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dC/R = & M

On integration, the equation becomes:
C,=C 4 @

where C, = concentration of constituent remaining at time t;
C, = initial concentration of constituent: and k = 2070 order
ﬁomnmmwmmmmm
is the hait-iife, t, . which is the time required 1o transform
50% of the mitial constituent:

C,=C,/2.then 1, C /2% @

Immmmmcmammm
because of its effectivensss in ing cheerved results
23 woll as its inherent simplicity. s use also aliows
comparison of results obtained from different studies. In a
first order rate reaction, the rate of transformation of a
constituent is proportional to the constituent concentration:

aC/tk = 4C @)

where C = contaminant concentration (Mass/mass); t =
m;“u:'ﬂm m‘r:‘m {Wrm)&::or
integrated equation, Equation S may be used to graphically
determine the rale constant, k:

MC/C,) = -kt (5

where C, = concentration of constituent remaining at time t:
and C_ = initial concentration of constituent. Apbldln(c{.
C,) versus t is linear with a siope of -. The rate constant

is independent of the concentration of constituent, since the
siope is constant over time. To caiculate the time required

b7

1o transform one-haif of the initial conetituent (C, « C/2), the
following equation is used:

In ((C/2/C) = 4, ()
which is equal to:

1, =0.6934% N
where t, .= hail-life of the constituent.
First order kinetics apply when the concentration
of the compound being degraded is low relative 1o the

biological activity in the soil. However, very low
ccncentrations may be insufficient to initiate enzyme
m«mmmmmmm
for microbial growth, even if the compound can be used as
an energy source [16].
A second model used 10 describe
hyperbolic rate model, which is similar to
onzyme kinetics. This model is expressed as:
oC/dt = -k, Ci,+ C (®)

where k, and k, are constants. The constant k,

in 30ils is the

process in which degradation may be catalyzed by
microorganisms.
Often an organic compound that cannot be used as a sole

carbon and energy source for microorganisms is
w«a.wngummm lead 10 energy
production or cell growth. This biodegradation [

process
referred 10 as cometabolism [17] or co-onidation #f the
transformation involves an oxidation reaction [18].
Cometabolism occurs when an enzyme produced by an

substances found in the environment, such as polycyclic
aromatic hydrocarbons [19].

Measurement of physical abiotic loss mechanisms and
partitioning of organic constituents in a soil should be used
i conjunction with conventional degradation studies to
eonsure that informatio nmmfrm'n modeling d
degradation represents only biological degradation of parent
compounds, and not other possidle disappearance
mechanisms of the constituents in the soil system.

The soil is a complex system, consisting of four phases
(Figure 1): (1) soil gases; (2) soil water: (3) inorganic
solids; and (4) organic solids. Gases and water, which are
found in the pore spaces of a soil, together comprise about
$50% (by volume) of a typical sail. An organic constituent,



% i |
il il

mum um a. w mmu .~
| __.mm__ m mmwm_" | mm mw_
| mmm I mmmm._w _m_
il |
}

if! il m
mm _mm” mm : a ___u_



acEnegiice e, T fndrmgen se s
inkae
:-u:mmnam

acoepling elecirons.
‘lh!lllﬂh_a Do & $laly a2
e e e
@ T umaier pivame oF 2 509 Sy 56 el s Wil
o0l puticty gurianas Sl wilh e Catbenn

chemical o
.h.q . p:l- a.fm“u
oMo ¥ wech Mecis pragay.

Mm&n&nwbd
POPETE COMPRNIG inchede:
charrical mactien in wiich a0 crpanic
- mﬂlﬂtah“mh;
@ aliaidion ang simination- mesiens ahees ulher
chiswiceis in e 200 FRact Wil SN GRPANC

()] Condatinn- Ihe MEniien ARIuling ¥ T memevel of

=]
=] (==

SR —

ard . = URipms raigicn
”%M'?.n.".

L g



the sie l::cbm surface walers, eic.
or
mmmm and

deecribing
the behavior and fate for
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potential bicdsgradation, ® , hal-ile, degradation rate, mmmmm.“imm
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potential [21). mnmuzm;mu.d
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0.g.. piate counts, dilution counts, isolation
organisms). Biotransiormation studies that messum the
disappearance of contaminants or mineraiization studies
that indicate destruction of contaminants to
carbon dicxide and waler may be used 1o confirm the
potential for

4. Microbisl Factors
Affecting Biodegradation

mmmdmmwmum
dm Siodegradation of orgamc constituents
(] mmm -
hm““wwhwmm’
transported celis. Enzymes are generally
wmmmmmnmmm

o PROuiNN B Comgiste o onganic
m’mnm

Water is necessary for microbial lite, and the soil water
mairic potential “‘ﬂ which ﬂum'm' eme Must extract
water from the ol reguiates their acti/ty. (Tha sod matric
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microomganiems in: (1) a usable form; (2)
concenirations; and (3) ratios [20]. ¥ the wasies
fresani o the 9hs o in carbonaceous Maelerials and
iow in nitrogen (N) and (P), the soils may
ey deplmms of Svadotie M and P mquired for

both diumnally and sessonally. changes of
omperaiure decrease with depth of the soil profile. Due to
the high spacific heat of water, wet $0iis are lses subject to
:nmmmnmns Factors that affect

termperaiure inciude s0il aspect (direction of siope),
slespness of siope, degres of shading, soil color, and
suriace cover.

The environmental factors presented in Table 3, as well as
20l and watie characienstics, inersct 1o aMec microhial
activity ot 3 specific contaminaied sis. Computer modeing
achnigues ae useiul 1o silempl 1o deecrhe he Nlerecions
and their effects on trestment of organic constiiuents in a
speciic stuation.

S. Treatability Studies for
Determination of Biore-
mediation Potential

To determine whether a specilic sie is sultable for
bioremsdiation, informalion from
mmm

and limitations of the technology. Uimate imitations 10 the
i ol bloremedistion o & SPECIC 306 WS usyslly reisied
10: (1) time required for clsanup, (2) level of clesnup
aitainable. and (3) cost of cieenup using DioAMediation.

Tebio 4. Mintevisie Balances and Minsralisation
Apprsasies o Bindegedeiin fesernege)

Reovery of parent compound
in the air, soil water, soll
0B0S (PrirSciabie)

Recovery of #¥ansformation
praoducts in the aiv, soll
walw, and soil solids
(ontractable)

Production of carbon dioside,
and/ or methane from the

parer compound

Feleass ol subsituen! grougs,
9.9, chioride or tromide ions

generated from treatabilly data and site/sol charac-
ferization data in order 10: (1) determine containment
m';mm‘wnum“m



: 8 Flgsk Apparnive LUeed for Msse Balenss
Figure 3. Laberstory

properties of the parent compound are destroyed.
Evaluation of the fate of a constituent in a soil therefore also
fequires identification and measurement of the distribution
of the constituen: among the physical phases that comprise
the system as wal! as differentiation of the mechanisms by
which constiiuent ri-ay be chemically altered in a soil
systom.

A laboratory flask apparatus that can be used as a
mMICrocosm to measure interphase transfer and
biodegradation potential in a laboratory treatability study is
illustrated in Figure 3. The contaminated soil material is
placed in a flask, which is then closed and incubated under
controlied conditions for a period of time. During the
incubation period, air is drawn through the flask and then
a sorbent material. Volatilized materials are
collected by the sorbent and are measured 10 provide an
estimate of volatilization loss of the cor.stituents of interest.
At the end of the incubation period, a portion of the
contaminated soil is treated with an extracting solution to
determine the extent of loss of the constituents in the soil
matrix. This loss can be aftributed 10 biodegradation and
possidle immobilization in the soil materials. Selection of an
appropriate extracting solution is necessary 10 maximize
constituent recovery from the soil. Another portion of the
$0il is leached with water 10 determine leaching potential of
remaining constituents. Abiotic processes invoived in
removal of the parent compound are aiso evaluated by
comparing microbially active soi/waste mixtures with
Mixtures that have been treated with a microbial poison,
0.g., mercuric chioride or propylene oxide. The use of a
procedure incorporating features illustrated by the use of
this microcosm is crucial in order 10 obtain a Materials
balance of wasie constituents in the soil . Exa
of such protocols may be found in (14, 24, 28, 26]. A
conain amount of material is added 10 the $0il, and tracking
the fate of the material as it moves through the multiple
phases of the soil system provides a materials balance.

Transtormation refers to the partial alteration of hazardous
constituents into intermediate products. IMermediate
products may be less toxic or more toxic than the parent
compound, and therefore the rate and extent of
detoxitication of the contaminated material should be
evaluated. Sampies generated from the different phases of
the soil system in the microcosm studies can be analyzed
for intermediate degradation products and used in
bioassay studies 10 provide information conceming
transtormation and detoxification processes.

Bioassays to quantify toxicity measure the effect of a
chemical on a test species under specified test conditions
(14]. The toxicity of a chemical is proportional to the
severity of the chemical on the monitored of the
test organismy(s). Toxicity assays utilize test species that
include rats, fish, invertebrates, microorganisms, and
seeds. The assays may utilize single or multiple species of
test organisms. The use of a single bioassay procedure
does not provide a comprehensive evaluation of the
toxicity of a chemical in the soil/organic chemical-impacted
system. Often a battery of bioassays is utilized that may
include measurements of effects on general microbial
activity (e.9., respiration, dehydrogenase activity) as well
as assays relating to activity of of the microbial
community (e.g., nitrification, nitrogen fixation, celiulose
decomposition). Bioassays utilizing organisms from
different ecological trophic leveis may aiso be used to

i [ ical effects. However, use of a single
assay as a screening test 10 identify relative toxicity
reduction in the environment is a common procedure
employed in treatability studies. Assays using
microorganisms are often used due 1o their speed,
simplicity, @ase in handling, cost effectiveness, and use of
a statistically significant number of test organisms that is
required 1o detect the effects of potentially toxic materials
in the environment (27, 28).

Two microbial bioassays that have been used 10 svaluate
toxicity of wastes in soil systemns are the Ames Saimonelia
typhimurium mammalian microsome assay and the
Microtox™ test system. The Ames assay is a measura of
the mutagenic potential of hazardous compounds (29, 30]
and has been widely used to evaluate environmental
samples [31, 32, 33, 34, 35]. A high correlation has been
shown between carcinogenicity and mutagenicity, where
about 90% of known carcinogens tesied mutagenic in the
Ames assay [36). Special strains of Saimonelta
typhimurium that require histidine 10 grow are used 10 test
for mutagenicity. When plated on a histidine-free medium,
the only bacteria able to form colonies are those that have
reveried 10 the “wild” state and are abie 10 produce their
own histidine. Without the addition of test chemicals, this
back mutation occurs at a rate specific 10 each strain type
(spontaneous reversion rate). The addition of chemicals
ic increases the reversion rate. Several
dose levels of a chemical, mixture of chemicals, or an
mmumummm&m
response. Some mutagens act directly on the bacterial
cells while others require activation by mammalian

9



microsomes. These microsomes are generally obtained
from liver extracts of Aroclor 1254-induced rats (Le., rats
injected with the polychiorinated biphenyl (PCB), Arocior
1254). The extract, referred 1o as the S-9 fraction, contains
enzymes that metabolically convert certain chemicals 1o
active mutagens, simulating the activity that occurs in living
mammalian systems. Several strains of Salmonella
typhimurium have been in order to detect
different types of mutagens. The recommended strains for
general mutagenicity testing inciude TA97, TA98, TA100,
TA102. TA97 and TA98 detect frameshift mutagens.
TA100 detects mutagens causing base-pair substitutions,
while TA102 detects a variety of mutagens not detected by
the other strains.

Thollicrmox"assayisanaquoousgomralto:ieityassay
that measures the reduction in lig output produced by a
suspension of marine luminescent bacteria in response to
an environmental sample [37]. Biohﬂin:'mneodmlom
organism depends on a complex chain of biochemica.
reactions. Chemical inhibition of any of the biochemical
reactions causes a reduction in bacterial luminescence.
Therefore, the Microtox™ test considers the physiological
effect of a toxicant and not just mortality. Matthews and
mmwmmamumm
Microtox assay to predict the land treatability of
hazardous organic wastes. Matthews and Hastings [39)
m:todammwngmoui:'rmx"mayto
determine & appropriate range waﬂo?plmon' {
loading for soil-based treatment systems. Symons and
Sims [40] utilized the assay to assess the detoxiication of
a complex petroleum waste in a $oil environment. The
assay was also included as a recommended bicassay in
the U.S. EPA Permit Guidance Manual on Hazardous
Waste Land Treatment Demonstrations [25).

immobilization refers 1o extent of retardation of the
downward transport (leaching potential) and upward
fransport (volatilization potential) of waste constituents.
Interphase transfer potential for waste constituents among
soil, oil (waste), water, air, and solid (organic and inorganic)
phases is affected by the relative affinity of the waste
constituents for each phase, and may be quantified through
caiculation of partition coefficients [25]. Partition
coefficients are caiculated as the ratio of the concentration
of a chemical in the soil, oil, or air phase to the
concentration of a chemical in the water phase, and are
oxpressed as Ko (oil'water), Kh (air'water), and Kd (solid/
water). Caiculation of retardation factors (Equations 9 and
10) also may be used 10 predict immobilization of
constituents in a soil system (22, 41).

Either laboratory microcosm, pilot scale reactors, or field
plofs may be used to generate treatability data. The set of
experimental conditions, e.g., temperature, moisture, waste
conceniration, eic., under which the studies were
mmnummmmml

Treatability study results provide information relating to
rales and extent of freatment of hazardous organic

constituents when mass transter rates of potential limiting
substances are not miting the treatment. Tewatabaiity
studies usually represent optimum conditions with respect to
mixing, contact of soil solid materials with waste constituents
and with microorganisms, and homogeneous conditions
throughout the microcosm. Therefore, treatability studies
provide information conceming potential levels of treatment
achievable at a specific site. Under field conditions, the rate
and extent of bioremediation is generally limited by
accessibility and rate of mass transfer of chemical
substances (cxygen, nutrients, eic.) to the contaminated soil
as well as by mass transfer of the contaminants to the
microbial population and removal of microbial degradation

products.

6. Integration of Information
from Site Characterization
and Treatability Studies

Information from the performance of site characterization
and treatability studies may be integrated with the use of
comprehensive mathematical modeling. In general, models
are used 10 analyze the behavior of an environmental
system under both current (or past) conditions and
anticipated (or future) conditions [42]. A mathematical model
provides a tool for integrating degradation and partitioning
processes with site/soil- and waste-specific characterization
for simulating the behavior of organic constituents in a
contaminated soil and for predicting the pathways of
migration through the contaminated area, and therefore
pathways of exposure to humans and to the environment.
Models may also be used to approximate and estimate the
rates and extent of treatment that may be expected at the
field scale under varying conditions. DiGiulio and Suffet [43]
have presented guidance on the selection of appropriate
vadose zone modeis for site-specific applications, focusing
on recognition of limitations of process descriptions of
models and difficulties in obtaining input parameters
required by these process descriptions.

The Regulatory and Investigative Treatment Zone Mode!
(RITZ Model, developed at the U.S. EPA Robert S. Kerr
Environmental Research Laboratory by Shont [44)) is an
example of a model that has been used to describe the
potential fate and behavior of organic constituents in a
contaminated soil system [45]. The Ritz Mode! is based on
an approach by Jury (46). An expanded version of RITZ, the
Vadose Zone Interactive Processes (VIP) model,
incorporates predictive capabilities for the dynamic behavior
of organic constituents in unsaturated soil systems under
conditions of variable precipitation, temperature, and waste
loadings (25, 47, 48, 49, 50]. Both models simulate vadose
20ne processes, including volatilization, degradation,
sorption/desorption, advection, and dispersion [51)

10
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