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ABSTRACT

The remediation of contamiated sites using currently available remediation technologies requires
long term treatment and huge costs, and it is uncertain to achieve the remediation goal to drop
contamination level to either back-ground or health-based standards by using such technologies.
Intrinsic remediation technology is the remediation technology that relies on the mechanisms of natural
attenuation for the containment and elimination of contaminants in subsurface environments. Initial
costs for the intrinsic remediation may be higher than conventional treatment technologies because the
most comprehensive site assessment for intrinsic remediation is required. Total remediation cost,
however may be the lowest among the presently employed technologies. The applicability of intrinsic
remediation in the contaminated sites should be thoroughly investigated to achieve the remedial goal
of the technology.

This paper provides the frame of the extended site assessment procedure based on knowledge of
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biodegradability to evaluate the applicability of intrinsic remediation.

This site assessment procedure is composed of 5 steps such as preliminary site screening, assessment
of the current knowledge of biodegradability, selecting the appropriate approach, analyzing the
contaminant fate and transport and planning the monitoring schedule. In the step 1, followings are to
be decided 1) whether to go on the the detailed assessment or not based on the rules of thumb
concerning the biodegradability of organic compounds, 2) which protocol document is selected to
follow for detailed site assessment according to the site characteristics, contaminants and the relative
distance between the contamination and potential receptors. In the step 2, the database for
biodegradability are searched and evaluated. In the step 3, the appropriate biodegradability pathways
for the contaminated site is selected. In the step 4, the fate and transport of the contaminants at the site
are analyzed through modeling. In the step 5, the monitoring schedule is planned according to the
result of the modeling.

Through this procedure, users may able to have the rational and systematic informations for the
application of intrinsic remediation. Also the collected data and informations can be used as the basic
to re-select the other remediation technology if it reaches a conclusion not to applicate intrinsic

remediation technology at the site from the site assessment procedure.
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Anaerobic metabolism Xenebiotics used as electron donor

Denitrification phenol, cresol, hydroxybenzoate, benzoate, toluene, phthalate,
resorcinol, polychlorobenzoate, PCBs

Metal reduction phenol, cresol, benzoate, hydroxybenzoate, toluene, phthalate

Sulfidogenesis phenol, benzoate, hydroxybenzoate, indol, toluene, xylene,
chlorophenols, trinitrotoluene(TNT), aminobenzoate

Methanogenesis benzene, toluene, xylene, benzoate, polychloroethenes, chlorophenols,
chlorobenzenes, dichloromethane, vanilate, phenylpropionate

Homoacetogenesis ethylene glycol, phenylmethyl ether, dichloromethane

Fermentation polyphenols, polyethylene glycol, hydroxybenzoate

source : 45, W B8 2 2] 7| & (bioremediation), 7359 2 zjA87)& workshop, §+=1}8l7] =4,

p.95(1995).
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Table 2. "Rules of Thumb” Conceming the Biodegradability of Organic Compounds

1) Aliphatic Hydrocarbons

Category of Compound

Degradable or Not?

Conditions Under Which Degradable

Aliphatic Hydrocarbons
(alkanes,alkenes,alkynes) source

Degradable as sole C & €

Aerobic(p -oxidation, or w-oxidation, or pos-
sibly subterminal oxidation via methane
monooxygenase

dies

Degradable in laboratory stu-

Sulfate-reducing coditions-this is an active
area of research- no field evidence as yet

Rules of thumb for aliphatics :

harder to degrade than saturated.

(Noncyclic) aliphatics are easier to degrade than alicyclics or than aromatics.
Branching slows degradation - the more branching, the slower the degradation.
Double or triple bonds between carbons are harder to degrade than single bonds, making unsaturated hydrocarbons

The aliphatic hydrocarbons that degrade the fastest have chains of about 10 to 20 carbons: Shorter chains tend to be
toxic to most microbes, and longer ones take longer to degrade.
Once the molecular weight is over 500, the compound is not used as a carbon source.
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2) Alicyclic Hydrocarbons

Category of Compound Degradable or Not? Conditions Under Which Degradable
Alicyclic Hydrocarbons Degradable as sole C & e source, but i
(cycloalkanes, cycloalkenes cy- | more frequently degraded by two coo- Aerobic
cloalkynes) perating strains with another substrate

present (commensalism and come- Anaerobic
tabolism)

Rules of thumb for alicyclics :

Alicyclics are harder to degrade than (noncyclic) aliphatics: they are often unable to serve as sole carbon source for
growth unless they have an aliphatic side chain that is long enough. Sometimes they can be degraded by come-
tabolism using one microbial species plus the cooperation of two or more microbial strains in the later degradation
steps.

Saturated rings (e.g., cyclohexane and decalin) are more resistant to degradation than the aromatic compounds analo-
gous to them.

3) Aromatic Hydrocarbons

Category of Compound Degradable or Not? Conditions Under Which Degradable
Aromatic Hydrocarbons Degradable Aerobic(ortho or meta-cleavage)
(unst.xbéntuted or with s.ubsfltuents Degradable Denitrifying
consisting only of combinations of
O, H, and C) Degradable Anaerobic/Fe(I1I) reducing

Transformable Anaerobic/manganese reducing
Degradable Anaerobic/sulfate reducing
Degradable Anaerobic/methanogenic

Rules of thumb for aromatics :

Aromatics are biodegradable under both aerobic and unaerobic condition.

Aromatics are harder to degrade than aliphatics under aerobic conditions, but it may be easier to degrade aromatics
than aliphatics under anaerobic conditions.

Side chain substitutions usually aid in degradation potential.
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4) Polycyclic aromatic hydrocarbons or polynuclear aromatics(PAHs or PNAs)

The more rings, the harder the compounds is to degrade.
Solubility is very important here - unless the compound is bioavailable, microbes cannot degrade it. The more hy-
drophobicity of the compounds, the less transportability in the soil and groundwater.

Category of Compound Degradable or Not? Conditions Under Which Degradable
PAHs or PNAs Some are degradable, but many are | Aerobic (5 rings or less, via bacteria or eu-

degraded with difficulty or not at | karyotes. Degradation via eukaryotes, e.g.,

all - lower-weight aromatics must | white rot fungus, is generally not complete ox-

be present to induce enzyme pro- | idation. The contaminant is not completely min-

duction. eralized but is transformed into an intermediate
compound. Degradation of compounds with 3
rings or less is relatively quick. However, de-
gradation with 4-5 rings is very slow and often
does not lead to complete mineralization.

Possibly degradable or transform- | Anaerobic/denitrifying (at least for naphthalene

able - there are few studies and no | and naphthol).

consensus among researchers yet.

Possibly degradable - there are few | Anaerobic/sulfate-reducing (per studies done

studies and no consensus among | on naphthol) - one study found some complete

researchers yet. mineralization of naphthalene.

Possibly degradable - there are few | Anaerobic/methanogenic (per studies done on

studies and no consensus among | naphthol) : however, another study on na-

researchers yet. phthalene showed in persistence in methano-
genic conditions.

Transformable Anaerobic/manganese-reducing (naphthalene)

Persistent Anaerobic/iron-reducing(naphthalene)

Rules of thumb for PAHs :

5) Halogenated aliphatic hydrocarbons( e.g., CT, TCE, PCE, Freon 11, Freon 113)

Category of Compound

Degradable or Not?

Conditions Under Which Degradable

Halogenated aliphatic
hydrocarbon

present (cometabolism})

Degradable with another C source

Aerobic (via methanotrophs & other
oxygenases-based pathways; e.g., to-
luene oxidizers, phenol, ammonia)

Degradable as ¢ sink, with another
C source present (cometabolism),

Anaerobic via reductive dehaloge-
nation (in denitrifying, sulfate-reduc-

but not all are mineralized com-
pletely - may be toxic intermediates

ing, or methanogenic conditions)

Rules of thumb for halogenated aliphatics :

The more halogen substituents, the more difficult the compound is to degrade aerobically.

However, the more highly substituted halogenated hydrocarbons are more likely to undergo reductive dehaloge-
nation under anaerobic conditions than are monosubstituted hydrocarbons.

Saturation also encourages reductive dehalogenation (i.e., if there are no double or triple bonded carbons, the com-
pound will more quickly undergo reductive dehalogenation)
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6) Halogenated aromatic compounds

Category of Compound

Degradable or Not?

Conditions Under Which Degradable

Halogenated aromatic com-
pounds

Degradable as sole C & e source

Aerobic

Degradability depends on type of
halogen substitution, and number

Anaerobic via reductive aryl dehaloge-
nation (sulfate-reducing environment for

and position of substituents some chlorophenols, although sulfate can
inhibit dechlorination; methanogenic en-

vironment also possible)

Rules of thumb for halogenated aromatics :

The more halogen substituents, the more difficult the compound is to degrade aerobically.

Because their bond strength is lower, bromine or iodine substituents are more easily removed than chlorine, and
chlorine is more easily removed than fluorine.

7) Heterocyclic Compounds containing N or S in ring

Category of Compound Degradable or Not? Conditions Under Which Degradable

Heterocyclic Compounds con- | Degradable Aerobic(for some)

taining N or S in ring Degradable Anaerobic(via initial oxidation of ring)

Rules of thumb for Heterocyclic Compounds containing N or S in ring :

Heterocyclic compounds usually present with polycyclic aromatic hydrocarbons that they are degraded by het-
erocyclic compounds degrading organisms and/or polycyclic aromatic compounds degrading organisms by come-
tabolisms. They may be more readily biodegradable due to their greater aqueous solubilities than PAHs. De-
gradation of heterocyclic compounds are found in all primary, secondary, and tertiary heterocycles

8) Nitroaromatics(Aromatics with nitro-substituent)

Category of Compound Degradable or Not? Conditions Under Which Degradable

Nitroaromatics(Aromatics with ni-
tro-substituent)

Degradable, but difficult Aerobic (TNT can be mineralized aerob-

ically)

Degradable, but difficult -
degradation to
eralization is unlikely

Anaerobic (TNT tends to transform to in-
termediate products (e.g, toluene) rather
than mineralizing completely

min-

Rules of thumb for nitroaromatics :

Biodegradation of nitroaromatic compounds in environments are limited not because of their inherent biode-
gradability but because of their low aqueous solubility. More substitution with nitro group to the aromatic com-
pounds make degradation of the compounds more difficult. As the level of substitution to the ring increase, they are
more susceptiable to the reductive degradation pathways. Degradability of the compounds decrease as the number
of the aromatic ring increase.
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9) Polychlorinated biphenyls(PCBs)

Category of Compound

Degradable or Not?

Conditions Under Which Degradable

Polychlorinated biphenyls (PCBs)
(Note that PCBs consist of a mix-
ture of congeners with a set average
number of chlorine substitutions.)

Degradable if low number of chlo- | Aerobic
rine substitutions in the presence of

other C source (cometabolism)

Reductively dechlorinated if high | Anaerobic

number of chlorine substitutions

The location of chlorine substitutions is important. Orthosubstituted chlorines(immediately adjacent to each other)
are easier to reductively dechlorinate but harder to degrade acrobically.

Table 3. Selection of Intrinsic Remediation Protocol Document

1) Fuel Hydrocarbon Contaminated Groundwater

Distance from contaminants to receptor

Far Near Receptor Impacted
Sandy and homogenous ASTM or API-NAT AFCEE Fuels AFCEE Fuels w/ RBCA
Unconsolidated with slight heterogeneity ASTM or API-NAT AFCEE Fuels AFCEE Fuels w/ RBCA
Unconsolidated with moderate heterogeneity AFCEE Fuels or AFCEE Fuels AFCEE Fuels w/ RBCA

API-NAT

Unconsolidated with major heterogeneity AFCEE Fuels AFCEE Fuels AFCEE Fuels w/ RBCA
Highly weathered fractured shale this research this research this research w/RBCA
Fractured bedrock this research this research this research w/RBCA
Karst

2) Chiorinated Solvent Contaminated Groundwater

Distance from contaminants to receptor

Far Near Receptor Impacted
Sandy and homogenous AFCEE C1 AFCEE Cl AFCEE Cl w/ risk
Unconsolidated with slight heterogeneity AFCEE Cl AFCEE Cl AFCEE Cl w/ risk
Unconsolidated with moderate heterogeneity AFCEE C1 AFCEE C} AFCEE Cl w/ risk
Unconsolidated with major heterogeneity AFCEE Cl AFCEE Cl AFCEE Cl w/ risk
Highly weathered fractured shale this research this research this research w/risk
Fractured bedrock this research this research this research w/risk

Karst
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3) Soil and/or Groundwater Contaminated with Any Organic Compound

Distance from contaminants to receptor

Far Near Receptor Impacted

Sandy and homogenous this research this research this research w/risk

Unconsolidated with slighf heterogeneity this research this research this research w/risk

Unconsolidated with moderate heterogeneity this research this research this research w/risk

Unconsolidated with major heterogeneity this research this research this research wyrisk

Highly weathered fractured shale this research this research this research wirisk

Fractured bedrock

Karst

this research this research this research wirisk

AFCEE Fuels : Wiedemeier et al. (1995), “Technical Protocol for Implementing Intrinsic Remediation
with Long-Term Monitoring for Natural Attenuation of Fuel Contamination Dissolved
in Groundwater .

AFCEE Cl : Wiedemeier et al. (1995), “Technical Protocol for Implementing Intrinsic Remediation
with Long-Term Monitoring for Natural Attenuation of Chlorinated Aliphatic
Hydrocarbons Dissolved in Groundwater " .(draft)

API-NAT : Rafai(1996), “Natural Attenuation Toolbox”, Americand Petroleum Institute.(draft)

ASTM : ASTM(1996), Guide for Remediation by “Natural Attenuation at Petroleum Release Sites’ .

RBCA : ASTM(1995), Standard Guide for Risk-Based Corrective Action(RBCA) applied at petroleum

release sites. E-1739-95. September 10.

Risk : Use of a risk based analysis and/or a mass loading rate analysis.
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L Object of model application J
l

Field data compling and data evaluation |
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| Model conceptualization |
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[ Investigation of model source |
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sensitivity analysis
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[ Model validation |

l
[ Model selection ]

l
| Application ]

Fig. 2. Procedure for model selection.
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