CHAPTER 7

CONTAMINANT FATE
PROCESSES

JOSEPH B. HUGHES

7.1 INTRODUCTION

The distribution and concentrations of contaminants in ground water systems is strongly
influenced by interactions between the contaminant and the physical, chemical, and biologi-
cal components of the subsurface. Collectively, these interactions are referred to as fate
processes. In some cases, fate processes result in the alteration of the contaminants chemi-
cal structure ultimately resulting in the formation of nonhazardous compounds. Other fate
processes result in a phase change, without altering the compounds chemical structure. In
either case, fate processes must be considered during the evaluation of contaminant transport
to accurately describe or predict the behavior of contaminants in ground water systems.

203




204 CONTAMINANT FATE PROCESSES

SORPTION AND DESORPTION

Sorption is defined as the association of a dissolved or gaseous contaminant with a solid
material. In ground water systems, the solid materials of interest are aquifer materials or soil,
and typically the contaminants are present in the dissolved phase. Common terminology
used to describe participants in the sorption processes are sorbent and sorbate. The sorb-
ent is the solid material (i.e., aquifer material) to which the dissolved or gaseous sorbate
(i.e., the contaminant) associates. The term sorption encompasses two more specific proc-
esses referred to as adsorption and absorption. Adsorption is the association of a con-
taminant with the surface of a solid particle. Absorption is the association of a contaminant
within a solid particle. Often it is difficult to distinguish between adsorption and absorption,
since both may be occurring simultaneously; hence sorption is typically used to describe the
overall phenomena.

Sorption is an important process effecting the transport of contaminants in the subsur-
face and can significantly influence the ability to remediate contaminated sites. Since aquifer
material is static, a molecule that is associated with the solid phase is not moving. This
retardation of contaminant transport is an essential component of accurately assessing
migration rates or the ability to extract contaminants with pump and treat systems. Further-
more, sorption must be considered to determine the mass of contaminants present at a con-
taminated site and can also influence the rates of biodegradation processes.

The reverse of sorption is desorption — a term that describes the dissociation of a
sorbed molecule and its return to the aqueous or gaseous phase. Interestingly, the observed
behavior of desorption processes (i.e., rate and extent) may not be the reverse of the observed
behavior of the sorption process (this will be discussed in more detail later in this section). It
is important to recognize this distinction, as we will focus the discussion on a description of
contaminant sorption and generally assume reversibility.

7.2.1 Factors That Influence Sorption

A simplistic way of describing sorption is the saying “like likes like.” In more precise ter-
minology, molecules tend to associate with other molecules that have similar properties. An
analogy to this is solubility. Nonpolar molecules are more soluble in nonpolar solvents than
in polar solvents, and ionic or polar molecules are more soluble in polar solvents than in
nonpolar solvents. In the case of sorption, hydrophobic contaminants interact primarily with
hydrophobic constituents of aquifer solids, while ionic or polar materials interact with
charged mineral surfaces. In either case, the extent to which sorption may occur is influenced
by the chemical properties of both the sorbent and the sorbate (see Figure 7.1).
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Figure 7.1 Schematic of soil grain sorption.

Unfortunately, soils and aquifer solids are complex materials that may support a range
of sorption interactions (Schwartzenbach, et al., 1993; Weber and DiGiano, 1996). An indi-
vidual soil grain is an extraordinarily heterogeneous composite containing minerals and natu
ral organic matter. The mineral surfaces are dominated by polar or ionic functional groups
capable of interacting with polar or ionic contaminants. The natural organic matter is gener
ally hydrophobic material that tends to exclude water and other highly polar molecules
(hydrophobic literally means water fearing). This fraction of soil or aquifer solids occurs
typically where nonpolar/hydrophobic molecules associate.

If one considers the most common organic contaminants found in the subsurface, most
are hydrophobic compounds. Examples of chemicals that exhibit this behavior include petro-
leum hydrocarbons (including benzene, toluene, ethylbenzene, and xylenes), chlorinated sol-
vents (including TCE, PCE, CT, hexachlorobutadiene, and others), polychlorinated biphen-
yls (PCBs), and polynuclear aromatic hydrocarbons (PAHs) (see Chapter 4 for descriptions of
these compounds). In all cases, the sorption of these compounds with soils or aquifer solids
is primarily through the association with the natural organic matter fraction of the solid
phase — simplifying the analysis of sorption in most cases (Chiou, et al., 1979).

The most accepted method of evaluating the propensity of an individual contaminant to
associate with the organic fraction of aquifer solids is the octanol-water partition test
(Briggs, 1973; Brown, et al., 1981). In this evaluation, octanol serves as a surrogate material
for natural organic matter. Briefly, the test is conducted in a test tube containing equal vol-
umes of octanol and water. Since octanol is immiscible in water, a two-phase system exists
in the tube (similar to what occurs when olive oil is added to water). The contaminant is
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ded to the tube and allowed to equilibrate between the two phases. After equilibration, the
ncentration of both phases is determined and the ratio of their concentrations is referred to
the octanol-water partition coefficient (k,,). The mathematical definition of &, is
esented in Eq. (7.1), where [A] represents the concentration of the contaminant in either

ase.

[‘ ‘]ocmnol
k. = ——octagol
™ = Alune (7.1)

the k,, is less than 1, then the contaminant “prefers” the water phase, and would not asso-
ate extensively with natural organic matter. For most common ground water contaminants,
e k,, is greater than 1 and association with natural organic matter becomes an important
ocess. In fact, many common contaminants have k,,, in excess of 100, some as high as
x 10% indicating that common organic contaminants are highly attracted to a hydrophobic
1ase and will associate strongly with the natural organic fraction of soils or aquifer materi-
s. The k,,, of common environmental contaminants are included in Table 7.1.

.2.2 Equillibrium Evaluation Of Sorption — The Partition
Coefficient

 order to calculate the migration rates of contaminants, or the total mass of contaminants
-esent, the distribution of a contaminant between either the aqueous or solid phase must be
ttablished. This can become rather complicated if the kinetics of sorption must be consid-
ed. Fortunately, the association of hydrophobic contaminants with soil organic matter is
sually fast when compared to the duration of contact between contaminants and aquifer sol-
s at contaminated sites. Thus, local equilibrium conditions often exist.

The most common approach for evaluating a contaminant’s distribution between the
Jlid and aqueous phase is through the development of a partition coefficient (k,),
hich is defined in Eq. (7.2) where [A] is the concentration of a contaminant in either phase.

[Alsolia

k, =
? " [Alugueons

(7.2)

his is a test analogous to the octanol-water partition test, where aquifer solids are used in-
ead of octanol, and the test is conducted over a range of contaminant concentrations. The
ssult of this test is an isotherm, as depicted in Figure 7.2, where concentrations of solid
hase contaminant concentration are plotted against the equilibrium aqueous phase contami-
ant concentration. In the figure presented, the observed relationship is linear, and the k, can
e obtained through a simple linear regression of the data. There are more complicated cases
‘here a linear result is not obtained. If however, the primary association is a hydrophobic
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TABLE 7.1 Properties for Selected Organic Compounds

Vapor Henry's

Compound/ Specific Solubill
Family Formuia  Feuy mon)  Ker e (ur )
Fuels and derivatives
Benzene CeHe 0879 1750 120 & 022
Ethylbenzene CgHyo 0.867 152 1400 7 032
Phenal CeHO 1.071 93,000 2 02 1.89 x 10
Toluene CgH¢CH,4 0.866 5% 130 2 026
o-Xylene CgH.(CH,), 0.880 175 890 5 022
PAHs
Acenaphthens CioHyo 1.069 342 10,000 001 0.321
Benzopyrene CaHia 1.35 00012 1.15x10° - 5.8x 108
Benzoperylene CaoHyz - 00007  3.24x10° - 5.8x10%
Naphthalene CyoHs 1.145 2 2800 023 49x10%
Methyl naphthalene C,oH,CH,4 1.025 254 13,000 - 0.0164
Ketones
Acetone CH,COCH, 0791 inf 06 = 2] 0.00104
Methyl ethylketone ~ CH,COCH,CH, 0805 2.68x10° 18 775 0.00181
Halogenated aromatics

Chiorobenzens CgHsCl 1.106 465 690 9 0.165
2-Chiorophenol C¢H,CIOH 1.241 29,000 15 142 7410
pDichiorobenzene (1,4)  CgH,Cl, 1.458 7 3900 06 0.067
Hexachlorobenzene CClg 2044 0.006 1.7 x 10° 1x10% 0.062
Pentachiorophenol CzOHClI, 1.978 14 1.0x10° 1x107 15x 107
1,2,4-Trichlorobenzene CgHCly 1.446 0 20,000 042 0,059
2,4,6-Trichlorophenol CgHCLOH 1490 800 74 0012 —

Specific gravity at various temperatures; refer to Nyer and others (1991) for details;

Vap?fli' pressur?q about 20 °C; 1 ?:m - =760 mm Hg. (1s81) Intis infinite solubility
Madified from yefandothers a9 Reprinted by permission round

ot & 1951, Al ignts reserees permission of Ground Water Monttoring Review Copy-
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TABLE 7.1 Properties for Selected Organic Compounds (continued)
Compound/ Specific Solubliity vapor  Hen's
R e TR D D o
PCBs
oclor 1254 15 0012 1.07 x 108 7.7x10°° -
Halogenated ajiphatics
omodichioromethane CHBrCl, 2006 4400 76 853
'omoform CHBr, 2903 3010 20 4 0.025
arbon tetrachloride ccl, 1.594 757 440 0 1.25
sloroform CHCI, 149 8200 <} 160 141
“loroethane CH,CH,CI 0903 5740 B 1000 212
1-Dichloroethane C,H,Cl, 1.176 5500 & 180 064
2-Dichloroethane C,HCl, 1.253 8520 0 61 005
1-Dichioroethene C,H,Cl, 1.250 2250 & 45 -
s1,2-Dichloroethene C,H,Cl, 127 3500 5 206 1.33
ns-1,2,- C,H,Cl, 127 6300 3 26 0221
ichloroethene
axachioroethane C.Cl; 209 50 39,800 04 -
ethylene chioride CH,Cl, 1366 20,000 19 K] 013
1,2,2-Tetra- CHCI,CHCI, 1.600 2900 20 5 0.083
tloroethane
strachioroethene Ccl,CCl, 1.631 150 390 14 121
1,1-Trichloroethane CCI,CH, 1.346 1500 320 100 072
1,2-Trichioroethane CH,CICHCl, 1441 4500 290 19 0031
ichlorosthene C,HCl, 1.466 1100 240 & 042
nyl chioride CH,CHCI 0908 2570 24 266 358
Other
6-Dinitrotoluene CeH,4(NO,),CH, 1283 1320 100 - -
4-Dioxane C,H\0; 1034 431 x10° 1.02 0 -
itrobenzene CgHsNO, 1.203 1900 7 015 9.3 x 10
strahydrofuran C,HO 0.888 03 66 131 -

r—
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Figure 7.2 Linear sorption isotherm with distribution coefficient (kg deter-
mined by linear regression.

interaction and aqueous phase contaminant concentrations are less than approximately 50%
of their aqueous solubility (typically the case in ground water systems), a linear isotherm is
generally observed (Karickoff, 1981; Karickoff, 1984; Karickoff, et al., 1979). For the re-
mainder of this section, only linear isotherm behavior will be considered.

If the k, is known for a specific compound with a solid material of interest, the calcu-
lation of contaminant distribution is simple. For example, if the &, value for benzene is 5
kg/L with a specific soil sample, and the ground water contains benzene at concentration is 1
mg/L, the sorbed benzene concentration would be 5 mg/kg. Beyond the evaluation of con-
taminant concentrations in both phases, the &, allows for the determination of the fraction of
the contaminant in the dissolved phase within a specific volume of an aquifer. This is an
important consideration for calculating contaminant migration rates since only the dissolved
fraction is subject to transport processes (Roberts, et al., 1986). The fraction of contaminant
mass (f,) present in the dissolved phase is defined mathematically in Eg. (7.3).

(ALY,

Jo = TRV, 1ALV,

(7.3)

[A],, and [A], represent the concentration of contaminant in either the water or the solid, and
V,, and V, equal the volume of water and solid material being considered. If
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[Al; = k4[A), (7.4)
en
A W Vw Vw
Jo 4] (7.5)

" [ALY, + kALY, V, +kV,

juation (7.5) can be simplified further if the porosity n, as defined in Eq. (7.6), of the aqui-
r is known.

Vw

n= V,+V, (7.6)
s is shown in Eq. (7.7), f, can be described simply a function of %, and n.
1
Jo =
1"’(1'1\’\}1 (7.7)
\n )

.2.3 Predicting the Partition Coefficient, k,

s stated previously, the sorption of nonionic organic molecuies with aquifer materials is
imarily due to an interaction with solid-phase natural organic matter. The extent to which
is occurs is a function of two parameters : the amount of solid-phase natural organic matter
esent and the relative hydrophobicity of the contaminant itself. The amount of natural or-
inic matter present is a site-specific parameter that cannot be estimated a priori. For exam-
e, some sands are almost devoid of organic material, while peat is almost exclusively or-
mic in nature. Thus, the amount of solid-associated organic matter present in a given aqui-
r is determined in laboratory tests and is reported as the fraction of orgamic carbon
«)» @ unitless term that describes the weight fraction of organic matter of the aquifer mate-
il. While the f,. must be measured, it is possible to accurately estimate the relative hydro-
1obicity of a chemical using %, values. An increasing k,,. reflects an increasing degree of
rdrophobicity and an increasing tendency to associate with natural organic matter. These
operties that influence the partitioning of nonpolar organics can be incorporated in the
athematical description of %, as is shown in Eq. (7.8) where k. is the partition coefficient
‘tween the contaminant and natural organic matter.

ki = focks (7.8)
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Studies have demonstrated that k,. is a predictable value based upon correlations be-
tween observed behavior and &, values. Table 7.2 presents these correlations for a range of
chemicals.

Example 7.1. CALCULATION OF k,.

Given the following results from an isotherm test, and assuming a f,. of 0.02, calcu-
late the &, value of the contaminant.

Aqueous Phase Solid Phase
Concentration Concentration
(mg/L) (mg/ks)

0.1 0.8
0.2 1.6
0.3 2.4
0.4 3.2
0.5 4

Solution. Linear regression of the data yields &, of 8 kg/L.
k. = kf,. = 400 kg/L

Example 7.2 CALCULATION OF SORPTION EXTENT

Given a k, of 8 kg/L. and n = 0.25, calculate the fraction of contamination associated
with the aquifer solids.

Solution.

1

r=(1-f)=1~
=t
\n )™

1
fi=1-55=096

7.2.4 Sorption And Migration Retardation

To this point, we have focused on contaminant sorption without consideration of contami-
nant desorption. In the next section, desorption processes will be discussed in some detail.
For now, let us assume that the sorption-desorption process can be described through a rapid
equilibrium. Under these conditions, a contaminant molecule will associate and dissociate
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TABLE 7.2 Regression Equations for the Estimation of k.

Equation (a) No.(b) r(o)  CRemceloiee Ref.
'°59i" i log S+364 106 071 g‘gg"ic"a", fety, MOSY  Kenaga etal., (1978)
Mostly aromatic or .
iog k. =—0.54 log S+0.44 .. Karickhoft et al.
(S inole fraction) 0 084 polynuclear aromatics:  (1575)
k,=—-0557 log S+ 4.277 Chiorinated )
'°g e moioon ) 15 om ChetEe Chiou et al., (1979)
Wide , most!
log k.= 0.544 log K, + 1.377 4 074 pesﬁd‘g"'y Y Kenagaetal {1978)
Aromatics, polynuclear
log k. = 0.937 log k,,—0.006 19 095 aromatics, triazines and Brown et al. (1981)
dinitroaniline herbicides
Mostly aromatic or Karickhoff et al
k,.=1.00 log k,, —0.21 10 1.00 polynuclear aromatics; "
g e 9 two chiorinated (1979)
s-Triazines and
log k,.=0.94 log k_, + 0.02 9 (e) dinitroaniline herbicides Brown etal. (1981)
Xariqty of Inﬁicides,
log k. =1.029 log k., —0.18 13 09 meng‘ ““desicm Rao et al., (1980)
0 o84 Sh ﬁued andalkyIN Briggs {1973)
log k.= 0.524 log k,,, + 0.855 ! phenylureas -N- S
i phenyicarbamates
Aromatic compounds:
log k. = 0.0067 (P-45N) + 0.237 29 069 ureas, 1,35razines, Hance (1969)
carbamates and uracils
log k. = 0.681 log BCF + 1.963 (1) B 07 mﬂy. mostly  yenaga etal, (1978)
Wide varisty, mosti
log k.= 0.681 log BCF + 1.886 (f) 2 08 pw‘cﬁe’f‘y Y Kenagaetal, (1978)

1) k,. = organic carbon sorption coefiicient: S = water solubility; k,,, = octanol-water partition coefficient;
%) No. = number of chemicals used to obtain regression equation.
3) 7 = correlation coefficient for regression equation
fElt?uatu::n originally given In tenms of k. The relationship k. = k,/1.724 was used to rewrite the equation in
ams of k.

3) Not available.
} Specific chemicals used to obtain regression equation not specified.
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from the solid phase with the net distribution of molecules being described by k,. At times
when a contaminant molecule is in the aqueous phase, it will move with the bulk flow of
ground water. When the molecule is sorbed, it will be stationary. The net effect of this be-
havior is the retardation of contaminant transport relative to the rate of nonsorbing species
(Domenico and Schwartz, 1998; Fetter, 1999).

Equation (7.9) is the 1-D advection-dispersion equation including contaminant sorption
presented previously in Chapter 6 (Eq. (6.20)).

2
] a_f__ 9C p, dS iC_‘ 7.9)

ax “ox  n dt ot
In this equation, C is the aqueous phase contaminant concentration, D, is the dispersion co-
efficient, v, is the ground water flow velocity, g, is the bulk mass density (dry mass per vol-
ume soil), # is porosity, and S is the sorbed phase contaminant concentration (typically
mg/kg). In cases where contaminant partitioning can be described with a linear isotherm, Eq.
(7.9) can be rearranged to:

ac a*c ac
R =P iy (7.10)

where R is the retardation factor defined in Eq. (7.11).

R=(1+ k} (7.1D)

Conceptually, the retardation factor is the ratio of the ground water flow velocity to con-
taminant migration velocity. If R = 10, the ground water is moving, on average, ten times
faster than the organic contaminant plume. An example of observed contaminant retardation
is shown in Figure 7.3.

7.2.5 Desorption

The ability of chemicals to completely desorb from a solid is an area of current study (Fu, et
al., 1994; Kan, et al., 1994; Kan, et al., 1997; Pignatello and Xing, 1995). The interest in
this process stems from observations that cannot be reconciled with &, values that describe
the sorption process — in particular, the observation of solid phase contaminant concentra-
tions exceeding the predicted concentration based on the aqueous phase contaminant concen-
tration and &,. Generally, this phenomena is observed in materials that have been contami-
nated for long time periods and contain low solid-phase contaminant concentrations (nomi-
nally less than 20 mg/kg). At high contaminant concentration, desorption patterns are gener-
ally predictable through equilibrium analysis. The importance of this observation is poten-
tially enormous. Site remediation requirements include the removal of sorbed contamination.
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< ! - pb I X. =vi I
o S X, = V'f/(1+_n kd) b I
2 8 S: Nonretarded
T C - .
g 8 \G- | species
§ [ ~4——Retarded species l
0 3 b
X ——— >
(a)
]
0.9 -
— Chloride
0.8 + + Carbon tetrachloride

O Tetrachloroethylene

Relative concentrition

Time (days)
(b)

Figure 7.3 (a) Predicted advance of solutes in a one dimensional transport
evaluation. (b) Observed field retardation data from the Borden landfill site, 5
meters downgradient from the injection well. Chloride is a non-sorbing tracer.
Carbon tetrachloride and tetrachloroethylene are retarded by sorption.

f a contaminant does not desorb as readily as it sorbed, the ability to meet clean -up levels
nay be seriously threatened.

At this time, it is not possible to conclusively identify a physical mechanism that
:auses a resistance to desorption. One possible explanation is the rearrangement of the soil’s
\atural organic matter as a result of contaminant sorption. After rearrangement, the contami-
1ant can be physically sequestered within the organic matrix and not dissociate under condi-
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tions predicted by equilibrium partitioning. This theory is analogous to enzyme-substrate
binding where a macromolecule changes its 3-D structure in response to the association with
a smaller molecule. Other possible mechanisms can describe the observation of desorption
resistance, but are outside the scope of this book.
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Several chemical reaction mechanisms have been identified that impact the fate of certain
organic chemical in ground water systems. These reactions do not include the direct in-
volvement of living organisms and are thus referred to as abiotic processes. Types of
abiotic reactions include hydrolysis, oxidation-reduction reactions, and elimination reactions
(Schwartzenbach, et al., 1993; Vogel and McCarty, 1987). The extent that any abiotic reac-
tions may influence the fate of contaminates in the subsurface is highly compound-specific
and can be strongly influenced by the conditions of the local environment. In this section,
each process is discussed briefly.

7.3.1 Hydrolysis

Hydrolysis refers to a chemical reaction between a contaminant molecule and water. This
process is important for certain contaminants, including alkyl halides, carboxylic acid esters,
and carboxylic acid amides (Table 7.3). Common ground water contaminants such as aro-
matic hydrocarbons and chiorinated ethenes do not hydrolyze appreciably (Table 7.4). An
example of a hydrolysis reaction is presented in Eq. (7.12) where 1-bromopropane reacts with
water to form 1-propanol and bromide ion.

CH,CH,CH,Br + H,0 - CH,CH.CH,OH + H* + Br (7.12)

TABLE 7.3 Organic Functional Groups Generally Resistant to Hydrolysis

Alkanes Aromatic amines
Alkenes Alcohols
Alkynes Phenols
Benzenes/biphenyis Glycols
Poilycyclic aromatic hydrocarbons Ethers
Heterocyclic polycyclic aromatic hydrocarbons Aldehydes
Halogenated aromatics/PCBs Ketones
Dieldrin/aldrin and related halogenated hydrocarbon pesticides Carboxylic acids
Aromatic nitro compounds Sulfonic acids

Source : Lyman et al., 1980
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TABLE 7.4 Types of Organic Functional Groups That Are Potentially
Susceptible to Hydrolysis

Alkyl halides Nitriles

Amides Phosphonic acid esters
Amines Phosphoric acid esters
Carbamates Suifonic acid esters
Carboxylic acid esters Sulfuric acid esters
Epoxides

Source : Lyman et al., 1990

The rate that a chemical undergoes hydrolysis is strongly influenced by the temperature
and pH of the system (Schwartzenbach, et al., 1993). As temperature increases, hydrolysis
rates increase. As pH become either acidic or alkaline (e.g., greater than or less than 7.0)
rates of acid-catalyzed or base-catalyzed hydrolysis can increase. Typically, hydrolysis is de-
scribed with a first-order rate expression as shown in Eq. (7.13)

dc
"Et— == ],ydc (7.13)

where C is the concentration of the chemical species and &,,, is a first order hydrolysis rate
coefficient. Knowing factors such as pH and temperature is important in determining the
appropriate rate coefficient for a particular contaminant.

Example 7.3 HYDROLYSIS RATE CALCULATION

Calculate the time required for 95% of a chemical to hydrolize in water assuming a hy-
drolysis rate coefficient of 0.001 day .

Solution. To determine the time required, the rate expression must be integrated,
yielding the following first-order rate expression

< - i
CO

50

1n(0.05/1) = -0.001(1)

tyes = 2,995 days = 8.2 years
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00

NH,
nitrobenzene analine

CH;CH,Cl —% 3 CH,CH,+C

chloroethane ethane + chloride

Figure 7.4 Examples of abiotic nitro reduction and abiotic dehalogenation
reactions.

7.3.2 Oxidation-Reduction

Oxidation-reduction reactions involve the transfer electrons between a contaminant molecule
and another chemical species. If the contaminant oses an electron, or electrons, it has been
oxidized. If the contaminant gains electrons, it has been reduced. Inorganic compounds, such
as reduced metals and reduced sulfur, are possible mediators of oxidation-reduction reactions
(Klecka and Gonsior, 1984; Macalaldy, et al., 1986; Schwartzenbach, et al., 1990). The
presence or absence of inorganic species is often dependent on local conditions. For example,
many anaerobic environments will contain elevated levels of Fe(Il), H,S/HS", and other re-
duced species that are capable of donating electrons and reducing certain contaminants. Ex-
amples of contaminants known to undergo abiotic oxidation-reduction reactions include
halogenated hydrocarbons and nitroaromatics. Examples of each are presented in Figure 7.4.
Biologically mediated oxidation-reduction reactions are often more rapid than abiotic reac-
tions for many contaminants of interest in ground water systems, and thus abiotic oxidation-
reduction are often neglected in transport calculations. In cases where they become important,
oxidation-reduction processes are generally introduced as a first order reaction with respect to
contaminant concentration — analogous to hydrolysis.

7.3.3 Elimination

Elimination reactions occur with a specific group of ground water contaminants, in particu-
lar, halogenated ethanes and propanes. For these chemicals, elimination reactions are charac-
terized by the release of a halogen group and a proton from adjacent carbon atoms with the
subsequent formation of a carbon-carbon double bond. An example of this is shown in
Eq. (7.14), where the product of 1,1,1-trichloroethane elimination is 1,1-dichloroethene
(Vogel and McCarty, 1987).
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Cl H cl H
I N,/
A=C—C¢-H —— - (7.14)
Cl H cl H
fOLATILIZATION

The transfer of a contaminant from the aqueous phase, nonaqueous phase liquid (NAPL), or
sorbed phase directly to the gas phase is a process referred to as volatilization. The rate
and extent to which volatilization occurs is strongly influenced by a number of parameters
including the contaminant phase, the contaminant’s vapor pressure, environmental factors
(e.g., temperature, and others), proximity in respect to the vadose zone, and other site spe-
cific parameters (Mackay and Leinonen, 1975; Mackay and Wolkoff, 1973). Because of the
range of factors that influence volatilization it becomes difficult to calculate the contribution
of this process to the fate of chemicals in ground water.

In the simplest form, the process of volatilization can be illustrated in a manner analo-
gous to the octanol-water partition test discussed previously. For the evaluation of volatiliza-
tion however, consider a closed bottle that contains water and air instead of water and octa-
nol. If a contaminant is introduced to the bottle (assuming that the resulting aqueous phase
concentration does mot exceed the aqueous solubility, thus avoiding the formation of a
nonaqueous phase or a erystalline phase) and allowed to equilibrate, some fraction of the con-
taminant added will reside in the gas phase. The distribution of a chemical between the water
and the gas at equilibrium is described by the Henry’s law coefficient (Mackay, et al.,
1979; Thibodeaux, 1996). Mathematically, Henry’s law is presented in Eq. (7.15), where P,
is the partial pressure of the contaminant, [C],, is the aqueous phase concentration of the
contaminant, and H, is the Henry’s constant.

P

H o=—=—
[Cly, (7.15)

Despite the relative simplicity of H,, a factor that complicates the use of reported values of
H_ is the variety of units used in its expression. The units of Eq. (7.15) are [L-atm/mol].
Henry’s law coefficients are also commonly expressed in dimensionless form where the gas
phase concentration is expressed as mole/L instead of partial pressures. Also, H, is strongly
influenced by temperature and the ionic strength of the aqueous solution.

In ground water systems that are isolated from the vadose zone, Henry’s law can be ap-
plied to estimate the distribution of contaminants between the aqueous phase and the gas
phase. If direct exchange is possible with the vadose zone, equilibrium may not be achieved
and the calculation of gas phase concentrations is more difficult. In the latter case, the at-

7.5 BIODEGRADATION 218

mosphere acts as an infinite sink for the contaminant and gas phase concentrations are al-
ways less than equilibrium. Despite the lower gas concentrations observed, the nef ﬂux of
contaminants to the gas phase under these conditions can be very significant. Additionally,
volatilization from NAPL’s in the vadose zone or floating on the water table can yield high
concentrations of contaminants in the gas phase. A discussion of volatilization from

NAPL’s is presented in Chapter 11.

Example 7.4 USING HENRY’S CONSTANT
An aquifer contaminated with vinyl chloride contains a residual gas saturation ‘of 10%
(i.e., the percent of porosity containing gas). If the aqueous phase vinyl chloride con-
centration is 0.70 mg/L, calculate the gas phase concentration (mg/L) and the percent
of total vinyl chloride mass in the gas phase of this two-phase system (T = 25 °C,
P =1 atm).

H_ of vinyl chloride = 22.4 L-atm/mol

Step 1. Convert H. to dimensionless form. At 25 °C and 1 atm pressure, the parfial
pressure of vinyl chloride [atm] equals the moles of VC per total moles of gas. Using
the ideal gas law, the volume of 1 mol gas under these conditions = 24.45 L, so

: 1 mol Ly.o -mol
248 _ g Lo DOlve | 1m0l g6 L0 MOlve
mol mol,,, ‘moly o 2445L Ly -moly g

Step 2. Calculate gas concentration

(0.7 mg/L) (0.916) = 0.641 mg/L

Step 3.
Total mass = (0.7 mg/L)Y0.9 L/L) +(0.64 mg/L)(0.1 L/L)
= 0.69 mg/L Aquifer
mass in gas = 9% of total

7.5 BIODEGRADATION

The biodegradation of contaminants refers to the complete conversion of a contaminant to
mineralized end products (i.e., CO,, H,O, and salts) through metabolism by living organ-
isms. In ground water systems, the organisms that carry out this process are bacteria indige-
nous to the aquifer. In some cases, metabolic activity does change the chemical form of the
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contaminant but does not result in the mineralization, In these cases, the term biotrans-
formation is typically used to describe the processes occurring.

The metabolism of ground water contaminants is an extremely important fate process
since it has the potential to impact the fate of all organic ground water contaminants, and is
a process that has the potential to yield nonhazardous products. It is a complicated fate proc-
ess due to the diversity of bacteria that may be involved, and range of metabolic processes
that can be expressed (Young and Cerniglia, 1995). Before discussing specific aspects of con-
taminant metabolism by bacteria, a short discussion of important concepts regarding micro-
biology is presented to provide a foundation for further discussion,

7.5.1 Energy Flow and Metabolism

All living organisms require energy to survive and the capture of usable energy through the
process of catabolism is a significant part of an organism’s overall metabolism. There are
two forms of energy that can support life — light energy and chemical energy. Certain bacte-
ria are capable of using light as their energy source and are classified as phototrophs.
Since light energy does not penetrate the earth’s surface, the role of phototrophs in
ground water systems in generally disregarded. Bacteria that obtain energy from chemical
forms are classified as chemotrophs. Chemical energy sources are further differentiated as
cither inorganic or organic compounds. An organism that uses inorganic sources of energy is
called a lithotroph. Examples of lithotrophic-substrates include ammonia (NH,), hydrogen
(Hy), ferrous iron (Fe**), and sulfide (HS"). Organisms that use organic compounds as their
energy source are called organotrophs. A comprehensive list of organotrophic-substrates
would be enormous (just think of all the different foods you eat!). Examples of common
ground water contaminants that serve as organotrophic-substrates include fuel components,
PAH’s, phenolics. Certain nitroaromatics and chlorinated solvents may also serve as a bacte-
rium’s energy source.

The extraction of energy from organic chemicals during catabolism occurs as a result
of oxidation processes. As a chemical is oxidized, it Ioses electrons. For this reason, chemo-
trophic-substrates are often referred to as primary electron donors. Electrons lost during
oxidation are coupled with the reduction of electron acceptors. Eventually, the complex se-
quence of oxidation-reduction reactions that occur during catabolism results in the reduction
of a terminal electron acceptor. Common terminal electron acceptors in ground water
systems include oxygen (O,), nitrate NO,~, ferric iron (Fe™), sulfate (50,%), and carbon diox-
ide (CO,). When oxygen is the terminal electron acceptor, catabolism is classified aerobic.
All other terminal electron acceptor conditions are classified as anaerobic. In most cases,
an individual bacterial strain is capable of using only one terminal electron acceptor. The
most common exceptions to this rule are facultative aerobes that can use nitrate as a
terminal electron acceptor in the absence of oxygen. An important evaluation of contaminant
biodegradation potential involves an analysis of the availability of primary electron donors
and terminal electron acceptors, as their presence is required for organisms to obtain energy
for survival and selects for the types of organisms that will be present.
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The metabolism of organic contaminants can be broadly differenn'ated_ by thc? ability of
organisms to use the contaminant for catabolic processes. If the compound is a primary elec-
tron donor and provides the bacterium with energy for ce.ll growth, the cout.ammanf is re-
ferred to as a primary substrate. In some cases, the oxidation of a conmmant will pro-
vide the cell with energy, but it is present at concentrations tha} are not sufficient to support
the energy requirements of the organism. Contam.inants of ‘thls type are referrec} to as .sc':c;
ondary substrates. If a compound is metabolized fomutm.lsly'as the cell is obtaining
energy from another primary electron donor, the transformano.n is referred to as come-
tabolic. The last category used to classify contaminant rfleta?ohsm pe{tams to several very
important contaminants and is referred to as dehalorespiration. In this case, certain chlo-
rinated organics serve as an anaerobic terminal electron acceptor. ) ) '

Bacterial Growth. Bacteria grow through the process of‘b.mary fission. In this
process, a single cell divides into two cells that are identical to the ongmz_il cell. The }'ate that
bacteria grow is influenced by a number of parameters. For example, different strains haxfe
different minimum doubling times under ideal condition, and the observed rate of .growth is
controlled b substrate availability, temperature, and other enviromfn'ental conditions. The
classic demonstration of how a bacterial population responds to conditions that favor growth
is shown in Figure 7.5. Initially, a lag phase is observed wpere gront.h does not occur. Dur-
ing this period, the organisms are adapting to the uew‘medmm f:ondmons. F9110w1ng the lag
phase, microbial growth is exponential due to rapid binary fission of the microbes. Eventu-
ally, the cuiture enters stationary phase where bacterial numbers })ecome .constant. 'I:he cause
of stationary phase is the depletion of an essential growth reg}nrement in the medium. 'The
availability of the limiting substrate then controls the ability of the culture to continue

log [X]

Time

Figure 7.5 Microbial growth curve, where region 1 is the lag phase, region 2 is
the exponential growth phase, region 3 is the stationary phase and region 4 is
the decay phase.



222 CONTAMINANT FATE PROCESSES

to grow. Eventually, the medium becomes exhausted of constituents required to support vi-
able organisms, and the culture enters the decay phase where cell death rates exceed any re-
growth,

7.5.2 Stationary Phase Klnetics

A common interest in the evaluation of contaminant fate in the subsurface is the rate that
contaminants are attenuated through biodegradation or biotransformation. Contaminant at-
tenuation is typically evaluated with the assumption that organisms are in the stationary
phase of growth, since lag phases and exponential growth occur rapidly relative to the time
periods of interest in ground water systems. With this assumption, the rate of limiting sub-
strate utilization can be predicted by the Monod expression (i.e., saturation kinetics) pre-
sented in Eq (7.16).

dS  kSX

d K, +S

(7.16)

In this equation, S is the limiting substrate concentration [mg/L], X is the biomass concen-
tration [mass per volume or number per volume], &k is the maximum substrate utilization
rate [S-(X-time) '], and K, is the half-saturation coefficient [mg/L]. The behavior of this func-
tion is illustrated in Figure 7.6 where at low concentration it displays first-order behavior
(rate is linearly proportional to S) and at high concentrations it approaches zero-order behav-
ior (rate is independent of S). In many cases, the concentrations of limiting substrates in
ground water are low and first-order kinetics are observed. This is true when S << K|, in
Egq. (7.16), which then reduces to Eq. (7.17):

Zero-order
region
—us
dt First-
ordar
region

S

Figure 7.6 Observed rate of limiting substrate utilization (dS/df) in a station-
ary phase bacterial culture. At low concentrations of S, —dS/dtis directly propor-
tional to AS. At high concentrations of S, —dS/dt is unaffected by AS and the re-
action rate is "saturated.”
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dS (kX
-—=|—|[S=k'S .
dt (K,] (717

In this case, k' is an apparent first-order rate coefficient (time™).

Based upon the rate of limiting substrate utilization, it is possible to use reaction
stoichiometry to determine the rate that microorganisms utilize other constituents of interest
(Lee, et al., 1988). This is particularly important when the contaminant itself is not the lim-
iting substrate — a condition that is often the case in ground water systems. For example,
consider the oxidation of benzene by aerobic bacteria. The solubility of benzene in water is
approximately 1,800 mg/L (at 25°C), while the solubility of O, in water in contact with the
atmosphere is roughly 9.0 mg/L. Based on the reaction stoichiometry written in Eq. (7.18),
the consumption of 1 mg/L of benzene (C¢Hy) requires 3.1 mg/L of O,. Thus benzene con-
centrations of less than 3 mg/L can result in the complete utilization of dissolved oxygen in
ground water. For this reason, it is common for the availability of O, to limit the extent of
aerobic benzene oxidation (and the aerobic oxidation of other pollutants) and the rate of ben-
zene attenuation will be predicted by the rate of O, utilization.

CeHs + 7.50, = 6CO, +3H,0 (7.18)

7.5.3 Dissolved Oxygen Impacts

For several reasons, the presence or absence of dissolved oxygen from ground water is an
important component in the evaluation of aquifer microbiology. The first reason is the im-
pact that dissolved oxygen has on the types of viable organisms present. Similar to human
beings and other organisms, certain bacteria require oxygen to survive. If oxygen is not pre-
sent, these organisms will die or become inactive. Interestingly, the inverse is true for an-
aerobic bacteria (Brock and Madigan, 1991). For these organisms, oxygen is acutely toxic.
Thus the presence or absence of oxygen is a strong selective pressure for the types of organ-
isms that will be active within any contaminant plume.

An additional role of dissolved oxygen in contaminant fate is its direct participation in
certain oxidation reactions catalyzed by aerobic bacteria. In particular, reactions catalyzed by
oxygenase enzymes. An example of an oxygenase enzyme catalyzed reaction is illustrated in
Figure 7.7 where benzene is oxidized to catechol through the direct incorporation of O, into
the contaminant molecule. Without O,, the reaction would not proceed. In addition to ben-
zene, many other common contaminants are subject to oxygenase attack, including: fuel
constituents, PAH’s, certain chlorinated solvents, and others. This function of O, is physio-
logically distinct from its role as a terminal electron acceptor where oxygen is reduced form-
ing water.
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Example 7.5 STOICHIOMETRY OF CONTAMINANT METABOLISM

Assuming the following reaction, how much H. is required
) . g to reduce 1 m, PCE
ethene via reductive dechlorination? : et °

C,Cl, + 4H, = CH, + 4CI" + 4H*
Based on the above stoichiometry, one mole of PCE (M.W. = 165.8) requires 4 moles

of H, (M.W. =2),
1mgpey 1mmolpey 4 mmoly 2 mgy, 0.0483 mgg,
L 1658 mgper | mmolpeg 1mmoly L
Therefore, 0.0483 mg/L. of H, would be suffici inati
e/l POE. > sufficient for the complete dechlorination of 1
oxygenase ""I(_I)H OH
—)
02 —H
"lOH OH
Benzene cis- Catechol

dihydrodiol

Figure 7.7 Enzymatic oxidation of benzene o catechol. Th
. The first st -
Zene metabolism under aerobic conditions. e of ben

7.5.4 Metabolic Pathways Of Common Contaminants

{\n overview of how bacteria are capable of metabolizing various contaminants is presented
in the following sections. It is important to note that this continues to be an area of intense
fesearch. Pa{adigms continue to change and it is difficult to assert definitive analysis regard-
;g thedtotahty of n?elaboliﬁ: processes that may impact an individual contaminant’s fate. To
o rst;lx:ﬁ,e Se following sections focus on established concepts but also illustrate current un-
Monoaromatic Hydrocarbons. As constituents of gasoline, die j

monoarqmaﬁc hydrocarbons are common ground water contam%nants d;xe tos‘:a]é;ggnjt:lt ?;l)fllfs’
and leaking underground storage tanks. Of particular concern are benzene, toluene, ethylben-
zene and xylene isomers - collectively abbreviated as BTEX. Under aerobic con(‘iitions, all
ETEX compounds are rapidly biodegxa@d as primary substrates (Alvarez and Vogel, 1991).

nfortunately, the oxygen demand resulting from the aerobic oxidation of these compounds
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can exceed the solubility of oxygen in water. Dissolved oxygen concentrations are rapidly
depleted due or the biodegradation of these and other fuel constituents, yielding anaerobic
conditions in contaminated aquifers (Lee, et al., 1988).

The biodegradation of BTEX compounds under anaerobic conditions is not as weil
characterized as it is under aerobic conditions. Only recently has the biodegradation of all
BTEX compounds been confirmed under all anaerobic electron acceptor conditions in labora-
tory studies. From these studies it appears that toluene is the most degradable under all elec-
tron acceptor conditions and benzene is the least degradable. In many laboratory studies con-
ducted under anaerobic conditions, benzene degradation is not observed. Certain modeling
studies of certain well-characterized contaminated field sites infer that anaerobic benzene deg-
radation may occur in siti. Several recent laboratory studies conducted under anaerobic condi-
tions have demonstrated that benzene may degrade in the absence of oxygen (Lovely, et al.
1995). Certainly the anaerobic biodegradation of BTEX is possible, and the anaerobic degra-
dation of TEX most likely occurs in many contaminated sites. The factors coatrolling the
rate or extent of anaerobic benzene biodegradation have not been elucidated, making an a pri-
ori evaluation of this potentially important fate pathway difficult at this time. In any case,
the anaerobic degradation of BTEX compounds is generally slower than observed through
aerobic processes.

Polynuclear Aromatic Hydrocarbons. The class of contaminants referred to as
polynuclear aromatic hydrocarbons (PAHSs) represent a number of compounds with physio-
chemical characteristics that vary dramatically. In particular, the aqueous phase solubility
(i.e., hydrophobicity) varies from approximately 30 mg/L for naphthalene to less than 1
ng/L for benzo-(a)-pyrene. PAHs sorb extensively due to their high hydrophobicity, result-
ing in low observed aqueous phase concentrations of these contaminants. PAH biodegrada-
tion is generally limited to aerobic metabolism that is initiated by oxygenase attack (similar
to that depicted in Figure 7.7). PAHs of three or fewer rings, including naphthalene, fluo-
rene, and phenanthrene are known to be primary substrates for bacterial growth. Larger and
more hydrophobic PAHS (i.e., four rings and higher) tend to behave as secondary substrates
in the presence of the smaller, more water soluble PAHs (Hughes, et al., 1997). The obser-
vation of anaerobic PAH metabolism is rare, and is limited to naphthalene.

Phenolic Compounds. Phenol and chlorinated phenols are biodegraded as primary
substrates under aerobic and anaerobic conditions. These compounds are often recalcitrant in
the environment due to their toxicity and the low water solubility of certain chlorinated
forms (i.e., pentachlorophenol (PCP)). When present at concentrations below toxic thresh-
olds, phenols can be rapidly mineralized by a wide range of microorganisms. As the number
of chlorine substituents increases, the rate of degradation often decreases.

MTBE. Fuel additives (also called oxygenates) have been is use in the United States
for approximately two decades. These compounds have been added to gasoline to increase
octane ratings and to decrease exhaust emissions of certain air pollutants. Since the late
1980’s, the most common additive used for either purpose has been methyl tert-butyl
ether (MTBE). The percent of gasoline comprised by MTBE is as high as 10% in regions
of the country where urban air pollution exceeds federal standards, and MTBE is now a com-
mon contaminant of ground water as a result of gasoline spills. Since MTBE is currently
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listed as a probable human carcinogen, its presence in ground water is of concern. Further-
more, MTBE is more soluble, less volatile, and less hydrophobic than other fuel constitu-
ents (i.e., BTEX compounds). Thus, it is prone to dissolve to higher aqueous phase concen-
trations than other fuel-derived contaminants and migrate more rapidly (Squillace et al.,
1997.).

Since MTBE has only recently become a ground water concern, less is known regard-
ing its biodegradability than many other pollutants. Based on its chemical structure, MTBE
is not a compound that would be expected to be readily biodegradable. MTBE contains two
structural features that generally reduce biodegradability. The first is the highly stable ether
linkage between the methyl- and terr-butyl group. Second is the degree of branching associ-
ated with the zerr-butyl group itself. There are several studies that suggest that MTBE can be
biodegraded under conditions representative of the subsurface; however, degradation is not
always observed in controlled laboratory tests and observations from contaminated sites often
indicate limited, if any, biodegradation (Borden et al., 1997; Schirmer and Barker, 1998 ).

Based on current information, MTBE biodegradation is more likely to occur under
aerobic conditions than anaerobic conditions. Aerobic oxidation of MTBE may occur via
cometabolic degradation (Steffan et al., 1997) and as a growth substrate (Mo et al., 1997;
Salanitro et al., 1994.). In aerobic conditions, oxidation of MTBE is initiated at the ether
link and ferz-butyl alcohol is often observed as an intermediate (depicted in Eq. 7.19). Further
oxidation can result in CO, formation (Bradley et al., 1999). Under anaerobic conditions,
degradation has rarely been observed (Mormile et al., 1994; Yeh and Novak, 1994; Squillace
et al. 1997). In cases where anaerobic degradation has been documented, pathways similar to
those observed under aerobic conditions are believed to occur.

CH, ('3H3
H3C—(|3—O—CH3 —_— H3C—(IL‘—OH
CH,3 CH, (7.19)
methyl zert -butyl ether tert -butyl alcohol

The extent to which anaerobic or aerobic biodegradation processes will influence the
fate of MTBE in contaminated aquifers is the basis for current research and experimentation.
Certainly, our understanding of its biodegradation is far behind what is known regarding
other common contaminants. Based on the information available, MTBE appears to be a
highly mobile and highly recalcitrant ground water pollutant.

Chlorinated Solvents. Chlorinated methanes, ethanes, and ethenes comprise a
group of compounds commonly referred to as chlorinated solvents. These compounds have
been used extensively as degreasers, dry cleaning agents, and paint removers, and their pres-
ence and persistence in the environment is widespread (Pankow and Cherry, 1996). Chlorin-
ated solvents used extensively in the United States (also see Chapter 4) include: per-
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chloroethene (PCE), trichloroethylene (TCE), 1,1,1-trichloroethene (TCA), carbon tetrachlo-
ride, and dichloromethane (e.g., methylene chloride).

The metabolism of chlorinated solvents is perhaps more diverse than any other group
of environmental contaminants. Depending on the compound of interest, the electron accep-
tor condition, and the presence of inducing substrates, the metabolism of chlorinated solvents
may occur through primary metabolism, secondary metabolism; cometabolism, or through
terminal electron acceptor processes. Additionally, the metabolism of these compounds often
does not result in the formation of benign products. This is particularly true for metabolism
through cometabolic processes or through terminal electron accepting processes.

Only a few chlorinated solvents are known to be primary substrates for growth. Di-
chloromethane is a primary substrate under both aerobic and anaerobic conditions and is per-
haps the most biodegradable of all the chlorinated solvents (Brunner, et al., 1980; Freedman
and Gossett, 1991). Vinyl chloride, a compound used to produce PVC materials and a
biotransformation product of PCE and TCE, can be used as an electron donor under aerobic
conditions. Isomers of DCE may also be oxidized under aerobic conditions as growth sub-
strates. This process is not well understood, however, and often is not observed at contami-
nated sites. The secondary metabolism of chlorinated solvents may occur when contaminants
are present at low concentration, but is limited to those compounds that can serve as primary
substrates.

A common anaerobic biotransformation process for chlorinated solvents is reductive
dechlorination. A half-reaction that describes this process is shown in Eg. (7.20).

RCl+2e+H"=R-H+CI" (7.20)

In this example, R (a generic notation for any organic compound) is being reduced with the
evolution of chloride ion. The reducing equivalents (e”) for this process originate from the
oxidation of a primary electron donor. The process of reductive dechlorination results in the
formation a number of chlorinated and non-chlorinated compounds (Bouwer and McCarty,
formation a number of chlorinated and non-chlorinated compounds (Bouwer and McCarty,
1983). This is illustrated in Figures 7.8 through 7.10 for common chlorinated methanes,
ethanes and ethenes.

The process of reductive dechlorination may result from either cometabolic processes
or dehalorespiration. At this time, dehalorespiration has been confirmed for the chlorinated
ethene series only (cometabolism of chlorinated ethenes is also possible). In general, come-
tabolic transformations are slow and the reducing equivalents consumed account for only a
small percent of the electron donor consumed. Various anaerobes are capable of cometabolic
reductive dechlorination, including methanogens. This is due to the nonspecific nature of the
reaction. Reduced cofactors that are present in many anaerobes, including vitamin B-12, are
responsible for catalyzing cometabolic reductive dehalogenation (Egli, et al., 1990, Gantzer
and Wackett, 1991, Wood, et al., 1968).

Dehalorespiration is a rapid reaction in comparison to cometabolic transformation, and
it is possible for a high percent of the reducing equivalents generated through the oxidation
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Figure 7.8 Pathway for the anaerobic metabolism of chlorinated methanes.
Initial metabolism of carbon tetrachioride (CT) and chioroform (CF) metabolism
are reduction to the level of dichloromethane (DCM). Subsequent metabolism re-
sults eventually in CO, production, although traces of chloromethane (CM) may
accumulate as an intermediate. Source: Egli, et al., 1988; Freedman and Gos-
sett, 1991; Galli and McCarty, 1989.

of electron donors to be used in this form of metabolism. To date, a handful of organisms
capable of dehalorespiration have been isolated. Most are capable of dechlorinating PCE and
TCE to the level of cis-DCE only. One isolate, Dehalococcoides ethenogenes strain 195, is
known to carry out PCE dehalorespiration to the level of ethene (Maymé-Gatell, et al.,
1997). At contaminated sites, high levels of vinyl chloride and ethene are often observed —
indicating that this form of metabolism beyond DCE may be common. One important as-
pect of dehalogenation processes is the interaction of these organisms with other anaerobes,
in particular, fermentative bacteria that produce hydrogen as a by-product of organotrophic
catabolism. Hydrogen is a preferred primary substrate for dechlorinators and thus these organ-
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Figure 7.9 Pathway for the anaerobic transformation of a common chlorinated
ethane 1,1,1-trichloroethane (TCA) through reductive dechlorination and dehy-
drodehalogenation. Reductive dechlorination yields dichioroethane (DCA) which
can be oxidized to acetate or reduced to chloroethane (CA). Dehydrodehalo-
genation yields 1,1-dichloroethene (DCE), which can then be reduced to vinyl
chioride (VC), and eventually ethene. Source: Galli and McCarty, 1989; Vogel,
et al., 1987.

isms rely on the activity of the fermentors. Also, hydrogen production via fermentation is
strongly influenced by the types of organic substrates present. It is important to note that
lithotrophic organisms utilize hydrogen as well and compete with dehalorespiring bacteria for
the “hydrogen pool” in anaerobic environments (Carr and Hughes, 1998; DiStefano, et al.,
1991).

A distinct form of chlorinated solvent metabolism is oxidation through cometabolic
processes. These reactions are the result of oxygenase activity expressed by organisms utiliz-
ing certain primary substrates — not chlorinated solvents — for catabolic purposes. Examples
of substrates that induce oxygenase enzymes capable of chlorinated solvent cometabolism
include monoaromatic hydrocarbons, methane (and other alkanes), and ammonia. This proc-
ess has been studied in detail due to the potential for nonhazardous end-product formation
(including CO,) (Young and Cerniglia, 1995). Several interesting aspects of this metabolism
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Figure 7.10 Reductive dechiorination of chlorinated ethenes including per-
chioroethene (PCE), trichloroethene (TCE), the three isomers of dichloroethene
{DCE's), vinyl chioride (VC). Dechiorination of VC would yield a non-chlorinated
product — ethene. Source: Belay and Daniels, 1987; Freedman and Gossett,
1989; Vogel and McCarty, 1985.

influence the rate and extent to which this process will occur. First, is the oxygenase enzyme
itself. Oxygenases, induced by various substances, differ in their intrinsic rates of chlorinated
solvent oxidation. Second, the inducing substance acts as a competitive inhibitor for chlorin-
ated solvent binding, reducing reaction rates. Third, the reaction catalyzed by the oxygenase
results in the formation of compounds that are toxic to the microorganism. For example, the
product of TCE oxidation is TCE-epoxide, a highly reactive molecule that reacts rapidly with
cell components. After cometabolizing a certain mass of chlorinated solvent, the cell loses
viability due to product toxicity (Alvarez-Cohen and McCarty, 1991).

Not all chlorinated solvents are oxidized through cometabolism. PCE and carbon tetra-
chloride are resistant to this process, and TCA is poorly metabolized in this manner. TCE,
DCE’s, and vinyl chioride can be cometabolized. Chloroform (the dehalogenation product of
carbon tetrachloride) is oxidized by oxygenase enzymes. This reaction is rarely sustained,
however, as the product of oxidation is phosgene — a short-lived but highly toxic compound.
Cometabolic degradation of chlorinated solvents has been studied primarily as an engineered
bioremediation system, although it may be an important component of chlorinated solvent
natural attenuation, in particular, at sites where chlorinated solvents are found in the presence
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of inducing substances (e.g., fuel constituents or dissolved methane gas) and dissolved oxy-
gen.

Nitroaromatic Compounds. Nitroaromatics are common pollutants of water and
soils as a result of their use in plastics, dyes, and explosives. The nitro group is a strong
electron withdrawing functionality that reduces the efficacy of oxygenase attack of the aro-
matic ring. Recent studies have demonstrated that certain organisms are capable of oxidizing
certain nitroaromatic compounds and to obtain epergy for growth (i.e., primary metabolism).
This activity is generally limited to nitroaromatics containing two or fewer nitro groups
(Reiger and Knackmuss, 1995).

Under anaerobic conditions, nitroaromatic transformation generaily yields reduced aro-
matic products. For example, the product of the complete reduction of nitrobenzene is aniline
(aminobenzene). The formation of an aryl amine from an aryl nitro group requires that two
intermediate forms be produced. First is the aryl nitroso intermediate followed by an aryl
hydroxylamine. Recent work has demonstrated the importance of the aryl hydroxylamine
intermediate in the ultimate fate of nitroaromatics under anaerobic conditions. The hydroxy-
lamine can be reduced to the amine, or undergo more complex reactions that can result in the
binding with natural organic matter or the formation of an aminophenol through rearrange-
ment reactions (Hughes, et al., 1998; Hughes, et al., 1999).

7.6 EVALUATION OF FATE PROCESSES

Translating molecular level fate process to field-scale evaluations is a difficult but important
task. The heterogeneous nature of the subsurface is a significant complicating factor. For
example, the organic carbon content of aquifer solids can vary enormously with depth as
different geologic units are encountered. This variation must be considered in the prediction
of contaminant retardation. Electron acceptor condition is another spatial variable that is ex-
tremely important to characterize for the accurate evaluation of contaminant fate as the rate
biodegradation processes are strongly controlled by this factor. Several tools are available to
assist in these evaluations and are briefly discussed in the remainder of this chapter.

7.6.1 Site Characterization

Specific measurements and other site information used to characterize contaminated aquifers
discussed in Chapter 5 are used extensively in the assessment of fate processes at individual
sites. For example, the distribution of contaminants and the existing ground water chemistry
are typically obtained during site characterization. With this data, it is possible to identify
areas where different forms of metabolism may be occurring (i.e., aerobic or anaerobic).
Also, site characterization facilitates the evaluation of sorption and retardation, as f,_ distribu-
tions will typically be evaluated in contaminated areas. In some cases, additional information
may be required beyond standard site characterization. This may include additional work at the
contaminated site. Frequently, studies are conducted in the laboratory or through modeling
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studies to support the evaluation of fate processes. Each is discussed in the following two
paragraphs.

7.6.2 Microcosm Studies

Microcosm studies are laboratory evaluations of fate processes specific to a contaminated
area, where materials are obtained from contaminated areas and experiments can be conducted
in a.controlled setting. An example of a common microcosm study is the evaluation of con-
taminant biodegradation rates under site conditions. In these tests, samples of aquifer solids
and ground water are obtained from contaminated areas of interest. The materials are taken to
the lab and transferred into bottles, which can be sealed and incubated. Care is taken in the
cox.lsu.uction of microcosms not to change conditions and perturb the results. For example, if
a sn‘e 1s anaerobic, the construction of the microcosm will be conducted in a manner to avé)id
the introduction of oxygen. Samples are taken periodically. and the rate of contaminant des-
radation can be calculated directly. The results of microcosm studies can be very beneficial ian
cases where unusual field conditions are encountered, or where additional confidence is re-
quired. They are not, however, a common component of site characterization.

7.6.3 Modeling

Contaminant transport models are very valuable tools that can be used to approximate the
rate of extent of fate processes occurring at contaminated sites. Details regarding the use of
fate and msport models are presented in Chapters 8, 10, and 12. Basically, mod:ling studies
are used to incorporate the characteristics of a site’s hydrogeology, contaminants, and ongo-
ing fate processes to predict the observed distribution of contaminants and their concen;a-
tIOI'IS. The calibration of models requires an understanding of the processes that are occurring,
lhe}r ra.tes, and the extent to which they are exerted spatially. Often, this process of mod:l'
calibration will yield approximate transformation rates (abiotic and biotic), volatilization
xjates, or the retardation coefficient. Site modeling is particularly valuable because the calibra-
Flon of these models to what has occurred to date allows for prediction of contaminant fate
into the future.

MMARY

Sorpfion, abiotic transformation, volatilization, and biodegradation processes have a signifi-
cant impact on the transport and fate of organic chemicals in ground water. Sorption retards
transport through the accumulation of contaminants on the stationary solid phase and
strongly mﬂue'nces the time required to remediate contaminated sites. Abiotic transformation
processes are important for certain contaminant classes and may represent a significant re-
moval process for those contaminants, Volatilization is a mechanism where contaminants
may be lost from the water to the vadose zone. This is further discussed in Chapter 11. Bio-
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degradation is a very important fate process since it can impact any organic chemical in
ground water. The rate and extent of biodegradation is dependent on site-specific conditions.
In some cases, biodegradation is not complete, yielding hazardous end products. Site charac-
terization efforts or remediation plans must account for these processes in order to obtain
accurate predictions of contaminant behavior in ground water systems.
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CHAPTER 8

MODELING
BIODEGRADATION AND

NATURAL ATTENUATION

8.1 KINETICS AND RATES OF BIODEGRADATION

Chapter 7 focused on contaminant fate processes inclufiing ‘sorpt.ion, volatfhzatlon, S?blot:_:
and biotic transformations. A detailed discussion of mlcroblologlcally mefilatedf trf:n] l:)r(rjnm_
tions was presented along with the most common p?thways for biodegradation ou c:l fo o
carbons and chlorinated solvents and other contaminants. These fate processes greatly “
contaminant transport and remediation; however, they are somewhat fhfﬁcult to quannf}; a
the field scale, especially biodegradation processes. A better understanding of fate processe:
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