenser was utilized to
distribute the 100 uL solvent/chemical at five different points on the surface of the soil
sample. The Methylene Chioride also was added in the above volume to the control
beakers. Prior to applying the aluminum foil cover, a brief time was allowed for
volatilization of the Methylene Chloride.

As noted in Table 13, at selected time intervals the concentration of the
remaining chemical in a set of beakers was determined. The time intervals were
based on estimates of the half-life of the chemical and were chosen to provide at least
five data points to establish the removal rates. At these sampling periods, a sample
set (four beakers -- one blank and three with chemical) was taken from the constant
temperature room and extracted for sixteen hours with either Methylene Chloride for
phenolic compounds or Methano!l for amines (including Brucine and Thiourea) in a
Soxhlet extraction apparatus (Method 3540)(7).

The extract was concentrated in a Kuderna-Danish extraction unit attached to a
three-ball Snyder column (Method 3540)(7). The concentration step was conducted in
a water bath maintained at 60° C for phenolic compounds and at 78° C for amines.
The concentrated extracts were dried by passing them through disposable sodium
sulfate columns and then refrigerated at 4° C until analysis by gas chromatography
(GC) or high pressure liquid chromatography (HPLC).

Several of the chemicals were extracted using water as a solvent and the shake

32



TABLE 13. EXPERIMENTAL PROCEDURES USED IN THE DEGRADATION STUDIES

Each experiment consisted of eight sample sets. Each sample set contained four beakers
{triplicates for a sample and one blank). The experimental procedure for each chemical was as foliows;

(@ Place 10 g of air-dried soil, which has been kept at 4° C, into each 150 ml beaker and adjust the
soil moisture content to 80% of field capacity with distilled deionized water. Place a glass stirrer in
each beaker. Record all weights, including beaker, soil, water and glass stirer.

(b) Mix soil and water thoroughly, cover the beakers with aluminum foil and place the beakers in the
dark at 20° C. The cover minimizes water loss and the possible addition of contaminated dust.

(c) Wait for 10 days to allow soil microorganisms to equilibrate to experimental conditions.

(d) Prepare solutions of the test chemicals so that 100 pL of the solution gives the desired mass
loading rate. The mass loadings are based on toxicity screening results.

Add 100 pL of solution into each sample beaker using a 20 uL. micropipet. Do this five times to
distribute the solution to five points on the soil surface and mix thoroughly. Return the beakers to
the constant temperature room.

(e) Sample beakers should be arranged so that the chemical solution is added to the day 0 beaker
last. For example, if samples are scheduled at day 0, 2, 4, 8, 16, 24, 32, and 64, the order for
adding a chemical to soil is sample sets for day 64, 32, 24, 16, 8, 4, 2 and day 0.

(i)  The beakers are incubated in the dark to prevent photodegradation of the added chemicais.

(9) During the study, adjust the moisture content in each beaker weekly and maintain between 60%
and 80% of field capacity.

(h)  Sacrifice sample sets at the selected time intervals for test chemical analysis.
® When experimental data show that the chemical remaining in the soil is below GC or HPLC

detection limits, the remaining sample beakers can be discarded.
e ——————————————————~ e ———————
extraction procedure. The compounds extracted in this manner are noted in Table 14
and the extraction procedure is summarized in Table 15.
DATA ANALYSIS

Biodegradation information can be used to identify the rate of loss of an organic
chemical in a soil. Such information results from treatability studies such as those
conducted in this study. Biodegradation rates were determined experimentally by
applying the chemical of interest to a soil microcosm and monitoring concentration
over time. A plot of the disappearance of a constituent originally present in the
chemical/soil mixture versus treatment time provided the following: (a) the type of

reaction (generally zero or first order), (b) the reaction rate constants for the zero or first

order reactions, and (c) the half-life (t{ o) time of each constituent of concern.
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TABLE 14. CHEMICALS WHOSE SOIL CONCENTRATION WAS EVALUATED USING

SHAKE EXTRACTION

Compound Solvent Used

Methanol water
1-Butanol water
1sobutyl Alcohol water
2,3-Dichloropropanol Methylene Chloride
2-Nitropropane water
Allyl Alcohol water
Propargy! Alcohol water

TABLE 15. SHAKE EXTRACTION PROCEDURE

Each experiment consisted of eight sample sets. Each sample set contained four beakers

(triplicates for a sample and one blank). The experimental procedure for each chemical was as foliows.

@

(b)
(0
(d)

(e)

Place 40 g of air-dried soil, which has been kept at 4° C, into each of the 200 m! mason jars and adjust
the soil moisture content to 80% of field capacity with distilled deionized water. Record all weights,
including beaker, soil, water and glass stirrer.

Mix soil and water thoroughly then cap reactors with screw-on top and place in 20° C incubator.
Wait for 10 days to allow soil microorganisms to equilibrate to experimental conditions.

Prepare solutions of the test chemicais so that 100 puL of the solution gives the desired mass loading
rate. The mass loadings are based on toxicity screening results.

Add 100 ulL of solution into each sample beaker using a 20 uL. micropipet and mix thoroughly. Return
the reactors to incubator.

On day of analysis, four reactors are removed. Each is filled with 200 milliliters of the appropriate
extracting solvent. The reactors are sealed with the gas tight cap and placed on the shaker apparatus.

The shaker apparatus is operated at 250 rpm for one hour. After this period, the reactors are allowed
to settle for 15 to 30 minutes.

The supernatant from the reactors is decanted and centrifuged at 5000 rpm for 30 minutes.

After centrifugation, the supernatant is filtered using a 0.45 pm pore size filter and the filtrate stored at
4° C until analysis on the gas chromatograph.

P e e e .
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First and zero order kinetic relationships were used to model data from the
degradation studies. The following describes both kinetic relationships.

The exprassion for first order kinetics is:

-dC/dt = kC (1)
where C is the chemical concentration (mg of compound/kg of soil), t is time (days),
and k is the first order kinetic constant (day -1). The integrated form of Equation 1 is:

C =Co exp (-kt) (2)
where Cg is the initial concentration of chemical.

Taking the natural logarithm of Equation 2 results in:

InC = (In Cq) -kt (3)
Using linear regression, the relationship between In C and t (time) data allows
determination of the loss coefficient k (which is the slope of in C versus t curve).

Half life (t1/2) is defined as the time required for the amount of chemical to
decrease to half of its initial value. Half life values based on first order kinetics are
obtained by rearranging Eqn. 3:

t1/2 = In 2/k (4)

The common expression for zero order kinetics is:

-dC/dt = K (5)
where K is the zero order kinetic constant (mg/Kg/day). The integrated form of

Equation 5 is:
C= (Co) -Kt

The zero order kinetic constant K may be estimated by analyzing C versus t data by
linear regression.

Data obtained from each sampling interval were used to calculate both first order
and zero order kinetic parameters. Half-life data were calculated based on first order
‘kinetics. Total loss rate data (mg chemical/kg dry soil/day) were reported for zero

order kinetics.
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The zero and first order kinetic parameters and the correlation coefficient were
obtained from a least squares fit of the data. To estimate the 95% confidence interval
for the data, the standard deviation and the student t statistic were computed based on

the data and used as follows{18):

tes
95% Cl = (korK) + ——5

where: k or K = least squares calculated first or zero order kinetic parameter,

t = student t statistic for the data and 95% confidence,

s = sample standard deviation, and

SSy = sum of squéres for the data.

Recovery efficiency data for each chemical were acquired and used to
determine the chemical concentration that actually remained in the soil. The day zero
extraction data identified the extraction efficiency of the chemical under the conditions
of that specific experiment. It was assumed that the day zero extraction efficiency was
constant throughout the specific experiment. The recovery efficiencies were used to
calculate the actual soil concentration prior to extraction as follows. Assume that: (a)
the recovery efficiency was 50% as shown by the day zero data and (b) the extracted
soil concentration for the chemical at sampling time three was 100 mg/kg soil. The
actual. recovery efficiency corrected chemical concentration at this sampling time was
calculated to be 200 mg/kg (extraction concentration divided by extraction efficiency).
The recovery efficiency corrected chemical concentrations were used in all
calculations to determine the kinetic relationships and constants.

Because of time constraints, the appropriate analytical protocol for measuring

Carbon Disulfide (CSp) was not developed. Thus, this chemical is not included as

part of these experiments.

36



RESULTS
Recovery Efficiency

Recovery efficiency data for the selected chemicals are given in Table 16.
There were differences in recovery efficiencies for the two soils but there were no
consistent patterns. The differences may be due to the different sorption
characteristics of the soils with specific chemicals.

Kinetic Parameters

The loading rates for the chemicals to the soil were at or below the acceptable
loading rates determined as described in Section 4 (Table 17). In some cases, the
actual loading rates were slightly above the lower acceptable loading rate but were
within the acceptable loading rate window. In one case (4,6-Dinitro-0-Cresol in
Mississippi soil) (Table 17), the actual Ioadi'ng rate inadvertently was considerably
higher than the acceptable loading rate. Except in the latter case, the loading rates
should not have been such to inhibit the microorganisms in the two soils during the
degradation experiments.

The first and zero order rate constants, correlation-coefficients, and 95%
confidence intervals for the selected chemicals in Texas and Mississippi soils are
given in Tables 18 and 19 respectively. Chemical loss curves illustrative of the type
obtained in this study are shown in Figures 2-5.

In reviewing the kinetic parameters, it should be recalled that a small half-life
and a large zero order constant indicate a faster degradation rate. For example, in the
Texas soil, p-Cresol had a higher degradation rate and was removed faster in the
microcosms than was phenol.

In general, high correlation coefficients were obtained with the data. Higher
correlation coefficients were obtained with the acid extractables in both soils. Based

on the correlation coefficient data and a visual inspection of the chemical loss curves,
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TABLE 16. RECOVERY EFFICIENCIES* FOR SPECIFIC CHEMICALS (%)

Compound Soll Sotll
Acid Extractables

o (T U | O - 1 OO 78

Lo R 07 (-1 | U - & SO 63

o O -] USRI 4 S TP 97

M-CreSol.....ccoviiiiiiieiiiiii e B e 88

2-Chloroph@nol ........c..veeeeiiiiieiiiiiiiiiiiriiiiie 2Bt e e s anran s 25

3-Chloroph@nOl ........ccc.eieiviieniiieiiieiiiennes e e e e 85

4-Chlorophenol .......c.ccovviiieiiieiiiniiniciininns 3T e cvree s e e e a e nens 85

2,3-Dichlorophenol .........c.ccovieniiieiiiii 118 e 104
2,4-Dichlorophenol ........coooviiiiiiieii e B2t er e 92

2,5-Dichlorophenol ........cccciiiniiiiiin e BB s 84
2,6-Dichlorophenol ...........cooooiiiiiiiiiieii B0 e 71

3,4-Dichlorophenol ........c.coevviviiiiniiieiie s 118 e e 104
2,4,5-Trichlorophenol..........cooieiiiiiiiiii s B2 et eaes e 92
2,4,6-Trichlorophenol..........cocuevunirniiinniiineeece BBt eriie e esb s e eenne 84
Pentachiorophenol ................. SUPTCUIUTRIURRRTE | - TP PRV UPPPPPPR 106
2,4-Dimethylphenol........ccooooiieiiiiiiiiiniiiccenee B crerr i rr s vn e sen e 81

2-Methyl-4-Chlorophenol..........cccoevviiiceinnnnnn. < SR 101
3-Methyi-4-Chlorophenol..........c..eeeeiininnnnnn 09, e 99
3-Methyl-8-Chlorophenol..........c..c.cceeereenennn. 100 . it eeee e er e er s e s 100
p-Nitrophenol.........c.covuvivviiiiiiiiiiereiiieeeeneee L 1 T O U PPN PP PP 110
2,4-Dinitrophenol........cccoevviiiveiiiiiicie e, 1 1 U PR PP PPPRIE 132
4,6-Dinitro-0-Cresol ..........ccceveivveieiiiineiennnen. B . e 100
Amines

Toluenediamine

Brucing .......ccuiuieiiiiiiieiiiiie e,

Alcohols

Isobutyl alcohol .......cccooevmiiiiiiiiiiien, 1 Y OO PP ORI 94
Allyl alcohol......c.coovueiiiiiniiniieniiies e, OO I £ OO ROPPRPTY 110
Propargyl alcohol ...........ccoiviveiiiiininriicennen e U UPR RPN 97
1-BUutanol.. ..o e e e 1= Lo T PPN 89
2,3-Dichloropropanol........cccooevcevveminniiriieneens 100, e e 86

Methanol ..o 100, . it crrae et e et e e 106
Other

2-Nitropropane........cccoceerveevierevrenineeensiecens -1 O OO P R RPPEN 55

ThIOUIB@. ... ivueeiiieiieiiee it rer e eaenes BB 93

+ Average of results from triplicate samples
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TABLE 17. ACCEPTABLE AND ACTUAL LOADING RATES USED IN THE
DEGRADATION STUDIES (mg/kg of SOIL)

Texas Soll —Mississippl Soill
Compound Acceptable* Actual Acceptable* Actual
Acid Extractables
Phenol.........ccoveeiveniiniieicnnneinnnn. 720..cccciiiiinniennnen 700 ...cciiiiiiiiininnniannn, B320..ccciiiicenniieans 350
0-Cresol ......covviviiiiirnciiiniiencennese 490.......cccenvnnnennn BOO ...oovveiineiiniaennnenans 250 .. 250
P-Cresol.....ccccocvimniniiniinnraninnanee, 100 iieiiiieeenans 100 i L o N 45
M-Cresol.....ccccccvveviireineinierennnnee, 124t 120 i, 130 . cieririiniininnns 130
2-Chlorophenot ..........c.ceeevuinnnannes 380....cccuvniiininnnn 400 ....ccciiiieieeirneaanens 290....ccciiinicnrianen, 300
3-Chiorophenol .........cccoccvvevnnnnnn, 120..cciiiieiiiireene. 120 ceiiiiiireciierenisieianns 60...ccieerniirienininees 55
4-Chilorophenol...........cccc.coiiueeenennns 88.. . 90, iiiiirrrrer e 45....coiriiieinenns 50
2,3-Dichiorophenol .............cccueeeees 130, ciieniceannee 130 s 60...ccciiiiiiiiiinnnns 60
2,4-Dichlorophenol ........................ 90....iieeriieennnns 90, iiirrriierierernaeas 45.....viiiiiiiinn, 40
2,5-Dichlorophenoit....................... 300....cccieiinennnns K [0+ B 30..ccieiereerrienens 30
2,6-Dichiorophenol........................ 630.......c0nvueennne. B30 ..o, 50..ccciiiieiinreenaens 48
3,4-Dichlorophenol ........................ 30 L+ J RN 23, 22
2,4,5-Trichlorophenoi..................... 40...ciiiiiirinenenns 40....iiiiiiiiineeenienenne, b o T 30
2,4,6-Trichlorophenol.................... 300......cccceerrnnnnn 300 ....cciiiiiiiieenerieans 215 e 220
Pentachlorophenol ........................ 30, 0.t LY J U 50
2,4-Dimethylphenoi........................ 88....iireeiennnns 90.. e 45. ..., 40
2-Methyi-4-Chlorophenol................. 48, 50,1t enaes 38, 40
3-Methyl-4-Chlorophenol................. 18t 20 it 10 10
3-Methy!-8-Chlorophenoil................ 150.. i, 180 .. 140...ccviiieinannes 140
p-Nitrophenol............cccceeervinnnenn. 250.......iiriinnnen. 250 .....ccicieiiiieinneaenn, 45, 50
2,4-Dinitrophenol..........ccccoennneeenn, 1380....c.ccccivvnnnnn. 140 ....ceiiniiiccnincannenn, 270 . ciiiiiiiierieaans 330
4,6-Dinitro-0-Cresol ............cc.ceueene 350.......cccevnennee. 300 ... 26, 105
Amines
Toluenediamine.............ceevvuennnnnnne 1080.....ccvienvennnnns 800 ...ccciiiiiniriiiiianns 1400.....ccccnvveninnnne 680
Brucing .......coviiieiiiiiiiiiiciieieieens 3600......ccoeveunnnns 180 ... 03200 ... 180
Alcohols
Isobutyl alcohol.............ccieneinnen, FHereiierriaerennen 925 ... iiieeiivccraeans R TP 940
Allyl alcohol....c.cvveerviiieenciireniriennnes Fhoiiiie e 780 ccirieiieneinecnennaenns S TP 700
Propargyl alcohol .............ccceveenennn 8200.......cevuuneennn 980 ...ccviminiiirininennnns 5100...cccccceminninnnnn. 930
1-Butanol......cccceivveiiiiieeniiiennnnnnn. F e eeaaas 870 ..., B TP 850
2,3-Dichloropropanol..................... 1050....ccccevineennn 1200 .....ccccieiiiiiieiienns 700 ....ccciiviiinannnne 700
Methanol.........ccccocvvvviieveninnnnnnnen, Fhoriiirnnerieiraanes T40 ..ooeiiieeeeeneans e TP 740
Other
2-Nitropropane.........cc.cceeeevennrnnnns 1620....ccccccnvennnn.. 640 ......coiiiiiiiiiiiianns 1170 .., 540
ThioUrea.......ocovvviniiieiiiereencecraaans 6580......ccccininnnn 660.....ccecniviiiiiinnn. 910 .., 100

+ As determined by the procedure described in Section 4, data from Table 10
' As determined by the procedure described in Section 4, data from Table 11
++ See text, Section 4: acceptable loading rate was considerably greater than 1000 mg/kg.
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TABLE 18. LOSS RATES, CORRELATION COEFFICIENTS AND 95% CONFIDENCE
INTERVALS FOR SPECIFIC CHEMICALS --
TEXAS SOIL

KINETIC PARAMETERS
COMPOUND _FIRST ORDER ZERO ORDER__ =

L4

HALF LIFE 4 95% C.L mg/Kg/day re 95% C.i

‘dan ————r
Acid Extractables

Phenol...........ccvvvnrnnannnnn. 4.1............. 0.92.......... 3161 59.3....cciinnnes 0.96........ 46.9-71.4
0-Cresol .......cccovevvvnvennennns 1.6..ineeen. 0.83.......... 1.5-1.7 i, 62.2...ccceenneeen 0.95........ 48.5-75.9
P-Cresol ......coceevvinninnnnnnnnn. (1) .cciiiiennns TR TR 5100 (1) ceevennennenns e, -
m-Cresol.....cccoeveenrevennnnnenn. 0.6............ 0.87.......... 0.4-1.4. ......coiiinnn. 28.2..ccieinnndd 0.96........ 20.5-36.9
2-Chlorophenol .................. 1.7 i, 0.98.......... 1.5-1.9. .., 26.2.....cccivinnn. 0.90........ 20.4-32.0
3-Chlorophenol .................. 21.8............ 0.97........ 19.6-246 .......cevennnnnn 2.3 0.95.......... 2.0-2.6
4-Chiorophenol................... 1.00eennnnen. 0.91.......... 0.7-1.3. . iiririieeee, 14.5....cccciuinns 0.91......... 9.7-19.2
2,3-Dichiorophenol ............. 8.3 0.97.......... 7493 ... 3.6 0.98.......... 3.2-3.9
2,4-Dichlorophenoi.............. 1.5 e, 0.94.......... 1119 e, 141, 1.00........ 13.0-15.2
2,5-Dichlorophenol ............. 16.6............ 0.99........ 15.8-17.7 oerveiinieenene 6.1 s 0.96.......... 5.4-6.8
2,6-Dichiorophenol.............. 24........... 0.91.......... 2.0-30...ccciiiiiinnns 41.8............... 0.97........ 36.7-46.9
3,4-Dichlorophenol ............. 3.2, 0.89.......... 2349 ... -3 T 0.95.......... 2.1-3.3
2,4,5-Trichlorophenoit.......... 146............ 0.95........ 12.2-18.1 it 14l 0.96.......... 1.2-1.8
2,4,6-Trichlorophenol.......... 53 i, 0.94.......... 46-63.....cccciinnenn.n. 10.4.....ccoeeeees 0.94......... 8.8-12.1
Pentachlorophenoi ............. 6.7 s 0.92.......... 5.5-85....ccccciiiiinnnnnn. 1.0 0.91.......... 0.8-1.2
2,4-Dimethyiphenoai............. 0.7 e, 0.99.......... 0.6-0.8.....ccuiniiiiinnnn 27. 3 0.90........ 18.1-36.5
2-Methyl,4-Chlorophenoil...... 29............. 0.90.......... 2.7-3.0.ceiiiiiiiiiiiannns K 1 SO 0.94.......... 3.0-4.4
3-Methyi-4-Chiorophenol...... 14, 0.99.......... 1.2-1.6. e 38, 0.93.......... 2.1-5.4
3-Maethyl, 6-Chlorophenol..... 2.1............. 0.98.......... 1.9-24....ccviniinnenane. 1120, 0.94......... 9.2-13.1
p-Ntrophenol:+-+-sreeserseees 10.2............ 0.81......... 75163 . ccciiiiiiiinanns 6.8 iieieennns 0.92.......... 5.3-8.3
2,4-Dinitrophenoit................ 46............ 0.92.......29-11.7 i, 12.9. sl 0.96......... 7.5-18.3
4,6-Dintro-o0-Cresol.............. -3 TR e ereeererean, et (2)eeereenenininanee T reerereeeaens -
Amines

Toluenediamine.................. 11.9............ 0.65......... 7.5285...cccccevniinnnnnn. 5.9 et 0.47......... 0.7-11.2
Brucine .........oooieiiiiciinnnnn 23.1............ 0.86........ 18.0-33.0 ...ciiieiniennns < 7 FOURRTN 0.81.......... 2.4-4.2
Alcohols

Isobutyl Alcobhol................. 2.4.......... 0.96.......... 2129 i 172, 0.96......... 144-200
Allyl Alcohol .........oueeeninens 102 0.95......... 8.8-12.2....ccccvvirvinnnnn 30.0.....ccennnnen. 0.93........ 24.3-35.6
Propargyl Alcohol............... 12.6.....oeeeel 0.94........ 10.7-15.2...c.iinieneeaeen. 29.5....ccnianne. 0.97........ 26.2-32.9
1-Butanol.....ccccceevevniinnnenn 1.0eenn, 0.75.......... 0.7-24....cccoiiiiiiiianan. 184 ...l 0.90......... 130-239
2,3-Dichloropropanoi........... 23.1...e. 0.97........ 20.9-26.0.......cc.uuenenene. 22.2....cucueene. 0.94........ 18.7-25.6
Methanol...........c.cuvvevnnenes 1.0. e, 0.75......... 0.68-2.4........cccovennen 184, ... 0.94......... 140-228
Other

2-Nitropropane................... 0.5, iiineee. 0.97.......... 0.4-0.6......cceucenniinnns 185 e 0.77.......... 79-230
Thiourea............cocevvevennnen. 12.8............ 0.86......... 9.9-18.0....ccciiininnnen 21 i, 0.95.......... 1.8-2.4

(1) No chemical was detected after one day.
(2) No loss during the 65-day experiment

L

Corrslation coefficient
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TABLE 19. LOSS RATES, CORRELATION COEFFICIENTS AND 95% CONFIDENCE
INTERVALS FOR SPECIFIC COMPOUNDS .- MISSISSIPPI SOIL

KINETIC PARAMETERS
COMPOUND FIRST ORDER Z2ERO ORDER.
HALF LIFE r 95% C.I. mg/Kg/day r*  95% C.

‘dan

Acid Extractables

-8.4
-7.1
. -34.5
. 5.0 -5.9
2-Chlorophenol .................. 72, 0.95......... 6.3-8.7 e, 8.4 . .2-10.6
3-Chlorophenol................... 151, 0.97........ 13.6-17.1 oo, 1.3 i, 0.95.......... 1.1-1.5
4-Chilorophenol................... 25, i 0.96.......... 2131, 5.6 iiienierenien 0.90.......... 3.6-7.5
2,3-Dichlorophenol ............. 18.3.....ccu.ee. 0.84........ 13.9-268.......ccennneeene 1.0 reeieanns 0.79.......... 0.6-1.3
2,4-Dichlorophenoal ............. 35, 0.95.......... 2.9-46.......ccccvnnennen. 23 0.85.......... 1.3-3.3
2,5-Dichlorophenoal ............. 18.5............ 0.94........... 16-22......iieeiiiirninns 5.2 0.87.......... 3.9-6.5
2,6-Dichlorophenol............. ....0.94........ 13.9-195.....cceiininnnnn 8.9, 0.88......... 6.5-10.6
3,4-Dichiorophenol ............. 0.90........ 15.0-23.4 .....coveevennnnn. 0.5, iiiareand 0.91.......... 0.4-0.6
2,4,5-Trichlorophenol.......... 0.95........ 19.1-269......ccccununeen.e. 0.6...ccceeceeniens 0.92.......... 0.5-0.7
2,4,8-Trichlorophenol.......... 0.93.......... 5378t 5.7 ieeeiinne 0.94.......... 4.7-6.7
Pentachlorophenol ............. 0.94........ 10.2-14.6......cccevennnnn.e. Tl 0.94.......... 0.9-1.3
2,4-Dimethylphenoil............. 1.4............0.99.......... 1.2-9.6icrieeiiieeans 6.7 e 0.98.......... 4.9-85
2-Methyl,4-Chlorophenol......6.3.............0.94.......... 5277, 1.8 i, 0.87.......... 1.2-23
3-Methyl-4-Chlorophenol......4.2.............0.92.......... 3.259...iiiiiiinnienens 0.9..coivinnnnnn 0.88.......... 0.5-1.2
3-Maethyl, 6-Chlorophenol..... 25...c..... 0.93........ 10.6-15.3 ....ccecervvnenenns 3.0 . 2.1-3.9
p-Nitrophenol............cco.oeee. 0.81.......... 1458 ... 3.6 0. 1.9-563
2,4-Dinitrophenols-:+++-rsssse-- 32.1.......... 0.96........ 25.9-42.1 ....ciieniinnnnnns 3.7 1.5-5.5
4,6-Dintro-0-Cresal.............. (1) eerriiiinnns e, RO -
Amines
Tolugnediamina.................. 6.5.cccunnnnen 0.85.......... 4.9-9.7...cunriniiininnnnen 1200 s 0.57......... 2.7-21.2
Brucing ........cccoivienvinnnnnnns 37 1. 0.66....... 21.7-1263.......ccceunn.n.e. 2.7 e, 0.59.......... 0.4-4.9
Alcohols
Iscbutyl Alcohol................. 113, 0.66......... 7.7-208......counvnnnnnnnn. 37.7 e 0.73........ 23.1-52.3
Allyl Alcohol ...........cccceneenis 9.5t 0.93......... 79118, 26.9............... 0.96........ 23.0-30.8
Propargyi Aicohol............... 13.0............0.89........ 10.6-16.6..........ceco.... 23.7. e, 0.96........ 20.6-26.7
1-Butanol........ccooeeniuiininnes 8.5, ciuininnn 0.60......... 53212, 39.6............... 0.79........ 25.9-53.3
2,3-Dichioropropanol........... 553 0.92........ 45.8-695........cceeeunnnne 10.9.iieinnee. 0.91......... 8.5-13.4
Methanol ..........c.ccceeveeneenn 3.2l 0.73.......... 23-56....ccciiiiiiinnnn, 68...cccivininns 0.96........... 59-76
Other
2-Nitropropanae................... 0.66............ 0.95........ 0.56-0.79 .....c.cvenvunrnnen 116 e 0.84.......... 76-154
Thiourea........c.ccceuueiveivennnee 18.7...c...e. 0.45...... -8.3t10476.2.......c.......ee. 2.7 il 0.50...... -0.22 10 +5.6
(1) No loss during the 65-day experiment
*  Correlation coefficient
S = e ]
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Loss of Phenol from Texas Soli
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Figure 2. Loss of Phenol In Texas Soll at 20° C.
Moisture content was maintained between 12 and 16%.
The initial chemical loading was 700 mg/kg.
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Figure 3. Loss of Phenol in Mississippl Soil at 20° C.
Moisture content was maintained between 12 and 16%.
The initial chemical loading was 350 mg/kg.
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Loss of 2,6-Dichlorophenol from Texas Soil
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Figure 4. Loss of 2,6-Dichlorophenol in Texas Soll at 20° C.
Moisture content was maintained between 12 and 16%.
The initial chemical loading was 630 mg/kg.
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Figure 5. Loss of 2,6-Dichlorophenol in Mississippi Soll at 20° C.
Moisture content was maintained between 12 and 16%.

The initial chemical loading was 48 mg/kg.
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it was not possible to discern whether zero or first order kinetics were a better
representation of the data.

Generally the rates of chemical loss were higher in the Texas soil than the
Mississippi soil (Table 20). There were a few situations in which the chemical loss
rates were about the same or greater in the Mississippi soil than those in the Texas
soil. There did not appear to be any particular pattern to the differences of rates in the
two soils. Because the study was not designed to determine the reasons that such
differences occur, it was not possible to identify the factors causing the differences.
However, there are several possibilities. These include: (a) different sorption
characteristics and solubilities and therefore different availability of the chemical for
microbial degradation, and (b) the different pH in the soils and the effect of pH on
chemical dissociation and the form of the chemical available for degradation. Some
discussion of these possibilities was presented in Section 4.

Care should be taken in extrapolating these chemical loss rates to field
conditions, since such conditions can be different than those in the laboratory
microcosms. For example, these loss rates were obtained at 20° C, with no nutrient
additions, with a reasonable but narrow range of moisture, without pH control, without
acclimated microorganisms, under quiescent conditions, and each chemical was
evaluated separately. At field sites, moisture and temperature can vary considerably
over the seasons, nutrients may be added to assure microbial growth, and soils may
be limed. Typically, chemicals are added as mixtures and acclimated microorganisms
will exist at the site after repeated waste applications. In addition higher chemical
loading rates can occur. Thus, in attempting to utilize these loss rates to predict
chemical loss at specific sites, the differences between laboratory and field conditions
should be recognized and taken into account.

In Section 4, the data indicated that the substitution position of a chemical on

the phenol ring and the type of chemical group that was substituted affected the
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TABLE 20. CHEMICAL HALF-LIVES IN TEXAS AND MISSISSIPPI SOILS (days)

Texas Mississippl
Compound Soll Soll
Acld Extractables
Phenol.........ccoooiiieeeeee e Z 3 O 23.0
0-CresoOl....ccouiiiiiiieieeece e 1.6 e 5.1
P-Crasol......ccviiiiiiiiiiriirrrree e er e eveaeens 8 ) IO 0.5
M-Cresol ...c....ciiiiiiiiie e 0.6 . it 11.3
2-Chlorophenol........cccooeeeeiiiiiriiiiiciic s 1.7 e 7.2
3-Chlorophenol.............ccccivviiineinnine e, 21.8 e 15.1
4-Chlorophenol..........cccocooveiiiniinineieeriveenens 1.0 e 2.5
2,3-Dichlorophenol...........cccoceeeiiieiiiciiineeeeee, B.3 e 18.3
2,4-Dichlorophenol.............cccoeeeeivniniiiriceannne. D I TSRO 3.5
2,5-Dichlorophenol...........c.ccovvciveniieieenens 16.6 .ot e 18
2,6-Dichlorophenol.............cccoiiiiieniiiiiiiiiiiennns 2.4 s 16.2
3,4-Dichlorophenol..........cccccoveeeeveviviieceniennnne. B2 e 18.3
2,4,5-Trichlorophenol.............ccccoeeieirriiiiecens 14.6 .o 22.3
2,4,6-Trichlorophenol...........cccccvvviveciienennn. 5.3 e 6.3
Pentachlorophenol..........c..c.oooooiivvviniviinivennae, B.7 e te et e 12.0
2,4-Dimethylphenol..........c.cccvviviniiiiienininienens 0.7 e 1.4
2-Methyl-4-Chlorophenol............ccccoivnnennnnn. 2.9 e 6.3
3-Methyl-4-Chlorophenol.........c..c.cevvieenenne. ) I PP UPPT 4.2
3-Methyl-6-Chlorophenol..........ccccoovvvevennennn. 2.1 e 12.5
P-NItrophenol........c.ccocceeieveiriiiiiieeerieeeeee 10.2 e e 2.5
2,4-Dinitrophenol ..., 4.6 . 32.1
Amines
Toluenediamine ..............ccveevicreneivereenecenennns 11.9 e 6.5
Brucing........oooeviieiee e, 3.1 s 37.1
Alcohols
Isobutyl alcohol.......cccoivvieiiiriie e s 2.4 e 11.3
Allyl alcohol .........ccccvvniiiiiiiierervc e 10.2 e, 9.5
Propargyl alcohol............coeiiviiiiiiiiree e, 12.6 e 13.0
1-Butanol........ccoooeiiiiriiieeec e 1.0 e, 8.5
2,3-Dichloropropanol..........cccccceeeceinninienecnenes 231 s 55.3
Methanol........cooooiii i 1.0 3.2
Other
2-Nitropropane...........cccceeiiiieiininineciineeens 0.5 0.66
TRIOUFGA ...ccovevniviietriiereeninee e e eerenn e eecveeaene 12.8 i 18.7

(1) No chemical was detected after one day.
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relative toxicity and the acceptable loading rate data. Each chemical group and
substitution position also was evaluated to see their effect on the degradation rate
data.

When the half-life data are compared for the fourteen chlorinated phenols with
chlorine in different positions on the phenol ring (Table 21), it appeared that the
compounds with the chlorine substituted in the meta position had the greater half-lives
and therefore the lowest loss rate. This was particularly evident with the mono-, di-,
and trichlorophenols. Using the data in Table 21, it was not possible to discern
whether there were any real differences when the chlorine was in the ortho and para
positions. These resulté are somewhat different from those in Section 4 where relative
toxicity of these compounds appeared related to the substitution position of the
chlorine group with the order being para>meta>ortho.

When the data from non-chlorinated phenols were compared (Table 22), all of
the methylphenols were lost very rapidly in the Texas soil. In the Mississippi soil, the
chemical loss rate was considerably siower when the methyl group was substituted in
the meta position.

In Table 23, data for chemicals with different compounds substituted on the
phenol ring were compared. The data suggested that compounds that had a nitro
compound substitution on the phenol ring had a lower loss rate. No other differences
in terms of type of compound substitution were apparent.

CONCLUSIONS
1. The chemical or waste loading procedure (Table 9, Section 4) resulted in
chemical loadings that did not inhibit the non-acclimated organisms in the
laboratory microcosms, except in one case (4,6-Dinitro-o-Cresol). Thus, this
procedure provided a good estimate of initial, acceptable chemical loadings

that can be used in laboratory degradation studies.
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TABLE 21. EFFECT OF SUBSTITUTION POSITION ON DEGRADATION RATES --
CHLORINATED PHENOLS

Compound —Chemical Half-Life (days) Substitution
Texas Soil Mississippi Soll Position

2-Chlorophenol........................ 1.7 e T2 e ortho
3-Chlorophenol....................... 21.8 . i, 151 e, meta
4-Chlorophenol........................ 1.0 e 2.5 i para
2,3-Dichiorophenol................... 8.3 e, 183 e, ortho, meta
2,4-Dichlorophenotl................... 1.5 e, 3.5 ortho, para
2,5-Dichiorophenol.................. 16.6...cccccvviiriiniennnnnn 18.5. ., ortho, meta
2,6-Dichlorophenoi................... 24, 16.2.iiiiieerieeiiinnnd ortho, ortho
3.4-Dichlorophenoil................... 3.2 e, 18.3 e meta, para
2,4 5-Trichlorophenol.............. I 3 S 223 .., ortho, para, meta
2,4,6-Trichlorophenol............... 5.3 s 6.3 e, ortho, para, ortho
Pentachlorophenoil................... < T 12.0 e, al
2-Methyl-4-Chlorophenoil.......... 2.9 e L 75< BT ortho, para
3-Methyi-4-Chlorophenol.......... 1.4, 4.2, meta, para
3-Methyl-6-Chiorophenot.......... 2.1, 125 meta, ortho

TABLE 22. EFFECT OF SUBSTITUTION POSITION ON DEGRADATION RATES --
NON-CHLORINATED PHENOLS

Compound —Chemical Halt-Life (days) Substitution

Texas Soil Mississippl Solil Position

Methylphenols

0-Cresol (2-Methylphenol)......... 1.6 e Bl e ortho

p-Cresol (4-Methyiphenol).......... (1) e 0.5 e, para

m-Cresol (3-Methylphenol)........ 0.6t 11.3 . meta

2,4-Dimethyliphenol.................. 0.7 e 1.4 e, ortho, para

Nitrophenols

p-Nitrophenol..........c...cccceeeeee. 10.2 2.5 e para

2,4-Dinitrophenol ..............c...... 4.6 .., 321 ortho, para

(1) No chemical was detected after one day.
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TABLE 23. COMPARATIVE DEGRADATION RATES OF CHLORO-, METHYL-
AND NITROPHENOLS

Compound ch | Half-Lif )

Texas Soll Mississippl Soli
3-Chlorophenol..........ccccoeveveiiiiiiiiinniiiieenn 21,8 e 15.1
m-Cresol (3-Methylphenol) ..., 0.6 i 11.3
p-Nitrophenol.........c..coooeiiiii i 10,2 e 2.5
p-Cresol (4-Methylphenol).........c..ccceeovinnne. (1) e e 0.5
4-Chlorophenol..........ccocooviiiiiiinieee, 1.0 e 2.5
2,4-Dinitrophenol ..........ccccooivviiiiiiiiee, A6 i 32.1
2,4-Dimethylphenol.........ccc.ccvvivviviiiiinen e, 0.7 e 1.4
2,4-Dichlorophenol............cccoeeeviiiviiiiiieeenes LIS - TSR OTTPOPPI 3.5

(1) No chemical was detecteb' after one day.

2. Based on the data, it was not possible to discern whether zero or first order
kinetics provided a better representation of data. For most of the chemicals the
data could be fit to either kinetics with high correlation coefficients.

3. In general, the rates of chemical loss were higher in the Texas soil than in the
Mississippi soil. There did -not appear to be any pattern to the differences in
rates in the two soils.

4. Chilorophenols with chlorine substituted in the meta position had greater half-
lives and therefore lower chemical loss rates. This was particularly evident with
the mono-, di- and trichlorophenols in the Texas soils.

5. Chemicals that had a nitro group substituted on the phenol ring appeared to

have a lower loss rate.
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SECTION 6
ADSORPTION EXPERIMENTS

INTRODUCTION

The persistence of hazardous organic compounds in soils is related to reactions
. that affect the transport and fate of such chemicals. One of the most important
reactions is adsorption.

Adsorption is the process by which ions or molecules present in one phase tend
to concentrate at a surface or interface. The process can occur at an interface
between any two phases, such as liquid-liquid, gas-liquid, or solid-liquid interfaces.
The adsorbed substance is the adsorbate while the adsorption phase is referred to as
the adsorbent. The tendency of organic molecules to adsorb on soil is determined by
the physical and chemical characteristics of the chemical compound and the soil to
which it is added. The two driving forces for adsorption are the lyophobic (solvent-
disliking) character of a solute relative to a particular solvent, and the affinity of the
solute for the solid, such as electrical attraction or van der Waal's attraction(19),

Adsorption is the major retention mechanism for most organic and inorganic
compounds in soils. As a result, the leaching potential of a chemical in soil is, in
general, proportional to the magnitude of the adsorption (partitioning) coefficient of that
chemical in a soil. The adsorption potential of a chemical is governed by the
properties of both the soil and the chemical. Important properties of the chemical that
affect adsorption include: (a) chemical structure, (b) acidity or basicity of the molecule
(PKg or pKp), (c) water solubility, (d) permanent charge, (e) polarity, and (f) molecule
size.

To estimate the environmental movement of a chemical, values of the

adsorption coefficient and other sorption equation coefficients can be compared to the
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value of other chemicals whose behavior in soil and sediment systems is waell
documented.
Adsorption Equilibria

At equilibrium, the solute remaining in solution is in dynamic equilibrium with
that of the soil surface. At this point, there is a defined distribution of solute between
the liquid and solid phases. The preferred form for depicting this distribution is to
express the quantity qg (amount of solute sorbed per unit weight of solid sorbent) as a
function of the equilibrium solution concentration (Cg) at a fixed temperature. An
expression of this type is an adsorption isotherm.

One of the oldest adsorption equations that has been used widely for solid-
liquid systems is the Freundiich equation:

dg =K;Co'!/M (6)

where qg is the equilibrium distribution coefficient (mg of chemical/gm of adsorbent),
Ce is the equilibrium chemical concentration (mg/liter of solvent), and K¢ and 1/n are

constants. The constant, Ky, is related to the capacity or affinity of the adsorbent and

the exponential term, 1/n, is an indicator of the intensity, or how the capacity of the
adsorbent varies with the equilibrium solute concentration. The Freundlich isotherm
has had success in describing sorption behavior of organics(19) and the adsorption
data generated in this study were compared to this empirical model.
The Freundlich constants may be determined statistically when the equation is
expressed in linear form by a logarithmic transformation:
log g = log K¢ + 1/nlog Cg (7)
The constants, K; and 1/n, can be obtained, respectively, from the intercept and slope

of log-log plots of qg vs C,.

The Freundlich equation that results from specific experiments should not be

extrapolated beyond the experimental range of data used in its construction. This is
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because the Freundlich equation predicts infinite adsorption at infinite concentrations,
and that any soil or clay has an unlimited capacity to retain chemicals dissolved in
water. Such an infinite capacity is not only thermodynamically inconsistent, but
experience has shown that the extent of adsorption ultimately is limited by the surface
area of the adsorbent. Thus, the Freundlich equation cannot be extrapolated with
confidence beyond the experimental range used in its construction and will not yield a
maximum capacity term. The latter term is a convenient single-valued number that
estimates the maximum amount of adsorption beyond which the soil surfaces are
saturated and no further net adsorption can be expected.

Soil Organic Carbon

Sorption of nonionic organic compounds from water onto soil has been
shown(20) to occur primarily by partition onto the soil organic phase. Adsorption by
soil minerals is relatively unimportant in wet soils, presumably because of strong
dipole interaction between the soil minerals and water, which excludes neutral organic
solutes from this portion of soil. Therefore, the more organic matter in soil, the more
adsorption is expected. Soil organic matter has been the single best predictor of the
adsorption isotherm parameter(21-23), and the use of the soil organic matter-water
partition coefficient, Ko, rather than the adsorption partition coefficient, Kp, has been
proposed as more appropriate:

Kom = 9om/C (8)
where qom = mg adsorbed/g soil organic matter and C = liquid phase concentration,
mg/L.

Organic matter content can be obtained by measurement or by multiplying an
experimentally determined organic carbon concentration by an appropriate
conversion factor. Because various researchers used different conversion factors, the

soil organic carbon content has been proposed(zo» 23) to normalize adsorption
partition coefficients. This parameter (Kyc) is:
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Koc = Qoc/C = (Kp/%OC) 100 (9)
where qg. = mg sorbed/g soil organic carbon, %OC = (mass of organic carbon/mass

of soil) 100, %OM = %OC (f), and f = conversion factor ranging from 1.7 to 2.0.

Rao et al.(24) performed an exhaustive literature search, showed that coefficient
of variation (CV) values for Ko were much lower than those of Kp or K (Freundlich

coefficient), and suggested that K,. be used as a universal adsorption partition

coefficient. This relationship is valid when the organic carbon content of the soil is
more than 0.1%.

With regard to inorganics, the sorptive effect of the inorganic matrix was
indicated to be negligible at an organic content level of 1% and above(25). However,
for some sorbents, chemical interaction with the inorganic matrix may be important. In
the absence of organic carbon, the specific surface area and the nature of the mineral
surface have a greater impact on the degree of sorption(26),

Soll pH

The pH of a soil-water system can affect the sorption of organic solutes.
Because the extent of ionization of an acidic or basic compound affects its adsorption,
pH affects adsorption in that it governs the degree of ionization{(19). Except with ion
exchange adsorption, ions tend to be less readily adsorbed than neutral species.
Many organics form negative ions at high pH, positive ions at low pH, and neutral
species in intermediate pH ranges. Generally adsorption is increased at pH ranges
where the species are neutral in charge. pH also affects the charge on the sail
surface, altering its ability to adsorb materials(27).

In general, adsorption of organic pollutants from water increases with
decreasing pH. In many cases, this may result from neutralization of negative charges
at the soil surface with increasing hydrogen ion concentration, thereby reducing
hindrance to diffusion and making more available the active surface ot the

species{19). Usually, organic acids are more adsorbable at low pH, whereas the
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adsorption of organic bases is favored by high pH. The optimum pH for any
adsorption process must be determined by laboratory testing.

Sorption of the non-dissociated chemical species and also of their anionic
species can occur(28). When the pK, of a species, such as pentachlorophenol, is
relatively low compared to a natural water system, anionic species adsorption can
occur. For highly chlorinated phenols, prediction of overall distribution ratios on
simple patrtitioning of the nondissociated species can be in error(28),

Another soil adsorption characteristic which is influenced by soil pH is the
Cation Exchange Capacity (CEC). At very low pH values, only a small portion of the
positive ions held by the clays and organic colloids can be replaced by cation
exchange. As pH increases, the hydrogen held by organic colloids and silicate clays
becomes ionized and can be exchanged by positively charged organic molecules.

lon exchange is hypothesized to dominate the sorption process in acidic
s0il(29). The higher sorption in the acidic soil, as compared to basic soil, reflects
stronger sorption of the protonated organic cations. Competitive adsorption occurs
between compounds in an acidic soil where the protonated compound species
predominates in solution. In contrast, competition is minimal in a basic soil when the
compounds are neutral. Non-ionic organic compounds may sorb independently on
soil from a mixture(20),

When the protonated and neutral species coexist, site-specific sorption of the
cation is preferred because of the electrostatic attraction between the base and the
negatively charged soil surface(29). When anionic and neutral species coexist,

neutral species sorption occurs because of the electrostatic repulsive forces of the
anionic species(3°). Maximum adsorption is attained near the point where pH = pKj,

and sorption capacity drops rapidly at pH values above pKj.
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MATERIALS AND METHODS
Adsorption Method

The adsorption of the specific chemicals was investigated in batch adsorption’
experiments. A list of the chemicals investigated and a description of the soil types
used were presented earlier (Tables 1 and 3). The batch adsorption technique(31)
consists of mixing an aqueous solution containing a solute of known composition and
concentration with a given mass of sorbent (soil) for a period of time. The solution is
then separated from the sorbent and chemically analyzed to determine changes in
solute concentration. The amount of solute sorbed is assumed to be the difference
between the initial concentration (before contact with the sorbent) and the solute
concentration after mixing.
Stock Solutions

The solvent used was distilled deionized water (DDW) obtained by passage
through a Barnstead Water Purification Cartridge #DO 809. The stock solution of each
organic compound contained the maximum soluble amount of the compound in DDW
at room temperature (25°C). The procedure used to prepare the stock solutions and to
determine the solubility limit of specific chemicals is noted in Table 24.

The solubility limits of chemicals determined as part of this study are included in
Table 25. This table contains only those chemicals whose maximum aqueous
solubilities were determined as part of this research. The solubilities of chemicals not

listed in Table 25 were obtained from the |iterature(32).

Standard Solution

To prepare a calibration curve for a chemical, an accurately prepared standard
solution is required. The following procedure was used to prepare the standard
solution of each compound. A calculated amount of the compound and 100 mL of

DDW was added to an oven-dried 100 mL volumetric flask. The solution was mixed
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TABLE 24. PROCEDURE FOR DETERMINING SOLUBILITY LIMIT OF AN ORGANIC
COMPOUND IN WATER

(@) Put distilled deionized water into a teflon-capped bottie (4 L).
(b) Add enough organic compound to the bottle to observe some nonsoluble (liquid) or particulate (solid)

organic compound in the water phase.

(c) Stir the solution at room temperature (20° C) with magnetic stirrer.

(d) Add enough compound to produce a saturated solution. This will be identified when there is residual
insoluble compound remaining in the bottle after the mixing period.

(e) Before the filtration, prewash a filter with about 100 mL of water, then rinse the prewashed fiiter with
about 10 mL of the saturated solution. The prewashing procedure can remove any so-called wetting

agent from the filter .

(f) Filter solution with 0.45um pore size membrane filter.
() Determine the concentration of organic compound in the filtrate by HPLC.

(g) The HPLC result is the solubility limit in water. The filtrate is transferred into a teflon-capped amber
bottle and stored at 4° C room. This is the stock solution for adsorption test. Prior to use, this solution

is mixed at 20° C.

TABLE 25. LIST OF MAXIMUM SOLUBILITIES (20° C) IN WATER DETERMINED AS
PART OF THE ADSORPTION STUDIES

Compound Concentration (mg/L)

Acid Extractables

2-Chlorophenoil.................. 20,300
3-Chlorophenol.................. 17,000
4-Chlorophenoi................... 8,650
2,3-Dichlorophenol.............. 3,900
2,4-Dichlorophenol.............. 2,600
2,5-Dichiorophenoil.............. 3,600
2,6-Dichlorophenoil.............. 1,500
3,4-Dichlorophenol................ 520
2,4,5-Trichlorophenol............ 930
2,4,6-Trichlorophenol............ 415
Pentachiorophenoi................. 13
2,4-Dimethylphenol............. 7,500

2-Methyi-4-Chlorophenot.....2,500
3-Methyl-4-Chiorophenol..... 3,900
3-Methyl-6-Chlorophenol..... 1,400
p-Nitrophenol...................... 5,300
2,4-Dinitrophenol .................. 500

Compound Concentration (mg/L)
b ]
Amines

Diphenylamine ...................... 2.5
Toluenediamine..................... 590
Brucine.........cccovvvvvviviieiernnnens 310

Alcohols

Isobutyl aicohol.................... 3,700

Allyl alcohol ......................... 4,300

Propargyl alcohol................. 4,900
1-Butanol......cc..ccoovvevvnennnnen. 4,200
2,3-Dichloropropanol........... 7,600

Other

2-Nitropropane.................... 2,800
Thiourea....c..cccoeeveevevenennnnen. 5,000
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well until no particulate matter was visible. This known concentration was diluted to
five concentrations ranging from 10 mg/L to 100 mg/L (usually 10, 30, 50, 70 and 100
mg/L) since five data points are needed to construct the calibration curve. The five
standard solutions for each compound were stored at 4° C and used whenever soil
extracts containing the compound were analyzed by HPLC.
Soil Mojisture

The soil moisture content is needed to calculate the amount of chemical sorbed
per unit of dry soil. The standard ASTM procedure(33) for measuring soil moisture
content was followed (Table 26).
Soil:Solution Ratio

A single soil:solution ratio may not be satisfactory for all organic compounds.
This is because a weakly adsorbed compound may not resuit in a measurable
concentration change after contact with soil. Conversely, a compound's affinity for soil
may be so strong that the final solution concentration is below analytical detection
limits.

TABLE 26. PROCEDURE FOR MEASURING SOIL MOISTURE CONTENT
(Taken from ASTM D2216)(33)

(@ Place aluminum pans in an 105° oven for 24 hours. Transfer them to a dessicator at room
temperature (20° C) for approximately 1 hour. Measure and record the weight of an aluminum pan
on the analytical balance (w1 grams). Precision of the fourth decimal place is required.

(b)  Weigh out approximately thirty grams of the sorted soil (w, grams) into dried aluminum pans.
(¢) Dry soil at 105° C for 48 hours.

(d) Measure and record the weight of the dried soil and the aluminum pan (w3 grams).

(e) Calculate soil moisture content, W (%) using the following equation:

_ ___weight of moisture W2 W3
~ weight of oven-dried soil x100 = Wg - Wy X100

W

To determine an optimum soil:solution ratio for each compound, batch sorption

tests were performed using several soil:solution ratios. To evaluate the optimum
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soil:solution ratio, the adsorption characteristics of the compounds at two different

initial compound concentrations were evaluated. The maximum concentration used for

the adsorption measurements was the solubility limit of the compound in water. The

minimum concentration used was about one order of magnitude higher than the

lowest detection limit determined by high pressure liquid chromatography. The

procedure for determining the optimum soil:solution ratio is outlined in Table 27.

TABLE 27. PROCEDURE FOR DETERMINATION OF OPTIMUM
SOIL:SOLUTION RATIO

@

(b)
©
(d)

(@)
Y

(@
(h)

()
(k)

Set soil-to-solution ratio at 1:1 to 1:X. Required mass of the sorted soil, Ms (gram), and volume of
solution, V (mL), are calculated by:

Mg (1 -(W/100))
V + Mg (W/100)

-1
X
where W = moisture content of the soil.

Weigh out the desired amount of sorted soil (Mg grams) into an amber bottle.

Add V mL of solution to the amber bottle. This is designated as a sample. Prepare another bottle
which will not contain any soil. This is designated as the blank.

Place bottles in rotating tumbler in the 20° C room and tumble continuously for 24 hours at 30 rpm.
After tumbling, centrifuge the botties for 30 minutes at 4,000 rpm.

After centrifugation, filter the supernatant with a glass fiber filter and then with a 0.45 um pore size
membrane filter.

Analyze the concentrations of the filtrate by HPLC.

Calculate the percent absorption P(%}):

Cip -Cts

P(%) = e

x 100

where Cyp, = final concentration of blank {mg/L), and
Cq = final concentration of sample (mg/L).

Use another soil-to-solution ratio, and repeat (a) through (h).

The optimum soil solution ratio is one that satisfies the condition that P(%) is between 20% and
80%.
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Solute Stability

In conducting batch adsorption experiments, it is important to consider the
stability of the solute in solution. Processes such as photolysis, hydrolysis, and
microbial degradation can cause a decrease in solute concentration leading to errors
in adsorption results.

In this study, photolysis was minimized by using amber bottles to limit
transmission of light during solution/soil mixing. By limiting contact time to one day
and using an unacclimated soil, chemical losses due to chemical and microbial
degradation were minimal. Chemical losses due to hydrolysis were not quantified and
thus are included in adsorption calculations.

Other Factors

Other factors which affect adsorption efficiency include temperature and ionic
strength. The sorption experiments were conducted at 20° C. All experiments were
conducted at the pH of the soil:solution which was approximately that of the respective.
soils. No pH adjustment of the soil solution was made.

Adsorption is not instantaneous and mixing for a specific amount of time is
necessary to assure equilibrium. The equilibration time should be the minimum time
beyond which relatively insignificant changes in the solute concentration will occur. In
this study, a separate set of experiments was conducted to determine the effect of
mixing time on the amount of chemical adsorbed. The results indicated that the
amount of adsorption, q (mg sorbed/g soil) slightly increased with time. However, the
g values did not vary greatly with time after 24 hours. The data representing the
amount of chemical adsorbed after 24 hours were analyzed statistically. The slope of
q with time was not-statistically difterent from zero and q was shown not to vary with
time after 24 hours. This implied that 24 hours of mixing was enough for equilibrium,

and thus mixing for one day was used in the batch adsorption studies.
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Data Analysis

At least four data points are needed to construct the Freundlich isotherms and to
determine the appropriate coefficients. In this study, a minimum of four and frequently
as many as eight data points were used to develop the isotherms. The isotherm data
were fit to the Freundlich adsorption equation (Eqn. 6). A log-log scale was used to
plot the Freundlich isotherm. The abscissa was the equilibrium (final) concentration in
liquid phase and the ordinate was the amount adsorbed per unit of soil.

The data were analyzed by least-square linear regression methods with 95%
confidence interval (Cl) determined as described in Section 4. Routine statistical
methods were used(18). First, the linear relation between X; (= log C;) and Y; (= log q;)
was determined by the Lotus 1-2-3 program:

Y = a+bX )
where a = intercept and b = slope of the line.

Second, the variances of a and b, Sa2 and Sb2 were calculated, respectively
by:

Sa2=8y2 {1/n + Xayg®(EX;- Xayg)?} (8)

Sp? = Sy2/(ZX; - Xayg)? 9)
where

Sy? = {Z(Y; - Yyin, p%/(n-2)}05,

X;, Y; = individual data point of log C;, log q;, respectively,

Xavg = average of X;,

Y)in,i = estimated Y; value with respect to X; from the linear relationship

Y = a+b X, and

n = number of samples.
The 95% CI for the estimates of a and b were determined by a-t S, to a+t S,

and b-t Sp, to b+t S, respectively, where the t value can be found in a typical statistical

text for a two-sided test with a degree of freedom = n-2, and alpha = 5% level of

significance.
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RESULTS

Following the procedures described above, the adsorption isotherms and’
constants were determined. lllustrative sorption patterns and isotherms are noted in
Figures 6 and 7. The isotherm data are presented in Tables 28 and 29. Based on the
correlation coefficients calculated for the data, the Freundlich equation described the
adsorption satisfactorily for all but a few chemicals in both soils.

As described earlier, the pH of the solution can affect the sorption
characteristics. In this study, no attempt was made to control the pH of the extracts to
any set value. Therefore, the pH of the extracts varied between soil types and
between samples of the same soil type (Tables 28 and 29). In the Texas soil, the pH
range varied from 7.5 to 8.0 while in the Mississippi soil it ranged from 4.5to 7.0. In_
evaluating and using the sorption data, the different pH ranges should be recognized.

As noted earlier, the adsorption coefficients represent the results obtained over
a specific chemical concentration range and the Freundlich equation that results for a
chemical should not be extrapolated beyond that range. Tables 30 and 31 indicate
the chemical concentration ranges for which the data in Tables 28 and 29 are valid.

A wide range of chemical concentrations was evaluated, i.e., from low mg/l
concentrations to near or at saturation concentrations. In many cases, the range
covered two to three orders of magnitude. Thus, the Freundlich adsorption coefficients
are appropriate for concentrations found at sites with low as well as with high
concentrations of these chemicals.

As discussed, the adsorption potential of a chemical is governed by
characteristics of both the chemical and the soil to which it is exposed. The
characteristics include: (a) chemical structure, (b) solubility, (c) pH of the solution, (d)
ionization potential of the chemical, () polarity, and (f) molecular size. The complex

interaction of these factors will affect the adsorption that does occur. These
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Adsorption of 2,3-Dichlorophencol in Texas Soll at 20° C
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Figure 6. Adsorption of 2,3-Dichlorophenol and Toluenediamine
in Texas Soil at 20° C
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Adsorption of 2,3-Dichiorophenol in Mississippl Soil at 20° C
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Figure 7. Adsorption of 2,3-Dichlorophenol and Toluenediamine
in Mississippi Soil at 20° C.
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TABLE 28. BATCH SORPTION ISOTHERM DATA -- TEXAS SOIL
FREUNDLICH EQUATION PARAMETERS

COMPOUND KE 1/n r PH**
Acld Extractables

PRENOL. ... oo, 3.44x1073 .o 053 e, 0.97. e, 7.9

O-CreSOl....oevereeereeseerereenene. 2.65x1073 oo, 0.58..cccreeennn. 0.97 v 7.9

P-CrESOl......eeeveeeeeeeeeeerenen, 9.53x10™3. ..o, 055 0.98....ccoumnn.. ++

-CPESOl cv.ereeeeeeeeeereeneneeae. 3.19%x10°8 oo, 0.59...cueerenenn VXY 7.9)
2-Chlorophenol...............e...... 1.01x1073. oo 0.87.ccoveeecrenen. 0.99..civine. -+

3-Chlorophenol....................... 2.93x1073 .o, 0.76u e, 0.9 7.9

4-Chlorophenol....................... 5.50x1073....ovene. e R 0.98....c.c....... 7.8

2,3-Dichlorophenoi.................. 1711073, 091 0.99.....cocieeenee 7.8

2,4-Dichlorophenoi.................. 4.92x1073 oo 0.77 oo, 0.99..0recemene. 7.6

2,5-Dichlorophenol.................2.71x10™3 ..........cc.ccoe.e.... 0.82....coeceenn. VK- O 8.0

2,6-Dichlorophenot.................. 6.84x10°4 ..o 0.90....cccomcuecn. 0.99.cccrn.. 75

3,4-Dichlorophenol.................. 746x1073 e, 0.75. ceeereeeenn. 0.99...o.cen.. 8.0

2,4,5-Trichlorophenol.............. 1.46x1073 oo, 1.02.......ccnneeail 0.96................ 7.9

2,4,6-Trichlorophenol.............. 1.76x1073 oo, 0.73 e 0.99...ccoenn. 8.1

Pentachlorophenoi.................. 5.94x1073. ..o, 0.68...coonne. 0.99....covueene. 8.1

2,4-Dimethylphenol................. 3.94x1073 ..o, 0.76..cceernenn. 0.99....on... 8.1
2-Methy!-4-Chlorophenol......... 4.97x10°3 oo 0.75. 0o, 0.99......ccenueeee 7.4

3-Methyl-4-Chiorophenol......... 4.37x10°3 .o, 0.79 oo, 0.99. oo 7.4
3-Methyl-6-Chlorophenol......... 1.56x1073. oo, 0.88....ccocoune..... 0.99.....cveennee 7.4

p-Nitrophenol............cc.ce.n..... 3.20x103.......... v 0.99. oo, 0.96.....cnonn.. 7.4

2,4-Dinitrophenol .................. 1141073 e, 0.58.....ccc00r 096 7.7

4,6-Dinitro-0-Cresol.................. 2.30x10°3. ..o 0.57 e, 0.96....coreenn. 8.1

Amines

Toluenediamine ...........cc.oeeuven. 1.74x10°2 oo, 044................. 0.96............... 7.7
Brucing.......ccocovveverinnerecnnnnrenn 1.24 .. 0.03..........c.... 0.47...cc........ 7.4

Alcohols

isobutyl alCONOL...........ovvveee.... 1.46x1073. .o, 0.59....meeenen.. 0.94...nn.... 8.0

Allyl AICONON ... 4.50x1073. ..o, 0.45......ooenn.... 0.9 e, 8.0

Propargyl aicohol..................... 4.60x1073 oo, 0.73 e, 0.85...cvenn.. 8.0

1-BULANOL......eceeeereerenen, 6.20x10°3 oo 042, 0.81 oo, 8.0

2,3-Dichloropropanol............... 110 0.0004............. 0.78...ccccccenn.. ++

MEthANOL. ......eeeeeeeerereeerereneen, 9.30 e, I 0.79 creeeen, 8.0

Other

2-Nitropropane....................... 3.54x1073 oo, 0.66....ccvmnn... 0.94. ..., 8.0

THIOUI@A ... eeeereeeeeeees 2.54x10°4 oo, 0.8 .. 0.98......co..... 8.2

* -- corrslation cosfficient; ** -- pH of adsorption extract, ++ -- not measured
]
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TABLE 29. BATCH SORPTION ISOTHERM DATA -- MISSISSIPPI SOIL
FREUNDLICH EQUATION PARAMETERS

COMPOUND Kg 1/n r PH**
Acid Extractables
PRENO. ... eve e 1.30x10°3 oo 0.7 e, 0.98.....ccoen... 5.8
0-CrOSOl..e.eeeeeeeeeeeeereeereeeeen. 6.00x10°4 ... -7 0.98....ccrerrnn, ++
P-CrESOL.......veveeeeereeeeernnrens 1.21X10°2. o 047, 0.99. oo, -+
M-Cresol .....oovveveeeiieieereiireenn, 8.60x10°4, ..o 0.75...cccievinnnnn 1.00...ccocenieenel, ++
2-Chlorophenol....................... 1.60X1073.....oooicenn 0.77 e 1000, -+
3-Chiorophenol....................... 4.50x1073..... oo, VY- X Y 0.98..cceen. 5.5
4-Chlorophenol...................... 9.90x10™3......ovveeann. 055, 0.99..cocnen.. 5.6
2,3-Dichlorophenoi.................. 8.5x1073. oo, 0.65...vccecrenens 1.00.. .. 6.9
2,4-Dichlorophenol.................. 6.80x1073 ..o 0.65..ccecerrnne. 1,00, ++
2,5-Dichlorophenoi.................. 6.90x10°3 ..o 0.80.. e, 099 ++
2,6-Dichlorophenoi.................. 6.70x1073. oo, 0.61 e 1,00 -+
3,4-Dichlorophenoi.................. 4.70x10°3. o, 0.78 .. 0.96....conn.... 5.6
2,4,5-Trichlorophenol.............. 3.60x10°3 ..o, 091 0.97 oo ++
2,4,6-Trichlorophenoil.............. 9.80x10°3.....eoen 0.57.cciiieneee, 1.00.......c...e.e. ++
Pentachiorophenoi.................. 1.6x10°3 oo, 0.51..ennnnnee. 1.00............... 6.2
2,4-Dimethylphenoi................. 5.10x10°S o, 1.28. e, 092, 5.1
2-Methyl-4-Chiorophenol......... 6.40x10°3. ..o, 0.65..ececreenan. 1,000, ++
3-Methyl-4-Chiorophenol......... 7.30x1073. oo, 0.68.ccoeeeer..... 0.99....oeeen.. 7.0
3-Methyl-6-Chiorophenol......... 3.00x10°3 oo 0.77 oo, 0.99..cunnn. 6.2
P-Nitrophenol.............coeeeveen... 3.20x10°3 o 0.64...cen..... 1.00..ceceene. 5.7
2,4-Dinitrophenol..................... 1.10x1073. . 0.78 ..o, 095, ++
4,6-Dinitro-o-Cresol.................. 8.60x10°% ... 0.86...ccorrenrann. 0.99...ceoeveeeen. 45
Amines
Toluenediamine..................... 5.07x10°5 v 1.28.creeeeenn. 0.94. ..., 5.3
BIUCING . .eeeeeeeceeeemeeeeereeeeeneenees 6.18x10°2. oo, 0.48...cceenn.. 0.97 e ++
Alcohols
Isobutyl alcohol................cce..... 5.10%10™. oo, 1.28.can. 092, 5.7
Allyl alcOhOL ... 3.30x107% oo 0.72 e, 0.96............. 5.7
Propargy! alcohol..................... 6.30x1074 oo 0.61u .. 0.89...ccune... 5.8
1-BULANOL ..o 2.80x10™3. oo, Y 0.85..o....... 5.7
2,3-Dichloropropanol............... 5.0x10°5. oo, 0.90. o, 0.64. ... ++
MEthanol..........ccvvreereeerirenns 1.40X1073 oo, 0.66..ceeeee... 082, 5.9
Other
2-Nitropropane............cccceeeuee 3.54x1072......oovrerereririnnn, 0.66......cccuue... 0.94............... 5.7
THIOUIBA v e 1.50x107% e 0.92. oo, 0.98...comn... 5.1
* -- correlation coefficient; ** -- pH of adsorption extract, ++ -- not measured
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TABLE 30. CHEMICAL CONCENTRATION RANGE EVALUATED DURING THE BATCH
ADSORPTION EXPERIMENTS -- TEXAS SOIL

Compound Concentration Range (mg/l)

Acid Extractables

PhENOL. ... e 9-10,300
0-Cresol. ..ot e 20-1,000
P-Cresol.....c.oov e e 11-6,400
(11 0F (-1 o) I ST 8-3,200
2-Chlorophenol.....c..cccoviviviiciiiiiec e, 26-20,300
3-Chlorophenol............ccccooivirienrcerrccnineennnnnn. 27-7,800
4-Chlorophenol..............cccevvvvviiiiereieneecvecrnnne 18-8,600
2,3-Dichlorophenol..............cccovviieeceicinnninnee.. 40-3,900
2,4-Dichlorophenol..........cccccccveveniniiiiviiiinnnnnn, 19-2,300
2,5-Dichlorophenol............coccccvneieeniieeriecnnnnnn. 16-3,600
2,6-Dichlorophenol.........c.c..cccccoiiiiiniinininenee. 26-1,500
3,4-Dichlorophenol...........ccccconiiiiinninicvinennnnn. 21-520
2,4,5-Trichlorophenol.........ccccccoeivviiiiniiiiiiinnn. 19-910
2,4,6-Trichlorophenol.........c..cccccvuveeeiiiirieenrenen. 20-410
Pentachlorophenol............ccccceiveiieiieenninenieeees 3-13
2,4-Dimethylphenol..............cc.ccccciiiiiinninnnnnn 90-7,400
2-Methy!l-4-Chlorophenol..............ccceeieenninennn, 18-2,400
3-Methyl-4-Chlorophenol.............ccccceeeernennneen. 25-3,800
3-Methyl-6-Chlorophenol................ccccvevinnnnee 36-1,400
P-Nitrophenol...........occeeiieiiiirre e rreeeee e 10-5,200
2,4-Dinitrophenol .............ccoviviiniereeiienneaneeen. 10-500
4,6-Dinitro-0-Cresol ..........ccccccvirmriirieneiens 18-130
Amines

Toluenediaming ..........cccceeerveeiveecieeninniieeeennn, 27-550
BIUCING .....oeeiiiieecrrreene e ceene e e ae e 156-300
Alcohols

Isobutyl alcohol........c.oociiiiiiinin, 40-3,600
Allyl @ICONOL ....eeenreieeeiereent e 15-4,300
Propargyl alcohol.........occcciiiiniiniiiiiincnen 45-4,900
1-BUtanol........cocooiiiir e 67-3,800
2,3-Dichloropropanol...........cccceeeveiviiiinienennnnns 78-7,600
Methanol.........covviieiiiiii e, 49-4,200
Other

2-NItropropane...........ccooevveiieiiicinnse e 58-2,800
Thiourea ... 17-4,800
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TABLE 31. CHEMICAL CONCENTRATION RANGE EVALUATED DURING THE BATCH
ADSORPTION EXPERIMENTS -- MISSISSIPPI SOIL

- L

Compound Concentration Range (mg/l)

i

Acid Extractables

PREONOL.... ...t e 9-10,300
0-Cresol.......ccooviiceee et 20-1,000
P-Crosol......oooiiiiiiere e 12-6,400
[0 O] (- 1-Te] ISP 100-13,000
2-Chlorophenol..............vvcieienieririenniriici s, 34-20,300
3-Chlorophenol.............ccccvvvvvieeneiiirneiriieeeeeenn. 25-8,800
4-Chlorophenol............cooevviiiiiiiiieiiieeiee e, 34-8,600
2,3-Dichlorophenol...........cccccoivviiiinciiineen. 30-2,600
2,4-Dichlorophenol............cccccvvevviviiiieinieennnnnns 18-2,500
2,5-Dichlorophenol...............ococciiinicicnianenns 22-2,800
2,6-Dichlorophenol..........c.cccoveviviiiicicenenneenn, 26-1,500
3,4-Dichlorophenol..........c...covieeiiiirieiiiiii e, 18-520
2,4,5-Trichlorophenol...............coovvenivieiininonen. 22-930
2,4,6-Trichlorophenol..........cc.c.cvviiiiiviiiiiicneennn, 16-310
Pentachlorophenol..........ccccccoceaiiiiiiniacrnninnniranens 7-13
2,4-Dimethylphenol............ccccoeovvviimiieniiinnnnennn. 18-6,300
2-Methyl-4-Chlorophenol..............cccccvvminnnnnen. 15-2,500
3-Methyl-4-Chiorophenol..............ccccveveeirninnee. 43-3,900
3-Maethyl-6-Chlorophenol...........c..cceeeeeieniee . 12-1,400
P-Nitrophenol.........c..coviiieieinii e, 10-5,300
2,4-Dinitrophenol ............cccoveiieiiinrrincce, 4-260
4,6-Dinitro-0-Cresol ........coovvveeeeivieiieeeiieeeeeen, 23-130
Amines

Toluenediamine ..o, 160-580
BruCine.....cooovveiiieiee e e, 30-300
Alcohols

Isobutyl @lcohOl.......o.ooe i 40-3,700
Allyl AlICONOT ... 15-4,300
Propargyl alcohol.........cccoeieeiiiiiiiniiiins 45-4,900
1-Butanol . ..o 67-3,800
2,3-Dichloropropanol.........ccccoceviiiimnniiiiiiiinnnnn. 78-7,600
Methanol...........oooiiii 49-4,000
Other

2-NItropropane.............ccecvvriviineieiieie e, 59-2,800
TRIOUIA ...eevieeveeeit e 21-5,000

P . —
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experiments were conducted under reasonable real world conditions. Soils of

different characteristics (pH, CEC and organic carbon) different chemicals, and

different chemical concentrations were used. As a result it was not possible to
determine the relative effect of such parameters.
However, the data do allow overall effects to be identified. When the Freundlich

K¢ values for the two soils, i.e., the capacity or affinity of the soils, were compared

(Table 32), in general, the Texas soil had the greater values and therefore the greater

sorption capacity for the acid extractables. However, the opposite was true for the

amines and alcohols for which the Mississippi soil had the greater K¢ values, in some

cases greater by a factor of 10 or 100.

CONCLUSIONS

1. The Freundlich equation described the adsorption of the chemicals on the two
soils satisfactorily, i.e., with high correlation coefficients, except for a few
chemicals.

2. The range of chemical concentrations evaluated ranged from the low mg/i
concentrations to near or at saturation concentrations and for most chemicals
covered two to three orders of magnitude. Thus, the adsorption data are
appropriate for concentrations found at sites with low as well as high

concentrations of these chemicals.

3. For these concentration ranges, a linear adsorption relationship, i.e., n = 1, did
not occur.
4. The Freundlich K; values for chemicals in the two soils were different. For the

acid extractables, the Ks values generally were greater in the Mississippi soil.

For the amines and alcohols, the K; values were greater in the Texas soil.



TABLE 32. COMPARISON OF FREUNDLICH ADSORPTION COEFFICIENTS (Kg) FOR
THE TEXAS AND MISSISSIPPI SOILS

" ] L __ |
Texas Mississippl Texas Mississippi

Compound Soli Soll Compound Soll Soll
Acld Extractables Amines

" Bhanol aax10® 13103 Toluenediamine 1.7x102  5.1x1 o:Z
o-Cresol 27x103  6.0x104 Brucine 1.24 8.2x10
p-Cresol 9.5x103  1.2x102 Alcohols _
m-Cresol 3.2x10°8 8.6x10"4 Isobuty! aicohol 1.5x10°3 5.1x10°3
2-Chiorophenol 1.0x103  1.6x10°3 Allyl aicohol 45x103  33x107¢
3-Chlorophenol 2.9x10°3  4.5x103 Propargyl alcohol 46x103  g.3x104
4-Chlorophenol 55x103  9.9x10°3 1-Butanol 6.2x103  2.8x10°3
2,3-Dichiorophenol 1.7x10°3  a.sx10°3 2,3-Dichloropropanol 1.10 5.0x10°5
2,4-Dichlorophenol 4.9x103  6.8x10°3 Methanol 9.3 1.4x10°3
2,5-Dichlorophenol 27x103  6.9x1073 Other
2,6-Dichlorophenol 6.8x10%  6.7x103
3,4-Dichlorophenol 7.2x10°3  4.7x10°3 2-Nitropropane 35x103  3.5x102
2,4,5-Trichlorophenol 1.5x10°3  3.6x10°3 Thiourea 2.5x10%  1.5x1074
2,4,6-Trichloropheno! 1.8x10°3 9.8x10°3
Pentachlorophenol 5.9x1073 1.6x10™3
2,4-Dimethyiphenol 3.9x10°2  s5.1x10°S

2-Methyl-4-Chiorophenol  5.0x10°3  6.4x10™3
3-Methyl-4-Chlorophenol ~ 4.4x10°3  7.3x10°3
3-Methyl-6-Chlorophenol ~ 1.6x10°3  3.0x10°3

p-Nitrophenol 32x103 321073
2,4-Dinitrophenol 1.1x10°3  1.1x30°3
4,6-Dinitrophenol 2.3x103  g.6x1073

- ——
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SECTION 7
TOXICITY REDUCTION

A major objective of this study was to provide comprehensive screening data on
the treatability of specific organic chemicals in soil. Hazardous constituents that enter
the soil are to be detoxified or immobilized.

When a chemical is added to the soil, it is transformed into other products through
chemical and biological reactions with or without complete detoxification and
immobilization. Measuring the loss of the parent compound, such as was presented in
Section 4, does not assure that complete detoxification and immobilization occurs.
Intermediate degradation products, which may be more mobile and/or toxic than the
parent compound, may be generated as the parent compound degrades.

Additional information on the transformation and/or detoxification of a chemical is
necessary to establish that the loss of the parent compound leads to the complete
detoxification of the chemical or waste. Such information can be obtained using either
chemical or bioassay analyses.

Chemical analysis of detoxification products may yield information about
biochemical degradation pathways, but it is time consuming and expensive.
Bioassays have been used successfully to demonstrate detoxification of the applied
waste in the soil(12, 13, 15) and are less expensive and time consuming. Such
bioassays also have been used as a screening tool to evaluate the soil treatment
potential of a chemical or waste(12: 34),

APPROACH

In this study, the reduction of toxicity that occurred in selected degradation studies
was evaluated by determining the toxicity of the water soluble fraction (WSF) of the
chemical/soil mixture at the same sampling intervals used to obtain the degradation

data. The chemical compounds that can be extracted with water represent the
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potentially leachable fraction of the chemical or any intermediate chemical
detoxification products. The WSF of the chemical poses the greatest threat to
groundwater contamination. Hence, evaluating the loss of the potentially leachable
fraction of a chemical is important.

In addition, the concentration of the parent chemical in the WSF also was
determined. This concentration was expressed in terms of quantity of chemical that
was water extractable per kg of the soil. The procedures for: (a) obtaining the WSF, (b)
determining the toxicity of the WSF using the Microtox®© method, and (c) determining
the chemical concentration were the same as those described in the earlier sections.

To put the toxicity reduction data in perspective, the WSF toxicity reductions, the
WSF chemical concentration reductions and the soil chemical concentration
reductions were compared.

RESULTS

This toxicity and chemical reduction comparison was done for phenol and eight
different chloro- substituted phenols: phenol; 2-, 3- and 4-Chlorophenol; 2,3-, 2,4-, and
2,6-Dichlorophenol; 2,4,6-Trichlorophenol; and Pentachlorophenol. Texas soil was
used in each degradation study.

Two loading rates were used. One was the acceptable loading rate identified in
Section 4 (Table 11) and the other was twice those loading rates. Based upon
previous work(12. 13)  oading rates twice the acceptable rates were not expected to
completely inhibit degradation. However, the higher rates could slow degradation
rates and may result in detoxification by-products if incomplete detoxification occurred.
Chemical Loss in Soil

The kinetic parameters for the loss of chemical in the soil microcosms are
presented in Table 33. Data that represented concentrations that were zero or below

the detectable limit were not included in the kinetic analyses because it was not clear
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TABLE 33. CHEMICAL LOSS IN SOIL - KINETIC PARAMETERS
Initial Conc ____Flrst Order Kinetics Zero Order Kinetics
Chemical mg/kg*t  Half Life
(days) r 95%CI* mgkgd 1 95% Cl
Phenol 1400 19.5 0.96 16.5-23.9 32.7 0.95 25.7-39.6
700 4.1 0.92 3.2-5.7 59.3 0.96  48.5-70.1
2-Chlorophenol 760 4.1 0.97 3.5-4.9 37.0 0.90 24.2-498
380 1.7 0.98 1.5-1.9 26.1 0.90 20.4-32.0
3-Chlorophenol 235 16.2 0.93 13.1-215 6.0 0.92 4.4-7.6
120 21.8 0.97 19.6-24.6 23 095 2.0-2.6
4-Chlorophenol 176 15 0.92 0.9-3.6 215 0.92  8.6-34.3
88 1.0 0.91 0.7-1.3 145  0.91 9.7-19.2
2,3-Dichlorophenol 260 27.2 0.91 21.2-37.9 47 0.88 3.0-6.3
130 8.3 0.97 8.1-8.5 3.6 098 3.5-3.7
2,4-Dichlorophenol 180 3.7 0.89 2.7-5.8 84 0.98 7.2-9.6
90 1.5 0.94 1.1-2.4 6.1 0.96 5.4-6.8
2,6-Dichiorophenol 1260 12.8 0.99 12.0-13.7 343 0.96 27.9-40.7
630 2.4 0.91 2.0-3.0 41.8 0.97 36.7-46.9
2,4,6-Trichlorophenol 600 11.0 0.92 8.7-15.0 18.0 0.88 11.9-24.2
300 5.3 0.94 4.60-6.3 104 094  8.8-12.1
Pentachlorophenol 60 3.64 1.00 ——e 443 0.88 —
30 6.7 0.92 5.5-8.5 099 0.90 0.80-1.2

+ Initial concentration of chemical in soil at time zero, mg/chemical per kg of dry soil, lower concentration is the
acceptable loading rate as discussed in Section 4 and as noted in Table 11.

. Correlation coefficient

**  95% confidence interval for the kinetic parameter

to cakulate 95% confidence intervals.

Data from initial lag phase (through day 21) were excluded in calkculating these values; data points were too few

when the chemical actually disappeared. The data fit both first and zero order kinetics

satisfactorily as indicated by the high correlation coefficients.

The data for the lower loading rates were the same as that obtained in the

degradation studies (Section 5, Table 18) since they were done at the same time as
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the previous studies. In most cases, the kinetic parameters at the higher loading rates
were larger than those at the lower loading rates.

Example chemical loss patterns for 2,4-Dichlorophenol and Pentachlorophenol
(PCP) at the higher loading rates are noted in Figure 8. The initial PCP concentration
of 60 mg/kg resulted in a lag phase up to 21 days after the chemical loading.
However, the microcosm extracted on day 29 indicated a reduced concentration of
PCP and that acclimation had occurred. Because there was a rapid chemical loss
after the lag period (Figure 8), kinetic parameters were obtained using data from days
21 and 29. No lag periods occurred for the other chemicals at any of the loading rates.
WSF Chemical Loss

The change of chemical concentration in the WSF also was analyzed and both
first and zero order kinetic parameters were determined. The kinetic data are
summarized in Table 34. First and zero order kinetics satisfactorily represented the
data. Due to rapid loss of 4-Chlorophenol, data on the WSF reduction of this chemical
were limited. As with the soil data, PCP concentrations in the WSF exhibited a lag
phase at the higher loading and only zero order kinetics could be calculated from the
data obtained after the end of the lag phase.

With respect to the higher loading rates, Table 34 indicates that: (a) higher
chemical concentrations were in the WSF initially at the higher loading rates, and (b)
for the first order kinetics, the WSF chemical concentrations decreased at a slower rate
(greater half life) when the chemicals were applied at the higher loading rate. No
difference was apparent in zero order kinetics due to the difference in loading rates.

Examples of WSF chemical loss patterns for two chemicals are presented in

Figure 9. The losses for both initial concentrations are indicated.
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TABLE 34. LOSS OF WATER EXTRACTABLE CHEMICAL -- KINETIC PARAMETERS

Initial Conc ____First Order Kinetics Zero Order Kinetics
Chemical mg/kg*  Half Life
(days) r* 95 %CI*"* mgkgd r 95% Cl
Phenol 1150 10.9 0.80 7.8-18.1 355 0.85 23.5-47.5
575 3.7 0.60 2.0-36.8 46.8 0.87 27.9-65.7
2-Chlorophenol 610 4.0 0.98 3.7-4.4 21.7 0.86  15.3-28.2
305 2.2 0.95 1.8-2.9 30.6 0.95 23.6-37.6
3-Chlorophenol 155 14.6 0.98 13.2-16.4 4.4 0.95 3.6-5.1
75 9.5 0.93 7.9-11.9 29 0.91 2.3-3.6
4-Chlorophenol 93 1.6 0.99 S 11.9 0.95 —H--
32 1.6 0.97 - 5.3 0.74 —H#--
2,3-Dichiorophenol 130 17.0 0.89 13.5-22.9 3.2 0.90 2.4-40
68 7.9 0.97 7.0-9.1 3.6 0.95 3.0-4.1
2,4-Dichlorophenol 98 3.3 0.91 2.6-4.6 4.8 0.94 3.8-5.8
55 0.93 0.85 0.6-1.9 8.8 0.97 7.0-10.6
2,6-Dichlorophenol 1080 9.5 0.92 7.9-12.0 32.4 0.98 30.0-35.8
580 8.3 0.99 7.7-8.9 27.9 0.97 24.2-31.6
2,4,6-Trichlorophenoi 570 11.5 0.92 9.5-14.7 17.0 0.93 13.6-20.4
310 6.5 0.98 5.9-7.4 16.4 0.98 14.6-18.1
Pentachlorophenotl 25 ----initial fag phase---- 2.2 0.99 —-
11 39 0.84 2.7-73 1.2 0.88 0.76-1.7

+  Milligram of chemical that was water soluble at time zero per kilogram of dry soil, average of two or three
replicates

* Correlation coefficient

**  95% confidence interval for the kinetic parameter
*  Insufficient data to calculate 95% confidence intervals due to rapid loss of chemicals
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WSFE Toxicity Reduction

The evaluation of loss of applied chemical in the soil microcosms and in WSF did
not address the existence of possible toxic transformation products. A study of the
toxicity of the constituents in the WSF can indicate the presence and/or accumulation
of any potentially leachable toxic intermediate products.

The toxicity of the WSF was measured by the Microtox© procedure and was
expressed as soil toxicity units (Section 4). The resulting data was analyzed by both
first and zero order kinetics to provide results that were consistent with the soil
chemical loss and the WSF chemical loss. Data on these kinetic parameters, in terms
of toxicity reduction, are presented in Table 35. Both first and zero order kinetics
appeared to represent the data satisfactorily.

Examples of the toxicity reduction patterns that occurred are presented in Figure
10. The WSF toxicity reductions that were noted were the result of the detoxification
that occurred in the soil microcosms as they were incubated at 20° C for the indicated
time periods.

With Pentachlorophenol, the WSF toxicity reduction indicated a slow reduction for
the first days of incubation, followed by a rapid decrease (Figure 10). No other lag
periods in toxicity reduction were observed for the other chemicals.

As had been noticed with the WSF chemical loss and the soil chemical loss, the
soil chemical loading rates did cause different results. With respect to the toxicity
reduction data (Table 35), the higher loading rates: (a) resulted in a higher initial WSF
toxicity, and (b) larger toxicity reduction half-lives. No difference in the zero order
kinetics as a function of loading rate was apparent.

Comparison of Chemical Losses and Toxicity Reduction

The loss of the chemical in the soil and in the WSF and the WSF toxicity reduction

data were compared using the first order kinetic data (half-lives). Figure 11 compares

the half-life of the soil and the WSF chemical loss for all of the nine chemicals tested at
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both low and high loadings. The correlation shows that, in general, the soil chemical
half-life was about 1.5 times greater than the WSF chemical half-life. For these
chemicals, this indicates that the loss of the chemical in the WSF was about 1.5 times
faster than the loss of the chemical in the soil. This correiation also indicated that no
enhanced mobilization of applied chemical occurred as the degradation and

detoxification took place.

TABLE 35. WSF TOXICITY REDUCTION -- KINETIC PARAMETERS

—First Order Kinetics _ Zero Order Kinetics

Chemical Chemical Initial
Initial Conc  Toxicity Half Life Soi

ma/kg* TUY  (days) 1t _95%Cr Tud _r 0 _99%C

Phenol 1400 40 149 0.87 11.6-20.6 1.17  0.90 0.89-1.5
700 13 10.2 05 — 1.17 0.81 0.65-1.7
2-Chlorophenol 760 20 58 096 5.0-7.0 0.90 0.91 0.69-1.7
380 10 58 095 46-78 0.76 0.95 0.57-0.95
3-Chlorophenol 235 28 145 0.88 11.5-195 0.76 0.92 0.60-0.91
120 15 89 091 73-113 0.62 0.95 0.52-0.95
4-Chlorophenol 176 46 1.8 0.87 1.1-40 6.0 0.90 3.0-9.0
88 6 0.6 097 -@- 4.5 0.88 2.3-6.6
2,3-Dichlorophenol 260 37 18.7 0.92 15.5-23.6 0.75 0.89 0.56-0.94
130 19 7.7 090 6.2-10.2 1.1 0.89 0.8-1.3
2,4-Dichlorophenol 180 52 53 095 4565 2.2 0.98 2.0-25
90 22 24 087 1.7-41 2.9 0.93 2.1-3.8
2,6-Dichlorophenol 1260 31 11.2 0.95 9.6-13.4 0.95 0.95 0.80-1.1
630 14 13.3 0.79 9.3-23.7 0.49 0.81 0.29-0.70
2,4,6-Trichlorophenol600 29 121 0.92 9.9-153 0.79 0.89 0.59-0.99
300 12 58 094 5.0-71 0.64 0.94 0.53-0.76
Pentachlorophenol 60 31 243 0.78 16.4-46.6 0.65 0.76 0.31-1.0
30 13 73 0.88 53-119 0.90 0.88 0.55-1.3

+ Initial concentration of chemical in soil at time zero, mg/chemical per kg of dry soil, lower concentration is the
acceptable loading rate as discussed in Section 4 and as noted in Table 11

+  Toxicity of the WSF at time zero in toxicity units (Section 4)

. Correlation coefficient

**  95% confidence interval for the kinetic parameter

8 Data from initial lag phase (through day 21) were excluded in cakulating these values; data points were too few
to calculate 95% confidence intervals.
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Figure 10. Toxicity Reduction in the WSF from the Soil Microcosms
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Figure 11. Comparison of Chemical Loss in the Soll and the WSF
for Phenol and Elght Chlorophenols

The toxicity reduction study was conducted to evaluate the possibility of toxic
intermediate chemicals and their effect, if any, on the treatment of the chemical applied
to the soil. The WSF of the land applied hazardous constituents pose the immediate
threat to soil microbes and groundwater, and the identification of any potentially
leachable toxic constituents is important to evaluate the performance of a HWLT.

The toxicity of the WSF could be a result of: (a) the chemical added to the soil,
(b) intermediate transformation products that are potentially leachable, and (c)
background toxicity from the soil. The analyses of blank samples (soil only) did not
show any background toxicity from the Texas soil used in this research. The toxicity of
the WSF extracted on day zero was contributed only by the applied target chemical,
since degradation had not yet occurred. The subsequent reduction in toxicity of the
WSF was a result of detoxification and immobilization reactions in the soil.

The chemical loss in the soil and the WSF and the WSF toxicity reduction were

compared. In each case, the WSF toxicity decreased as the soil chemical and the
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WSF chemical concentrations decreased. Figure 12 provides an example of the

decreases for 2,4-Dichlorophenol.

o
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Figure 12. Decrease of Soll and WSF Chemical Concentration and of WSF Toxiclty as a
Function of Time-Degradation Study of 2,4-Dichlorophenol
Figure 13 compares the WSF chemical loss and the WSF toxicity reduction for
all nine tested chemicals at both low and high loadings. The correlation of 0.90
indicates that the WSF toxicity can be attributed to the target chemical concentration in
the WSF and that no water extractable toxic intermediate products were formed. Thus,

these chemicals were detoxified in the soil.
20

y = 2.0+ 0.95x R =0.90
101

WSF Toxicity Reduction
Hailf Life In Days
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Figure 13. Comparison of WSF Chemical Loss and the WSF Toxlcity Reduction for
Phenol and Elght Chlorophenols
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CONCLUSIONS

The loss of chemical in the soil and in the WSF extracted from the soil and the

reduction of toxicity of the WSF were evaluated for nine chemicals that were part of this

study: phenol and eight chlorophenols. Two loading rates and one soil (Texas soil)

were used. The results were:

1.

Both first and zero order kinetics satisfactorily represented the chemical loss
and toxicity reduction data.

The microcosms with Pentachlorophenol resulted in a lag phase in chemical
loss and WSF toxicity reduction, especially at the higher loading rate. No lag
periods were observed with any of the other chemicals at either loading rate.
The higher chemical loading rates resulted in higher chemical concentrations in
the WSF and higher WSF toxicities at time zero.

The higher chemical loading rates generally resuited in slower chemical losses
(higher half-lives) and toxicity reduction. However, at both loading rates for
each chemical, the chemicals were degraded and the toxicity was reduced.

No differences were apparent in zero order kinetics due to the loading rates.
The loss of the chemicals in the WSF was about 1.5 times faster than the loss of
the chemical in the sail.

The WSF toxicity for each chemical decreased as the soil chemical and the
WSF chemical concentrations decreased.

The WSF toxicity decreased at about the same rate as the WSF chemical
concentration when the data for all the nine chemicals were compared.

No enhanced mobilization of the applied chemical occurred as the degradation

and detoxification occurred.
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SECTION 8
MUNITIONS WASTES AND CHEMICALS

As part of this cooperative agreement, the soil treatablility potential of a hazardous
waste generated in the explosives industry and several chemicals used in that
industry were evaluated (Table 2). The toxicity and adsorption behavior of these
chemicals and the waste were determined using procedures outlined in Sections 3
and 4. Because of limited quantities of RDX and HMX available, these compounds
were not evaluated as part of the degradation studies. RDX and HMX were obtained
from the United States Army Toxic and Hazardous Materials Agency (USATHAMA).
TNT was obtained commercially from Chem Sarvices, Inc. in Pennsylvania. 2,4- and
2,6-Dinitrotoluene were purchased from Aldrich Chemicals, Milwaukee, Wisconsin.

In addition to these chemicals, wastewater treatment sludge from the
manufacturing of explosives at the Holston Army Ammunition Plant was evaluated for
its land treatability potential. This sludge was obtained with the help of USATHAMA.
The following sections summarize the toxicity, adsorption and degradation
characteristics of the pure compounds and the land treatability potential of munitions
waste treatment sludge.

RELATIVE TOXICITY AND LOADING EVALUATION

Results of the toxicity evaluation are summarized in Table 36. As part of the
adsorption experiments, the maximum solubility of HMX was established as 3.8 mg/l.
This low solubility made the toxicity evaluation difficult. The toxicity of hydrophobic
compounds cannot be properly evaluated using the Microtox®© system. Because of the
limited quantities of HMX and RDX that were obtained, neither chemical was able to

be evaluated for soil mass loading ranges.
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TABLE 36. ECgq DATA AND ACCEPTABLE LOADING RATES FOR MUNITIONS
MANUFACTURING CHEMICALS

S0 e

—ECso-Value (mg/l} _Loading Rates (mg/kg ot soil)*

Compound Value 95% ClI Texas Soil Mississippl _Soll
2,4-Dinitrotoluene.................... 312, 29.7-32.8............. 500 ..o iieeeeriieens 165
2,6-Dinitrotoluene.................... 4.4 . ...cceennni. 43-45................ BO .oovieeiieiiirerriens 74

TNT (2,4,6-Trinitrotoluene)........ 1.0, 0.7-13 ... 14 e, 12

1210) SHN USRI 76.1 ... 60.0-97.0................ Y et *

HMX .o M e e———— Y e, Y e e .

*  Loading rate data for RDX and HMX could not be evaluated since sufficient quantities of
material could not be obtained.

**  Due to its insolubility, ECSO' data for HMX could not be obtained.
+  Lower loading rate as determined using the procedure in Table 9

ADSORPTION
Methods

The procedure followed for evaluation of the adsorption behavior of RDX, HMX,
and TNT was a modification of that outlined in Section 3. The following section
describes the protocol used to evaluate the sorption behavior of these chemicals.

RDX and HMX were received as aqueous solutions consisting of approximately
100 mg of chemical in five milliliters of water. Prior to use, the compounds were dried
at 105° C. After drying, each chemical was used to prepare standard stock solutions
using a 50:50 mixture of water:Methanol as the solvent. This protocol improved the
accuracy of chemical detection. The final concentrations of the RDX and HMX stock
solutions were 41.8 and 3.8 mg/l, respectively. The resulting concentration of HMX

was very close to the detection limit of this compound by high pressure liquid

chromatography (~1 mg/l).
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TNT was received as a solid consisting of 20% moisture. The moisture content
was taken into account in preparing a stock solution of 700 mg/l TNT using a 50:50
mixture of water:methanol as the solvent.

External standard solutions were prepared from the stock solutions by a serial
dilution technique utilizing the 50:50 water:methanol solvent mixture. These external
standards were used to evaluate the concentration of aqueous chemical stock
solutions used in adsorption tests. Chemical concentrations were determined using
the HPLC and a 50:50 water:methanol solution as the eluent for the RDX and HMX.
Methanol was used as the eluent for TNT.

Results

The range of chemical concentrations. evaluated is noted in Table 37. The
adsorption results for 2,4- and 2,6-Dinitrotoluene are presented in Table 38. The
Freundlich equation described the sorption of these chemicals on the two soils
satisfactorily, i.e., with high correlation coefficients. However, such was not the case
for the other munitions chemicals.

The sorption data for TNT, RDX and HMX are presented in Tables 39 and 40.
With TNT, for both soils, the value of qg reached a maximum of about 0.045 mg
TNT/gm dry soil at a solution concentration of about 15 mg/l TNT and then decreased
at higher solution concentrations. This is not in agreement with the Freundlich
equation in which qg should increase as the compound concentration approaches its
solubility limit(31). Data for the other chemicals (RDX and HMX) also produced poor
correlation with the Freundlich equation. The correlation coefficients ranged from 0.0
to 0.44.

As discussed in Section 6, the adsorption of a chemical is affected by a number
of characteristics, none of which were evaluated in these experiments. For the two

chemicals for which the Freundlich equation did seem to fit the adsorption data (Table

38), the Texas soil appeared to have a greater affinity (higher K; value) for 2,4-
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TABLE 37. CHEMICAL CONCENTRATION RANGE EVALUATED DURING THE BATCH
ADSORPTION EXPERIMENTS -- MUNITIONS CHEMICALS

N T R e N R SRR

Concentration Range (mg/kg)
Compound Texas Soil Mississippl Soll
2,4-Dinitrotoluene 32-160 15-150
2,6-Dinitrotoluene 37-600 14-200
(2,4,6-Trinitrotoluene) TNT 0.1-60 0.3-90
RDX 8-30 11-32
HMX 0.9-3.6 1.5-3.8

TABLE 38. FREUNDLICH ISOTHERM DATA -- TEXAS AND MISSISSIPPI SOILS --
2,4- AND 2,6-DINITROTOLUENE

Compound k¢ 1/n r* pH
Texas Soil

2,4-Dinitrotoluene 9.2x10°3 0.59 0.88 7.6
2,6-Dinitrotoluene 5.0x10°3 0.61 0.90 8.1
\ississiog) Sol

2,4-Dinitrotoluene 6.3x10°3 1.08 0.99 5.2
2,6-Dinitrotoluene 1.4x1072 0.68 0.95 5.6

*correlation coefficient
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TABLE 39. ADSORPTION DATA FOR TNT, HMX AND RDX
IN TEXAS SOIL AT 20° C

s S TS CO

2,4,6-Trinitrotoluene (TNT) (pH=7.8)

Concentration (ma/l) Qe (mg sorbed/ g dry soll)
0.1 0.0031
6.5 0.0238
13.2 0.0475
60.8 0.0311
RDX (pH=8.0)
Concentration (mg/l) Qe (mg sorbed/ g dry soil)
8.6 0.0077
10.7 0.0056
11.7 0.0151
13.7 0.0106
26.6 0.0154
HMX (pH=7.9)
Concentration (mg/l) Qe-(mg sorbed/ g dry soil)
0.9 0.00322
1.6 0.00086
2.3 0.00322
3.6 0.00036

TABLE 40. ADSORPTION DATA FOR TNT, HMX AND RDX
IN MISSISSIPPI SOIL AT 20° C

Concentration (mg/l) de. r
0.4 0.00275
10.6 0.0197
17.9 0.0428
90.7 0.0012
RDX (pH=5.8)
Concentration (mg/l) Qe (MQa sorbed/ g dry soil)
11.3 0.00498
11.9 0.00439
12.7 0.0142
19.2 0.00506
32.3 0.00973
HMX (pH=5.9)
Concentration (mgq/l}
1.5 - 0.00092
1.7 0.00069
3.8 0.00022
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Dinitrotoluene while the Mississippi soil appeared to have a greater affinity for the 2,6-
Dinitrotoluene.
DEGRADATION STUDIES

The experimental procedures for these degradation studies were identical to
those described in Section 5. The degradation of RDX and HMX could not be
evaluated due to the limited quantities that were available.

The recovery efficiencies and the loadings that were used in these degradation
studies are presented in Table 41. Even though the loading rate for 2,4-Dinitrotoluene
was in the acceptable range, no loss of this chemical occurred over a 47-day study.
However, losses of 2,6-Dinitrotoluene and 2,4,6-Trinitrotoluene (TNT) did occur. The
loss pattern for 2,6-Dinitrotoluene in both soils is presented in Figure 14. The loss

rates for the two chemicals are indicated in Table 42.

The data indicate that first order kinetics were a better representation for TNT
than were zero order kinetics. The data also indicate that the first order half-life of TNT
in the Mississippi soil was less, and the loss faster, than in the Texas soil. No
differences in the loss rates for 2,6-Dinitrotoluene for the two soils were apparent.
MUNITIONS WASTEWATER TREATMENT SLUDGE

In addition to the compounds noted above, the land treatability potential of
wastewater sludge resulting from the manufacture and processing explosives at the
Holston Army Ammunition Plant (HAAP) was evaluated. Figure 15 indicates the
wastewater treatment process flow diagram at HAAP. The sludge evaluated was
obtained from the Area B raw wastewater settling basin. Prior to use, the
characteristics of this sludge were determined.

Nitrogen and COD -- Nitrogen and COD concentrations of the sludge (Table
43) were determined according to procedures described in Standard Methods(36).
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TABLE 41. LOADING RATE AND RECOVERY EFFICIENCY DATA FROM THE
MUNITIONS CHEMICAL DEGRADATION STUDIES

b ]

—Loading Rate (mg/kg of soil) Average Recovery
Compound Acceptable* Actual __ Efficlency (%)**.
Iexas Soll
2,4-Dinitrotoluene. ..................... 0] o BT BOO...i e e 100
2,6-Dinitrotoluene....................... BO .o 85 91
2,4,6-Trinitrotoluene................... 14 i 14 e, 100
Mississippl Soll ,
2.4-Dinitrotoluene..................... 165 e 150 e 92
2,6-Dinitrotoluene...................... 2 D 70 ee e 85
2,4,6-Trinitrotoluene................... 12, L2 PR 101

+  data from Table 36
+ average of three roglicates

TABLE 42, CHEMICAL LOSS RATE DATA FOR 2,6-DINITROTOLUENE AND TNT
IN THE DEGRADATION STUDIES

KINETIC PARAMETERS

COMPOUND FIRST ORDER ZEROORDER

HALF UFE 95% C.1. mg/Kg/day r* 95% C.I
(day)

Texas Soll

2,6-Dinitrotoluene 72 0.91 59-90 0.7 0.91 0.6-0.9

2,4,6-Trinitrotoluene 7.7 0.94 6.5-9.4 0.5 0.81 0.3-0.6

Mississippl Soll

2,6-Dinitrotoluene 92 0.78 66-153 0.5 0.80 0.3-0.6

2.4 6-Trinitrotoluene 5.7 0.93 4.6-7.2 0.4 0.80 0.2-0.6

correlation coefficient

m————
e — —
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Figure 14. Loss of 2,6-Dinitrotoiuene in Texas and Mississippi Solis at 20° C
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TABLE 43. NITROGEN AND COD CONCENTRATIONS OF MUNITIONS WASTE SLUDGE

Total Kjeldahl NifrOgen ..........o.oooviiiiiiiiiiiei i e 4820 mg/L
AMMONIA NIFOGON ...t te v e e e e e e e s st e 2300 mg/L
G0 D ettt ettt ettt eae s, 1.27 x 105 mg/L

Metals -- The metals in the munitions sludge were analyzed at the USEPA Robert
S. Kerr Environmental Research Laboratory in Ada, Oklahoma. Results were obtained

(7) for both the total sludge and the liquid

using procedures outlined in EPA SW 846
fraction. The results are contained in Table 44.

GC/MS Analysis -- One goal of this study was to determine if quantities of
hazardous organics were present in the munitions waste sludge. If significant
quantities were present, degradation experiments would be conducted to estimate
loss rates of these constituents. The organics present in the sludge were determined
as follows. The organics were extracted from the sludge using a shake extraction
procedure and Methylene Chloride as the extracting solvent (EPA method 3450)(7).
The extract was analyzed on a Finnigan-MAT4000 gas chromatograph/mass
spectrometer (GC/MS) located in the Department of Chemistry at The University of
Texas at Austin. Results are summarized in Table 45. The listed compounds
represent the fourteen most significant peaks of the chromatogram. Many small peaks
were observed but they had a peak intensity of the same magnitude as instrument
noise. None of the small peaks corresponded to TNT, HMX or RDX. Because of the
absence of these compounds in the munitions waste siudge, degradation experiments
with the sludge were not conducted.

Relative Toxicity -- The toxicity of the munitions sludge was evaluated using

the Microtox®© procedure. It is possible that the chemicals contained as part of the

sludge solids could cause toxicity as the solids decomposed. To determine if the
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TABLE 44. METALS IN MUNITIONS SLUDGE AND SLUDGE FILTRATE

Flitrate Total Sample
Element mg/l Std. Dev. mg/kg Std. Dev.
wet wt.
Na 20.7 2.0 92.8 9.2
K 18.8 1.9 202 20
Ca 45.8 4.5 711 71
Mg 12.4 1.2 196 1.9
Fe 400 40 3940 390
Mn 1.10 0.09 14.7 1.3
Co 0.02 0.01 0.81 0.15
Mo <.01 - 0.69 0.26
Al <1 - 1740 170
As <.03 - 5.8 2.50
Se <.1 - <1 -
Cd <.003 - 0.19 0.04
Be <.003 - 0.21 0.04
Cu 0.03 0.01 13.9 1.3
Cr 0.01 0.01 7.85 0.77
Ni 0.01 0.01 2.85 0.28
Zn 0.10 0.01 35.9 3.6
AQ <.03 - <.3 -
T <.04 - <.7 -
Pb <.02 - 10.4 1.5
Li <.01 - 1.15 0.14
Sn 0.17 0.01 3.59 0.35
Vv <.03 - 4.76 0.71
Ba 0.01 0.01 11.0 1.1
B 0.23 0.03 0.88 0.31
Ti <.1 - 6.7 1.4
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TABLE 45. GC/MS ANALYSIS OF MUNITIONS SLUDGE

COMPOUND MOLECULAR WT. % FIT* PEAK INTENSITY**
- - 131 93.8 268
CgHgN
Benzenemethanimine 105 89.1 81
C7H7N
1.3 Benzoxazine 239 73.1 402
Ci6H170N :
- 200 79.0 338
C12H2402 :
. 128 83.8 172

CgH160ClI
10-Undecenovl Chioride 202 84.3 170
Ci11H190CI
. 202 87.3 290
C12H2402
- - 129 70.2 242
CsH11ON3
Sultur 256 84.8 641
Ss
Undecenal 168 82.7 148
C11H200
Z-Methyl, Nonanolc acld 186 85.4 240
C11H2202

258 84.1 223
C14H2604

211 85.7 443
CgHs0gN

207 81.4 254
C11H130NS

*  The % fit refers to how well the library fit matched the ion chromatograph generated from the sample.

* * Peak intensity refers to the relative concentrations of the compounds in the extract. For example, sulfur (Sg)
had the largest concentration of the fourtesn compounds listed.
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solids may have included chemicals that exhibited a toxic effect, one set of samples
was homogenized and the other was not before the toxicity was determined. With the
Microtox®© procedure, the soluble constituents exert the greatest effect.

Preparation of both sets of samples consisted of taking aliquots of
homogenized and aliquots of nonhomogenized sludge (100 mi each), diluting them
with distilled deionized water to obtain different concentrations of the sludge
constituents and centrifuging them at 2000 rpm for 15 minutes. Fifty milliliters of the
supernatant liquid from each sample were discarded and replaced by f'ifty milliliters of
a 2% Sodium Chioride/distilled deionized water solution. The addition of the salt
solution maintained the proper environment for the marine bioluminescent bacteria
used in the toxicity test. This procedure was in accordance with standard Microtox®©
operating methods (Section 4). The samples were then centrifuged at 2000 rpm for an
additional 15 minutes. Twenty five milliliters of the supernatant were withdrawn from
each sample and filtered (0.45 um pore size filter). Within thity minutes after filtering,
the samples went from clear to a brownish red color suggesting the oxidation of some
metal species. Because of the color interference, a color absorbance correction was
necessary to obtain toxicity results. The results of the toxicity evaluation are
summarized in Table 46.

As noted above, the homogenized and nonhomogenized sludge samples
were diluted to provide varying concentrations of sludge constituents for
the toxicity evaluation. This resulted in the toxicity results being known

in terms of percent of the original siudge. If the sludge were nontoxic,
the ECgg value would be around 100%. These evaluations (Table 46)

indicated that high dilutions were needed to obtain ECgp values and that,

therefore, the sludge was toxic to the Microtox© organisms.
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Because these samples demonstrated significant toxicity, a second set of
samples was processed in the same way and the relative toxicity determined to verify
the previous results. The results from this second evaluation were comparable to

those presented in Table 46.

TABLE 46. MUNITIONS WASTE TOXICITY DATA -- UNDILUTED SAMPLES

" — ]

Sample H&C(1)" H&C(2)* c() C(2)
ECsq (5 min., 15° C) 0.92% 1.30% 1.22% 1.47%
95% confidence interval 0.52 -1.65% 1.25 -1.35% 1.16 -1.28% 1.37 -1.57%
pH of the sample 5.6 5.7 5.7 5.7

* H -- homogenized, C -- centrifuged; (1) and (2} are replicates.

e

The relative toxicity results indicated that: (a) the munitions sludge exhibited
considerable relative toxicity, and (b) there was no difference in relative toxicity
between the homogenized and the nonhomogenized samples. The latter statement
indicates that the constituents causing the toxicity effect were in the soluble and not the
solid phase. The low pH of the sludge (Table 46) may have contributed to the relative
toxicity.

CONCLUSIONS

1. The Freundlich equation described the sorption of 2,4- and 2,6-Dinitrotoluene in
the two soils satisfactorily. However, it did not do so for TNT, RDX, or HMX.

2. No loss of 2,4-Dinitrotoluene occurred over a 47-day study, even though the
loading rate used was determined to be acceptable using procedures
discussed in Section 4.

3. Because of the small amounts of RDX and HMX that were received, no

degradation studies could be conducted.
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. Degradation loss rates could be obtained for 2,6-Dinitrotoluene and TNT. First
order kinetics were a better representation for TNT than were zero order
kinetics.

. The half-life of TNT in the Mississippi soil was shorter, and the loss faster, than
in the Texas soil. No differences in the loss rates in the two soils for 2,6-
Dinitrotoluene were apparent.

. The sludge resulting from the manufacture and processing of explosives
contained: (a) high concentrations of nitrogen and COD, (b) concentrations
generally less than 10 mg/l for the heavy metals, and (c) no amounts of TNT,
RDX, or HMX.

. The munitions sludge had a high toxicity as measured by the Microtox®©
procedure. The constituents causing the relative toxicity were in the soluble

and not the solid phase of the sludge.
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APPENDIX A

THE MICROTOX® TOXICITY ASSAY
USED IN THIS STUDY

INTRODUCTION

The Microtox® toxicity assay was used for toxicity screening due to its simplicity,
rapidity, cost effectiveness, and because the assay procedure had undergone
evaluation and standardization for this purpose(12: 13). The test organism is a
marine bioluminescent bacteria (Photobacterium phosphoreum Strain NRRL B-
11177). The Microtox® Model 2055 Toxicity Analyzer System and Microtox®
accessories used in this research were obtained from Beckman Instruments, Inc., and
Microbics, Inc., Carisbad, California.
EVALUATION OF CHEMICAL LOSS USING MICROCOSMS

The batch type microcosms used to simulate aerobic soil conditions were 150
mL glass beakers. The chemicals were extracted from the soil microcosms with
Methylene Chloride using a Soxhlet extraction apparatus. The extract was
concentrated using a Kuderna-Danish apparatus. The final extract was analyzed with
a Model 5890 (Hewlett Packard) Gas Chromatographic System.

WATER EXTRACTION OF MICROCOSMS

For the Microtox® analyses, a water soluble fraction (WSF) is needed. The
contents of a microcosm were transferred into an amber glass bottle having a Teflon-
lined cap and 40 mL (1:4 by soil weight:water volume) of distilled deionized water was
added. The soil-water mixture was extracted in a rotary extractor for about 24 hours at
30 rpm at room temperature. Immediately after the extraction, the sample was
centrifuged at about 2000 rpm for 15 minutes to separate the WSF. The WSF was
vacuum filtered through a 0.45 pm membrane filter. Ten milliliters of the filtered
sample were adjusted to 2% NaCl using reagent grade dry NaCl and tested for

toxicity. In addition, the pH of the composite sample of triplicates of a chemical
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loading at a sampling time was measured. The remaining portion of the WSF was
stored in a sample vial with minimum head space. The vial was frozen to < -20° C to
maintain the integrity of the chemical composition of the sample until further analysis
by HPLC.

TOXICITY ASSAY
The toxicity assay was used to: (a) determine the Effective Concentration

(ECg0) of a chemical solution or of a waste, (b) determine the ECgq of the WSF to

determine the safe initial chemical loading on soil, and (c) study the toxicity reduction

of the WSF.
EC59 DETERMINATION

The ECgq of a sample is defined as the concentration of the sample required to
reduce the initial luminescence of the bacterial suspension by 50% under standard
test conditions. To determine the ECgq of the chemicals that were evaluated, a
solution of a known concentration of a chemical was prepared in distilled deionized
water (DDW). The DDW used in the sample preparation did not exhibit any toxicity as
determined by the Microtox© assay. The solution was mixed using a magnetic stirrer
for 24 hours or until the chemical was completely dissolved. To the extent possible,
the solubility of the chemical was estimated from the literature, before attempting
sample preparation. The chemical solution was adjusted to 2% Sodium Chloride
(NaCl) using either reagent grade dry NaCl or Microtox® Osmotic Adjusting Solution
(MOAS -- 22% NaCl solution).

The sample preparation for ECgq values that were part of the acceptable

loading determination and toxicity reduction studies followed the same procedure.

ASSAY PROCEDURE
This section briefly describes the standard Microtox® toxicity assay procedure.

A detailed description of the assay can be found elsewhere (14, 37),
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The lyophilized Microtox© bacteria are reconstituted with 1.0 mL of
reconstitution solution (ultra-pure water) maintained at 2-4° C in a glass cuvette.
Aliquots of 10uL of the reconstituted bacterial suspension are equilibrated for about 15
minutes at 15° C in 0.5 mL of Microtox®© diluent (2% NaCl! solution) in glass cuvettes.
At the end of the equilibration period, the initial luminescence intensity is measured as
light units using the Microtox®© System. 0.5 mL of the sample and thrge serial dilutions
of the sample are added to the respective cuvettes. The final luminescence readings
are taken at the end of the desired exposure time intervals: 5 minutes, 15 minutes, 30
minutes or longer.

The test sample and its dilutions were tested in duplicate. Blank cuvettes
containing just the diluent also are read to correct for any shift in the luminescence that
may be caused by the bacteria or the machine. From the observed results a dose-
response curve is obtained and the ECgq value calculated.

CHEMICAL LOADING ON SOIL

The chemical concentration applied to the soil should be within the assimilative
capacity of the soil to avoid toxic effects that may limit the microbial degradation of the
chemical. The safe chemical loading determination is based on the water soluble
fraction (WSF) of the chemical and the toxicity of WSF using the Microtox®© assay.

One hundred grams of air-dried soil were weighed into glass jars and mixed
with 400 mL ( 1:4 by soil weight : water volume) of DDW. Immediately, the organic
chemical (solution prepared in ethanol) was added to the soil-water mixture, at
concentrations of 2x, 5x, 10x and 20x where x is the ECgq of the chemical. All
chemical loadings were prepared in duplicate. The maximum concentration of the
ethanol in the water was limited by the required chemical loading and the ease with
which the chemical dissolved in ethanol. The maximum concentration of ethanol in

water was 2500 to 5000 ppm. The ECgq value of ethanol using the Microtox© assay

is 30,000-35,000 ppm. Hence, the concentrations of ethanol used in these
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experiments did not have a significant influence on the toxicity of WSF. The chemical
was extracted with DDW for about 24 hours in a tumbler shaker rotating at 30 rpm at
room temperature (usually 21-25° C).

After the extraction, the soil-water mixture was allowed to settle for about 20
minutes. About 50 mL of the supernatant was transferred into small glass bottles
which were centrifuged at about 2000 rpm for 15 minutes to separate the WSF from
the soil particles. The WSF was filtered through a 0.45 um filter usinQ a vacuum. The
filtered sample was osmotically adjusted to 2% NaCl with dry NaCI’and analyzed
using the Microtox® system. These results were used to indicate the safe lower
chemical loading on the soil. The upper limit was set as two times the lower chemical
loading.

MICROTOX® ANALYSIS

The sample analysis using the Microtox®© system was done as described

above. The luminescence readings are converted into toxicity measurements as

indicated in the system operating manuai(14):

G=("X+1)-1.0
where

l; = Initial luminescence reading
lf = Final luminescence reading and,
X = Blank Ratio = l¢ + I; from the blank cuvette luminescence reading
G = Relative toxicity measurement
The concentration of the sample, as ppm or % of the sample solution, is plotted
against the toxicity measurements, G, on a log-log scale. The concentration of the

sample corresponding to a toxicity measurement of 1.0 is termed the ECsq of the

sample, as shown below.
In the chemical loading determination and toxicity reduction study, the ECgq of

the water extract was converted to soil toxicity units (soil TU) in the following
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manner({13: 37): TU = 400 + EC5p. The chemical loading and the corresponding soil

TU were plotted on a log-log graph.

An Example Plot of EC50 Determination
Chemical: Pentachlorophenol
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As has been described(13), the point at which the loading rate intercepted the
value of 20 toxicity units (TU), i.e., ECgg = 20, was used as the lower limit, or toxic

floor, of the initial loading rate window. The available logic and data(13) indicated that
chemicals or waste that exhibited an ECgq less than 20 were likely to cause inhibition

of the microorganisms in the soil and result in no detoxification. An example plot is

shown below.
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An Example Plot of Chemical Loading Determination
Chemical: 3-chlorophenol
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APPENDIX B
QUALITY CONTROL/QUALITY ASSURANCE PROCEDURES

The objective of this study was to evaluate the relative toxicity, degradation
kinetics and sorption of specific EPA listed hazardous chemicals and a specific
hazardous waste and related chemicals. The data generated consisted of physical
and chemical analyses performed by the project personnel. All data and observations
were recorded in permanent laboratory notebooks. Replicates and standards were
part of the analytical protocol. The following sections describe measures used to
determine the accuracy and precision of the measurements.

TOXICITY

Toxicity screening and relative toxicity evaluations were performed using the
Microtox®© system to establish EC50 values for each chemical. Procedures for the
Microtox®© system outlined in the operation manual were followed(14). ECs0 values
were determined graphically by evaluating duplicate samples at each chemical
concentration. To evaluate randomness in toxicity data, EC50 data and 95%
confidence intervals were reported.

Water soluble fraction (WSF) samples were obtained following procedures
outlined in EPA SW-846(7). Duplicate samples of WSF at each chemical
concentration were used to graphically determine the chemical loading rate as
outlined in Section 3.

DEGRADATION STUDIES

Accuracy and precision of degradation data were monitored routinely. The
procedures and analytical techniques included replicate analyses and determination
of recovery efficiencies as part of the overall quality control effort. Replicate analysis of
_threé samples at each sampling time avoided basing degradation kinetic results on

one data point which could be an outlier.
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lllustrative recovery efficiency data are presented in Table B-1. The analytical
data were reviewed frequently to discover possible anomalies or omissions. If suspect
data were discovered, the raw data used to calculate the results were reviewed and
the experiment in question was repeated if necessary. To determine the conformity of
the degradation data to zero and first order kinetic models, 95% confidence intervals
were determined for all chemicals.

TABLE B-1. ACCURACY DATA: RECOVERY EFFICIENCIES (%) FOR SPECIFIC
CHEMICALS AS DETERMINED FROM DAY ZERO DEGRADATION STUDY

EXPERIMENTS

Compound #1 #2 #3 Average Std. Dev. C.v.

TIexas Soll
Phenol 97 84 83 88 7.8 8.9
m-Cresol 78 85 81 81.3 3.5 4.3
2-Chlorophenol 73 71 76 73.3 2.5 3.4
2,4,5-Trichlorophenol 99 95 98 97.3 2.1 2.1
Pentachlorophenol 118 117 110 115 4.4 38
2,4-Dimethylphenol 84 80 76 80 4.0 5.0
3-Methyl-4-Chiorophenol 89 105 104 99.3 9.0 9.0
p-Nitrophenol 122 101 108 110.3 10.7 9.7

Mississippl Soll
Phenol 80 75 80 78.3 2.9 3.7
m-Cresol 93 86 84 87.7 4.7 5.4
2-Chlorophenol 27 23 24 24.7 2.1 8.4
2,4,5-Trichlorophenol 110 107 107 108 1.7 1.6
Pentachlorophenol 108 105 106 106.3 1.5 1.4
2,4-Dimethylphenol 83 80 80 81 1.7 2.1
3-Methyl-4-Chlorophenol 99 101 98 99.3 1.5 1.5.
p-Nitrophenol 100 116 114 110 8.7 7.9

+  Standard deviation
++ coefficient deviation (%)




Degradation study procedures, extraction and analytical methods, and data
analysis procedures were described in Section 5. The day zero percent recovery
value for each chemical was assumed to remain unchanged for extractions at later
sampling periods.

To understand the typical variation that could occur with the day zero recovery
data (chemical recovery efficiencies), multiple extractions of three chemicals
representative of those used in this study were conducted. The .chemicals were:
Phenol, o-Cresol, and 2,4-Dichlorophenol. In each case, each chemicall was added to
the Texas soil and immediately extracted and analyzed using the procedures
presented in Sections 3 and 5. From eighteen to thirty-one extractions and analyses
were conducted with these chemicals.

The results that were obtained are shown in Figures B-1, B-2 and B-3. Data in
the figures include the average percent recovery, two standard deviations of the data
as upper and lower warning limits, and three standard deviations as the upper and
lower control limits. ldeally, the data should fall within two standard deviations of the
mean. Based on the data in these tigures, the recovery efficiencies used in the
degradation study calculatioﬁs (Table 16) fall within satisfactory limits. Since the
recoveries for these three chemicals were within satisfactory limits, it was assumed
that the recoveries for the other chemicals (Table 16) also were within satisfactory
limits.

ADSORPTION STUDIES

Procedures used to obtain the adsorption data were described in Section 6.
Isotherms were determined using soil-chemical mixtures with different initial
concentrations of chemical. Replicate samples of the low and high concentrations
were run. Precision was monitored using replicate data points. These replicate

results were averaged and standard deviations and corresponding coefficients of
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Figure B-3. Representative Recovery Data for 2,4-Dichlorophenol In Texas Soll

variation (CV) for each sample pair were calculated. lllustrative data are presented in
Table B-2 for Texas soil. The results indicated close agreement among duplicates.
QA/QC FOR ANALYTICAL INSTRUMENTS

Daily Logs of Instrument Usage

Individual logs were maintained for each major analytical instrument (gas
chromatograph, high pressure liquid chromatography, Microtox®©. The log contained
information pertaining to instrument conditions and analyses performed. Unusual
events or circumstances were noted and reported if instrument performance was
affected.

i P r

Prior to each day's analysis the instruments were calibrated using known

standards. ‘Both internal and external standards were used depending upon

application. instrument responses of greater than 10% of that expected for standard
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TABLE B-2
PRECISION ANALYSIS DATA*: TEXAS SOIL SORPTION DATA

CHEMICAL SAMPLE A SAMPLE B MEAN STANDARD COEFF. OF
(mg/l) (mg/l) (mg/l) DEVIATION VARIATION
mg/l %

3-Chlorophenol 9.7 10.0 9.9 021 2.15
5540 5550 5545 6.2 0.11

4-Chlorophenol 2.7 2.7 2.7 0.00 0.00
5810 6250 6030 313 5.19

2,4-Dichlorophenol 3.9 3.9 3.9 0.00 0.00
1180 1260 1220 56 4.59

2,5-Dichiorophenol 4.4 5.2 48 0.57 11.8
1980 2040 2010 42 2.14

2,6-Dichlorophenol 16.3 16.8 16.6 0.35 2.15
1380 1480 1430 65 4.58

3,4-Dichiorophenol 4.3 5.3 4.8 0.71 14.7
659 659 659 0.00 0.00

2,4,5-Trichlorophenol 24.7 249 248 0.14 0.57
508 508 508 0.00 0.00

2,4,6-Trichlorophenol 21.8 22.1 220 0.21 0.97
298 298 298 0.00 0.00

Pentachlorophenol 0.8 0.8 0.8 0.00 0.00
45 4.6 4.6 0.07 1.55

2,4-Dimethyiphenol 334 34.0 33.7 0.42 1.26
4770 4950 4860 133 2.75

2--Methyl,4-Chiorophenol 7.2 7.8 7.5 0.42 5.66
1730 1780 1760 37 2.1

3--Methyl,4-Chlorophenal 5.8 58 5.8 0.00 0.00
1930 1950 1840 11 0.59

3-Methyl,6-Chlorophenol 72.6 67.8 70.2 3.4 4.83
2570 2680 2630 75 2.85

p-Nitropheno! 6.3 6.5 6.4 0.14 2.21
3520 3720 3620 144 3.99

2,4-Dinitrophenol 5.6 6.0 5.8 0.28 488
445 463 454 12.3 2.71

4,6-Dinitro-0-Cresol 49.4 52.0 50.7 1.84 3.63
112 120 116 5.8 4.97

Thiourea 424 435 43.0 0.78 1.81
4380 4700 4540 225 4,96

+ The two values for each chemical represent low and high concentrations used in the sorption studies.
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solutions required setting new chemical standards and/or making appropriate
adjustments to the instrument. This action was the responsibility of the project analyst.

All reagents for chemical analysis were prepared using analytical reagent
grade (AR) chemicals. For all analyses requiring reagent water, organic free DDW

was used.
Data calculation, manipulaitons and analysis were performed using calculators

and computers. Computer programs used for data reduciton and analysis were

validated before use.
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APPENDIX C
VOLATILIZATION ESTIMATES

The results of the degradation studies (Section 5) represent the overall
chemical loss that occurred in the soil microcosms. While the main loss mechanism
was expected to be microbial degradation, it was possible that chemical degradation,
hydrolysis and volatilization could have contributed to the removals that were
observed. Most of the chemicals evaluated had low vapor pressures and volatilization
losses were assumed to be negligible.

However, several chemicals such as Methanol and 1-Butanoi had higher vapor
pressures, and it was possible that appreciable volatilization losses could have
occurred during the degradation studies. To evaluate this possibility, a series of
simple experiments was conducted to estimate the amount of volatilization that might
occur.

These experiments consisted of adding the chemicals to two soil microcosms,
one of which had a constant air sweep to remove any volatilized chemical, and the
other of which did not have any air sweep. The experiments were conducted for two
and twenty-four hours. These times were used because the greatest volatilization
potential occurred when the chemical concentration in the soil was the highest, i.e., at
the beginning of a study. Twenty-four hours was the longest period that could be used
since degradation also would be occurring during the experiments, thus decreasing
the chemical concentration.

Texas soil was used for these experiments. The chemicals were added to the
soil to achieve a concentration of about 1000 mg/kg which was close to but higher
than the concentrations of Methanol and 1-Butanol used in the degradation studies.
The air sweep was held constant at 100 ml/minute during the experiments. The results

are presented in Table C-1.
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TABLE C-1. LOSS OF METHANOL AND 1-BUTANOL
IN VOLATILIZATION EXPERIMENTS

Condition Time Period Chemical Chemical
(hours) Added (mg)** Remaining (mg)
Methanol
NO AIr SWOeP .......ceevvverrenarrrnnnnnnn. 2 e 40.... e 25.0
continuous air sweep*............... 2 e A0, 23.5
1-Butanol
NO air SWeeP.....cc.coeeevvvveeeveeennen. 2 e 40, 34.2
continuous air sweep™t............... 2 e B0 .o 34.8
NO AIf SWOeP ........coeeeremreinneen 24 e A0, 35.2
continuous air sweep*............... 24 e B0 14.2

*+  Aconstant air flow of 100 mi/min was maintained over the surface of the microcosms
throughout the noted time period.

+  This amount of chemical was added to 40 grams of soil resulting in an initial soil concentration of 1000 mg/kg.

The déta indicate that there was little change due to the air sweep and little
enhanced volatile loss during a two-hour time period. However, over a twenty-four
hour period the continuous air sweep did increase the loss of 1-Butanol.

The driving force for volatilization is related to the éoncentration gradient at the
boundary layer (soil surface) established by the concentration in the soil and the
concentration in the air layer immediately above the soil. With an air sweep, any
volatile constituents in the air layer above the soil are continuously removed, the
concentration gradient will be maximum, and the volatilization potential will be the
greatest. In the degradation experiments, quiescent conditions were maintained and
no air sweep was used. Under quiescent conditions, if any volatilization occurs, the
concentration above the soil builds up, the concentration gradient is less, the

volatilization potential is the least, and the volatile flux from the soil is suppressed.
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For this reason, even for chemicals in this study with a high vapor pressure, little
volatilization was expected under the conditions used for the degradation

experiments.
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APPENDIX D
PUBLICATIONS

In addition to this report, a technical report and several technical articles, two
M.S. theses, one Ph.D. dissertation and several presentations have resulted from this
research. These are:
TECHNICAL REPORT

One of the objectives of this research effort was an assessment of the terrestrial
and aquatic bioaccumulation that could result by the chemicals evaluated in this study.
The following draft report was submitted to the EPA project officer, Mr. John E.
Matthews:

Loehr, R.C. and R. Krishnamoorthy, "Bioaccumulation Potential of Designated
Hazardous Organic Chemicals", July 1987. '

The report was reviewed and accepted by the project officer and therefore is not
included in this final report.

TECHNICAL ARTICLES

Loehr, R.C. and R. Krishnamoorthy, "Terrestrial Bioaccumulation Potential of Phenolic
Compounds", Hazardous Waste and Hazardous Materials 5. 109-120 (1988).

Nam-Koong, W., Loehr, R.C. and J.F. Malina, Jr., "Kinetics of Phenolic Compounds in
Soil", Hazardous Waste and Hazardous Materials 4: 321-328 (1988).

M.S. THESES

Yoon, C.G., "Multisolute Adsorption of Toxic Organic Compounds Onto Soil", The
University of Texas at Austin, May 1988.

Dasappa, S.M., "Detoxification and Immobilization of Chlorophenols in Soil", The
University of Texas at Austin, September 1988.

PH.D. DISSERTATION

Nam-Koong, W., "Removal aof Phenolic Compounds in Soil", The University of Texas at
Austin, May 1988.

PRESENTATIONS
Nam-Koong, W., Loehr, R.C. and J.F. Malina, Jr., "Removal of Phenolic Compounds in

Soils", Texas Water Pollution Control Association Conference, Corpus Christi,
Texas, June 1987.
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Dasappa, S.M. and R.C. Loehr, "Detoxification and Immobilization of Chlorophenols in
Soil", Texas Water Pollution Control Association Conference, Houston, Texas,
June 1988.

Nam-Koong, W., Loehr, R.C., and J.F. Malina, Jr., "Removal of Phenolic Compounds in
Soil", Joint CSCE-ASCE National Conference on Environmental Engineering,
Vancouver, BC, Canada, July 1988.

Dasappa, S.M. and R.C. Loehr, "Detoxification and Immobilization of Chlorophenols in

Soil", 61st Annual Conference, Water Pollution Control Federation, Dallas,
Texas, October 1988.

Nam-Koong, W., Loehr, R.C. and J.F. Malina, Jr., "Effects of Mixture and Acclimatior n
Removal Rate of Phenolic Compounds in Soil", 61st Annual Conference, V' ar
Pollution Control Federation, Dallas, Texas, October 1988.
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