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(ABSTRACT)

The purpose of this research was to evaluate the rates, pattems, and pathways involved in

Ä the biodegradation of organic contaminants in subsurface environments. Subsurface material was
N) obtained from ten sites in six geogaphical locations representing diverse environmental conditions.

The overall goal was to gain a general understanding of biodegradative mechanisms rather than

making site·specific measurements.

The biodegradation rates of methanol, phenol, and t·butanol (TBA) were evaluated in

static soil/water microcosms. Biodegradation assays were conducted under ambient anoxic

conditions, and with the addition of potential electron acceptors (nitrate, nitrite, sulfate) or

metabolic inhibitors (molybdate, BESA) to promote different pathways of anaerobic microbial

metabolism (nitrate respiration/denitrification, sulfate reduction, or methanogenesis).

In unamended systems, biodegradation rates varied considerably between sites. Methanol

and phenol were degraded fairly readily. Rates generally ranged from 0.5 to 1.0
mgL‘ ‘d‘ ‘

for 20°C

incubation. Disappearance of methanol and phenol followed zero- to f'rrst~order kinetics and was

usually immediate, requiring no aoclimation period. TBA was relatively recalcitrant in subsurface

soils, disappearing at a rate of 0.1-0.3 mgL’
‘d‘ ‘

(20°C). No biodegradation was evident, relative

to sterile controls, in certain soils. The pattern ofTBA degradation was typically biphasic: a long

lag period of slow, linear removal was followed by an abrupt increase in removal rate (albeit still



slow). Biodegradation rates were positively correlated with bacterial density for I2 soil samples

from 3 sites within a localized area at Blacksburg, Virginia. However, this relationship did not exist

between soils from diverse locations.

The prevailing electron acceptor conditions govem the catabolic pathways utilized in the

anaerobic respiration of organic contaminants. The effects of the added electron acceptors and

inhibitors on biodegradation rates varied between sites. Two general types of systems are indicated

by relative biodegradation rates, chaxacteristic responses to electron acceptor/inhibitor arnendments,

and general environmental conditions. "Fast" soils are characterized by a higher flux of water and

nutrients, higher biodegradation rates, and rate enhancement upon adding nitrate or sulfate. In

"slow" soils, organic contaminants are degraded at lower rates, rates are decreased by adding nitrate,

sulfate, or BESA (which inhibits methanogenesis), and rates are increased by adding molybdate

(which inhibits sulfate reduction). Nearly all soils tested were capable of sulfate-reducing and

methanogenic metabolism, but those populations were more active, and competition between the

two groups was less severe, in "fast" soils. In contrast, "fast" soils appeared to harbor an active

population of nitrate respiringldenitrifying bacteria, whereas in "slow" soils that metabolic group

was inactive, absent, or susceptible to nitrite toxicity.
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Chapter 1

Introduction

Contamination of subsurface systems by toxic chemicals threatens public health and

welfare by fouling a major source of domestic, industrial, and agricultural water. Once

contaminated, an aquifer can be restored to a relatively clean state by a variety ofphysical, chemical,

or biological methods, which can be applied either above ground or in situ. indigenous soil

microorganisms are capable of degrading many organic chemicals, and in situ biological restoration

of contaminated aquifers is a potentially cost·effective and environrnentally acceptable remediation

technique where applicable (Wilson et al., l986e). As Wilson and coauthors point out, many

potentially hazardous situations are naturally remediated by indigenous soil rnicroorganisms. ln

situ biodeyadation may be stimulated by enhancing the degradative capacity of the active rnicrobial

community or by adding a bacterial culture which has been acclimated to using a particular

contaminant. While the potential for biodegrading many organic contaminants is inherent in

subsurface systems, the actual biodegradation rates realized in situ are inlluenced by myriad factors

including: the nature of the contaminant and its concentration, the presence of other organic

substrates, the oxidatiomreduction potential, the concentration of dissolved oxygen or alternate

electron acceptors, pH, temperature, inorganic nutrients, soil moisture, salinity, toxic or

inhibitorycompounds,and the composition and condition of the microbial community.

Despite the vast number of factors which alfect biodegradation, reliable estimates of the

rates at which organic contaminants are transforrned in subsurface systems are needed to assess the

risk to public health from contaminant sources and to evaluate remediation strategies. Also, it is

important to understand the effects of various environmental factors that are important in

controlling the biodegradation potential of subsurface systems.
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The results of this research are presented and discussed in five chapters. 'lhe objectives of

this study, by chapter, were as follows:

Chapter 4. To compare general chemical, physical, and rnicrobiological characteristics of

the subsurface environment at several different sampling sites. 'These data are considered in later

chaptcrs as reasons for intersite variations in biodegradation potential are investigated.

Chapter 5. To exarnine intrasite variations in biodcgradation rates of mcthanol, phenol,

and TBA in soils from several sites and depths within a localized sampling area at Blacksburg,

Virginia. Spatial patterns and kinetics of biodegradation were investigated, and the ability of

microbial measures to indicate biodegradation rates was evaluated.

Chapter 6. To evaluate biodegradation rates and patterns in a distinctly different subsurface

environment at Newport News, Virginia.

Chapter 7. To evaluate and compare biodegradation rates of organic chcmicals, primarily

methanol and TBA, in subsurface soils from several locations, and to compare degradation rates in

those soils under ambient anoxic, nitrate·reducing/denitrifyirig, sulfate·reducing, and methanogenic

conditions.

Chapter 8. To investigate the pathways of anaerobic respiration utilized in biodegrading

organics in subsurface soils by rneasuring electron acceptor use. The overall goal of Chapters 7 and

8 was to gain an understanding of intersite variations in biodegradation potential and to detemrine

the importance of different metabolic pathways to biodegradation of organic contaminants in

subsurface systems.
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Chapter 2

Literature Review

2.I Microbial Mctabolism ·- Introduction
The existence of an active microbial population in a subsurface soil is contingent upon the

U

suitability of environmental conditions, including moisture content, redox potential, pli,

temperature, osmotic pressure, and the availability of required nutrients. Microorganisms need

nutrients for energy production (catabolism) and synthesis of cellular constituents (anabolism).

Anabolic nutrients include an organic or inorganic carbon source along with nitrogen, phosphorus,

sulfur, and low levels of various minerals. Catabolism requires the availability of: (l) an electron

donor, which may be an oxidizable organic or inorganic compound, and (2) an electron acceptor.

ln most subsurface systems of interest, microbial activity should not be precluded by environmental

conditions, including nutrient availability, but low levels of readily utilizable carbon sources,

electron acceptors, phosphorus or nitmgen may limit microbial activity (McNabb and Dunlap,

l975).

The pathways for microbial oxidation of organic compounds and conservation of energy

as ATP are: (l) fermentation, (2) aerobic respiration, and (3) anaerobic respiration.

2.2 Fcrmcntation ·
Fermentation is the partial oxidation of an organic compound which serves as both the

electron donor and acceptor — i.e., some atoms of the energy source are oxidized while others are

reduced. Thus, fermentative microorganisms can degrade organics in the absence of an extemal
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electron acceptor; however, only a small portion of the available energy is released, the balance

remains in the fermentation products. For example, fermentation of glucose to ethanol and carbon

dioxide via the Embden-Myerhof-Pamas pathway liberates 57 kcal/mole of energy and results, by

substrate·1evel phosphorylation, in a net production of or1ly 2 ATP molecules (Brock, 1974). A

theoretical ferrnentation reaction using formaldehyde as the organic substrate illustrates the process

and its low energy yield (Stumm and Morgan, 1981):

CH20 + ä H20 —•
71- CO2 + ä CH20H AG°' = -6.4 kcal/equiv (2.1)

2.3 Aerobic Rcspiratiou
Oxidation of an energy source coupled with reduction ol' an external electron acceptor is

caHed respiration. Molecular oxygen is the terminal electron acceptor used in aerobic respiration.

In aerobic respiration, pyruvate, a key intermediate in metabolization of organic compounds, enters

the Krebs cycle where it is completely oxidized to CO;. 'The electron carrier NAD is reduced to

NADH;. The NADH; formed in the Krebs cycle is reoxidized via the electron·transport system

with concomitant production of ATP by oxidative phosphorylation. Electrons are transferred to

the terminal electron acceptor O; forming H;O. Oxygen is the most ellicient electron acceptor:

up to 38 ATP molecules can be produced from the 688 kcal/mole liberated by the oxidation of

glucose to CO; and water. The equation for aerobic oxidation of formaldehyde is (Stumm and

Morgan, 1981):
i

CH20 + Oz -• CO2 + H20 AG°' = -29.9 kcal/equiv (2.2)

Unsaturated subsurface zones are generally considered to be aerobic, albeit with anaerobic

microsites, because of a more·or-less direct connection through pores with the atmosphere. Also,

soils saturated with oxygenated groundwater may provide an aerobic environment as long as the
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rate of oxygen consumption due to microbial activity does not exceed the rate of oxygen

replenishment resulting from groundwater flow or reaeration.

2.4 Anaerobic Respiration
Anaerobic subsurface environrnents occur in organic·rich saturated soils where microbial

metabolism has depleted the available oxygen and anaerobic microenvironments exist in
' generally-aerobic regions because of soil heterogeneity and a lack of interconncctedness between

voids. In the absence of molecular oxygen, organic compounds can be decomposed by

microorganisms via anaerobic respiration in which an alternate (to O;) terminal electron acceptor

is used in electron·transport·coupled phosphorylation. The major terminal electron acceptors used

in anaerobic respiration are nitrate (and other nitrogen oxidcs), sulfate, and carbon dioxide. Many

other potential electron acceptors exist, including protons (11*), organic compounds, ferric iron,

elemental sulfur, tetrathionate, sulfite, and manganic manganese. The hydrogenation reactions

associated with these electron acceptors may or may not be coupled with electron transport

phosphorylation (ETP). Thauer et al. (1977) report that fumarate reduction to succinate

(AG°’ =¤ -10.3 kcal/equiv) is evidently coupled with ATP synthesis via ETP in a variety ofbacteria

and that the redox potential of the Fe‘*/Fe** couple (E°' = 772 mV) makes ETP thermodynamically

feasible. ln anaerobic sediments containing a usable form of Fe(ll1), Fe(1ll)-reducing organisms

were found to inhibit sulfate reduction (Lovley and Phillips, 1987) and methane production (Lovlcy

and Phillips, 1986) by outcompeting sulfate reducers and methanogens for H; and acetate.

2.5 Ecological Succession with Decreasing Redox Potential
The availability of terminal electron acceptors and the resulting redox conditions govem

catabolic pathways used by microorganisms, and therefore may have a profound effect on

biodegradation of organic pollutants in subsurface systems. Where replenishment of dissolved

5



oxygen is restricted, decomposition of organic matter causes the redox potential to decrease.

Oxidation reactions involved in metabolizing organic compounds are coupled with

rnicrobial1y·rnediated reduction reactions that proceed in a characteristic sequence as redox

potential declines (Figure 2.1, Table 2.1). This sequence is paralleled by a succession of metabolic

strategies used by the microorganisms responsible for active decomposition in the order: aerobic

respiration, denitrilication, fermentation, sulfate reduction, and methanogenesis (Stumm and

Morgan, 1981). Microorganisms use the energy liberated by the coupled redox reactions to produce

ATP. The standard free energy change associated with decomposition of organic carbon decreases

along the ecological succession of respiratory mechanisms. The inset in Figure 2.1 lists AG°' in kcal

per electron transferred. Far more energy per electron transferred is yielded via aerobic respiration,

denitrilication, and nitrate reduction than by fermentation, sulfate reduction, and methanogenesis.

2.6 Denitrüfcation
Nitrogen oxides are reduced in four types of biologically catalyzed reactions (Payne, 1981):

1. reduction to amrnonia for assirnilation into nitrogenous organic compounds
(assimilatory reduction);

2. respiratory reduction to arnmonia (dissimilatory reduction to arnmonia);

3. respiratory reduction of nitrate to nitrite (nitrate respiration); and

4. reduction of nitrite to gaseous nitrogen forms (denitrilication).

Photosynthetic plants and a variety of fungi and bacteria use nitrate~nitrogen for protein synthesis.

. ln the assimilatory process, nitrate is reduced to ammonia which is then incorporated into an

organic form, consuming 10 electrons (Losada et al., 1981):

HNO; —• HNO; —• [HNO] —• N1-1201-1 —• N1-13 —• Org - N (2.3)

Assimilatory nitrate reduction is inhibited by ammonia·nitrogen which is preferentially used as a

nitrogen source. Ammonia·nitrogen inhibits the synthesis of assimilatory nitrate· and

6
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nitrite·reductases (Payne, 1981). Bowman and Focht (1974) reported that, in the presence of

NH}, 98% of the nitrate transformed in sandy soils was reduced to N;. Generally, assimilatory

nitrate reduction only begins after NH} is depleted (Losada et al., 1981).

2.6.1 Dissimilatory Reduction of Nitrogen Oxides
The latter three types of reactions listed above are dissimilatory processes. Dissimilatory

reduction of nitrate to amrnonia occurs in certain bactcria under deeply anaerobic conditions

(Knowles, 1982; Yordy and Ruoff, 1981), but it appears to be envirorunentally insignificant relative

to nitrate respiration/dertitrification. Nitrate respiration refers to the reduction of nitrate to nitrite.

Denitrilication is strictly defined as the conversion of nitrite to gaseous nitrogenous compounds;

however, in the general sense, denitrification is applied to any or all of the reactions involved in the

dissimilatory reduction pathway:

2NO§ —• 2NO§ -• 2NO ·-• N2O —• N2 (2.4)

ln the dissimilatory process, nitrate or another nitrogen oxide is used as a terminal electron

acceptor in electron-transport·c0up1ed phosphorylation. It is this process which is important to the

biodegradation of organic contaminants in goundwater by providing a repository for electrons

donated by oxidizable organics. Any of the four nitrogen oxides (NO;, NO;, NO, or N,O) can

serve as terminal electron acceptor for anaerobic respiration, although their use is generally

sequential (Payne, 1981). Nitrate is consumed with a concomitant accumulation of nitrite; then

when nitrate is largely depleted, nitrite is rapidly used and gaseous forms appear. The presence of

a predecessor compound apparently inhibits the use of successor compounds but this inhibitory

effect weakens as the predecessor concentration decreases. Payne (1981) described this

phenomenon metaphorically as a series of weirs as opposed to containment dams. It follows that

the appearance of dissimilatory products in the soil environment is sequential (Figure 2.2). Nitric

U oxide, NO, quickly decomposes in the presence ofoxygen and is rarely observed in the atmosphere

9
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of denitrifying soil cultures unless pll is low, NO; accumulates, or S‘ is present (Payne, 1981;

Fillery, 1983). Nitrous oxide, N10, becomes an important end product ofdenitrilication under low

pH conditions, otherwise dinitrogen gas, N1, predominates (Payne, 1981; Firestone, 1982; Fillery,

l
1983). ln nature, nitrogen is lost from the soil environment through volatilization of the gaseous

nitrogen products of denitrilication. This loss of the essential macronutrient nitrogen from the

rhizosphere is detrimental to agriculture and increases fertilizer requirements.

2.6.2 Microbiology of Denitrifiers

Most denitrifying bacteria are facultative with respect to respiration, using oxygen as

terminal electron acceptor when available and using nitrogen oxides only under anoxic or very low

oxygen conditions. Although the same electron transport chain functions in either aerobic or

anaerobic respiration, it is shortened in the latter; only 2 ATP molecules are generated by oxidative

phosphorylation per mole of NO; reduced to NO1 rather than the 3 ATPs generated with the

reduction of Oz to H10 (Brock, 1974). The synthesis of denitrifying enzymes (reductases) is

induced by anoxic conditions even in the absence of nitrogen oxides, but their presence intensilies

enzyme production (Whatley, 1981). Anoxia is required for synthesis, stability, and functioning of

the dissimilatory enzymes but not the assimilatory reductases (Payne, 1981). A11 of the

dissimilatory reductases are synthesized simultaneously but, as mentioned earlier, they tend to

function sequentially (Payne, 1981).

Denitrifying bacteria are ubiquitous in soils. The basic requirements for denitrilication in

subsurface systems include: anoxic conditions or a limited supply of oxygen, suitable electron

donors, nitrogen oxides, and microorganisms capable of denitrilication metabolism. Most

denitrifying bacteria are chemoorganotrophs (use organic carbon compounds as C and energy

sources), although some species can function lithotrophically on H1 or reduced sulfur compounds

— (Firestone, 1982). A denitrilier may be able to mediate any or all of the steps of equation 2.4,
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depending on the capability of its species. Organisms have been observed which can accomplish

the following reductions (Alexander, 1977; lngraharn, 1981):
•

NO; -• N,
•

NO; —• NO;
•

'V N}

•
NO; -• NO;; NO —• N,O

•
NO; —• N,O

Many more bacterial genera are capable of nitrate respiration (Table 2.2) than denitrilication (Table

2.3).

2.6.3 Denitrification Substrates, Reactions, and Energetics

A wide range of organic compounds can be used as electron donors for denitrilication.

Table 2.4 lists some organics biodegraded by nitrate respiring/denitrifying consortia. Amenable

compounds include carbohydrates, organic acids, aliphatic and aromatic hydrocarbons, halogenated

compounds, and polynuclear aromatic hydrocarbons,

Expressions for dissimilatory nitrate reduction to nitrite and denitrilication to Nz, with H;

as the electron donor are (Thauer et al., 1977):

NO; + H, -• NO; + H,O AG°' = -39 kcal/mole (2.5)

· NO; + ä- H, + H+ -• N, + 2H,O AG°' = -95 kcal/mole (2.6)

A total of 5 electrons are transferred over the complete reduction of NO; to N,; hence, the Gibbs

free energy available, on an electron equivalent basis, is
AG°‘

= -27 kcal/electron transferred.

Stumm and Morgan (1981) provide a theoretical chemoorganotrophic, catabolic redox reaction by

coupling the overall denitrilication reaction with the oxidation of formaldehydec
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Table 2.2

Genera of Bacteria That Include Nitrate-Respiring Strains (source:
Ingraham 1981)

Actinobacillus Escherichia Peptococcus
Actinomyces Eubactcrium Photobacterium
Aeromonas Flavobactcrium Planobispora
Agrobacterium Fusobacurium Planomonospora
Alcaligenes Geodermatophilus Plesiomonas
Arachmb Haemophilus Propionibacterium
Arthrobacter Halobacterium Prolcus1
Bacillua Halococcus Pseudomonas
Bacterabnema Hyphomicrobium Rhizobium
Bactcroides Hyphomonas Rothia
Bcnechea Klebsiella Salmonclla
Bordetella Lactobacillus Selenomonas
Branhamclla Leptolhnlr Serratia
Brucella Listeria Shigclla
Campylobacter Lucibacterium Simonsiella
Cellulomonas Microbispora Spirillum
Chmmobacterium Micrococcus Sporosarcina
Citmbacter Micromanospora Streptomyces
Clostridium Momxella Streptosporangium
Corynebacterium Mycobactcrium Thiobacillus
Cytophaga Neiueria Thiomicrospira
Dactylsporangium Nocardia Veillonzlla
Enterobactzr Paracoccus Vibrio
Erwinia Pasteurella1
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Table 2.3
Genera of Bacteria Reported to Include

Denitrifying Species

Acinetobacler Lysobactera

Agrobaczerium Micrococcus

Alcaligenes Moraxella

Aquaspirillum Neisseria

Arthrobacter Paracoccus

Azospirillum Propionibacterium

Bacillus Pseudomonas

Branhamella Rhizobium

Campylobacter Rhodopseudomonas

Chromobaczerium Simonsiella

Corynebacterium Spirillum

Cylophaga Thermotrix

Flavobacterium Thiobaccilus

Gluconobacter Thiomicrospira A

Hyphomicrobium Vibrio

Halobacterium Xamhomonas

Sources: Payne, 1981; Ingraham, 1981; Fillery, 1983
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Table 2.4
Organics Degraded by Denitrifying Bacterial Consortia

Compound Reference
p-cresol Bossert & Young, 1986; Bossert et al., 1986

0·phtha1ic acid Altring, et al. 1981; Aftring and Taylor,
1981

2·11uorobenzoate Schennen et al., 1985

vanillic acid and other methoxyaromatics Taylor, 1983

monolluorobenzoate and monochlorobenzoate Taylor et al., 1979

benzoate Williams & Evans, 1975

benzene Taylor et al., 1970

mono-, di-, and trirnethylamine Meiberg &. Harder, 1978

dibromochloropropane, dibromochloromethane, Bouwer &. McCar1y, 1983b; Bouwer et al.,
ethylene dibromide, 1,1,1-uichloroethane, 1986
bromodichloromethane, bromoform,
carbon tetrachloride

protocatechuate, phenylalanine, Oshima, 1965
p-hydroxybenzoate, benzoate,
tyrosine, succinate

benzoate, 2·aminobenzoate, Braun & Gibson, 1984 \
3~hydroxybenzoate, 4·hydroxybenzoate,
2-carboxylbenzoate (phthalate),
1-cyclohexenecarboxylate, adipate,
pimelate, acetate, propionate, butyrate,
caprolate, lactate, malate, fumarate,
succinate, glucose, fructose, sucrose,
maltose, acetoin, acetone

benzene, toluene, xylene Major et al., 1988

toluene, m·xy1ene, 3·ethy1to1uene, Kulm et al., 1988
p- and m-cresol, p-hydroxybenzoic acid,
benzaldehyde, benzoate, m·to1uy1a1dehyde,
m·to1uate, cyclohexanecarboxyilic acid

naphthol, naphthalene, acenaphthene Mihelcic & Luthy, 1988a,b

phenol, benzoate, 3-, and 4~hydroxy- Bakker, 1977
benzoate, 3,4·dihydroxybenzoate,
o-, m-, and p-cresol
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CH2O + -% H+ -• N2 + CO2 + Lg- H20 AG°' = -28 kcal/equiv (2.7)

For comparison, the comparable aerobic reaction is (Stumm and Morgan, 1981):

CH2O + O2 —• CO2 + H20 AG°' = -30 kcal/equiv (2.8)

2.6.4 Denitrification Kinetics ·
Biological denitrilication is employcd in wastewater treatment to remove nitrate. lt is

common to add a readily usable organic substrate such as methanol to serve as electron donor in

denitrification processes. The half·saturation coeflicient (K,) is very low for methanol, hcnce it is

limiting only at low concentrations. When methanol is non·1imiting, Monod kinetics relating

growth rate (p) or denitrilication rate versus nitrate concentration yield the following kinetic

coellicients (Gaudy and Gaudy, 1980):
•

Maximum growth rate, ;r,„,,, = 0.2 - 2.0 day·'
•

K, = 0.06 — 0.16mg NO; - N/L (4.3 - 11.4pM NO;)
•

Theoretical growth yield, Y, = 0.6 — 1.2 mg/mg NO; — N
•

Endogenous decay coeflicient, K, = 0.04 day·‘

K, values determined by Betlach (1979) for several denitrifying soil isolatcs (< 15pM NO;) show

good agreement with those from biological wastewater treatment processes. However, K, values

determined for denitrilication in soils are much higher, ranging from 0. l3 to 12;rM NO; (Firestone,

1982). _
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2.6.5 pH Effects on Denitrification
In general, denitrification rates are directly related to pH below an optimum range of

7.0-8.0 (Knowles, 1982). At pH values below 6.0, denitrification is progressively inhibited; but low

rates of denitrilication have been found in acid soils with pH as low as 3.5 (Klemedtsson et al.,

1978). The direct cause of the effect of pH on denitrification is not clear. The observed

accumulation of NO;, NO, and N10 as products of denitrilication in acid soils indicates an

inhibition of the respective reductases (Fillery, 1983). Whether the inhibition is due to a direct effect

of soil solution pH, increased NO; toxicity, enhanced inhibition of NO; on NO- and N;0'

reductase activities, or some other pH-induced deficiency or toxicity is a matter of speculation

(Firestone, 1982). Nitrite is toxic to many organisms and NO; toxicity increases with decreasing

pH (Castellani and Niven, 1955; Firestone, 1982). Nitrate reductase is a molybdoprotein and

molybdenum availability decreases with decreasing pH; however denitrification did not increase

upon adding molybdenum to a soil of pH 3.6 (Bremner and Shaw, 1958). Firestone (1982) also

suggests that increased solubilization of aluminum or manganese at low pH might cause toxic

effects.

2. 7 Sulfate Reduction
Like nitrate, sulfate is reduced during both assimilatory and dissirnilatory

biologically-mediated processes. In the assimilatory process, sulfate is reduced to form sulfhydryl

groups which are incoiporated into organic·S compounds, primarily the amino acids cysteine and

methionine. The sulfur content ofmost microorganisms is 0.1-1.0% of their dry weight (Alexander,

1977). In the dissimilatory process, sulfate is used as the electron acceptor in energy-conserving

reactions coupled with the oxidation of organic or inorganic electron donors. Dissimilatory sulfate

reduction occurs in deeply anaerobic environments (E., < -150mV; Connell and Patrick, 1968)

containing sulfate and lacking nitrate. In such environments, sulfate reducing bacteria (SRB) carry
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out the ecolodcal function ofoxidizing the fermentation products ofcomplex biopolymers (Pfennig

and Widdel, 1982). Some SRB oxidize organies ineompletely to acetate (or acetate and propionate)

while others are capable ofcomplete oxidation to CO;. ln the latter case, SRB function as terminal

oxidizers of organic matter in sulfate·rich anaerobic environments analogous to methanogenic

bseteris in sulfate-free systems.

2.7.1 Dissimilatory Sulfate Reduction

Dissimilatory sulfate reduction can be described as a two·step process: (1) the reduction

of sulfate to bisullite, and (2) the reduction of bisullite to sullide (Akad, 1981). Sulfate is initially

activated by ATP, forming adenosine phosphosulfate (APS) and inorganic pyrophosphate, before

being reduced to bisullite:

2ATP
soZ‘ -• APS -• 1-ISO; (29)

This mechanisrn is lirmly established. In step 2 ofthe process, bisulüte is reduced to sullide which

accumulates as a major end product of the respiratory process; however, the intermediates involved

in the pathway are not delinitively resolved. The pathway ürst proposed by Kobayashi et al. (1969)

and supported by subsequent work (Kobayashi et al. 1972; Akad et al., 1974; Jones and Slcyring,

1975; Drake and Akad, 1977) includes trithionate and thiosulfate as intermediatesz

H, 1-1; 11;
mso; -• s,o§‘ ;• s,o§‘ ;• s“‘

(2.10)
so§‘ so§‘

Controversy over the bisullite-to·sul1ide pathway has arisen as a result of the variability ofproduct

formation observed under dilferent assay conditions (Akad, 1981). In addition to the pathway

shown (equation 2.10), some evidence indicates that bisullite reductase is capable of reducing

HSC; directly to S' (Murphy and Siegel, 1973) or to $,0}* and S' as the major products (Seki and
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lshimoto, 1979). In addition to sulfate, sullite, thiosulfate, tetrathionate, or sulfur can be used as

electron acceptors by some SRB species (Pfennig and Widdel, 1981; Postgate, 1984; Nanninga and

Gottschal, 1987).

2.7.2 Microbiology of Sulfate Reducers
Sulfate reducing bacteria are strict anaerobes, including chemolithotrophs and

chemoorganotrophs, which use sulfate as a terminal electron acceptor. Certain species of SRB can

grow using altemate modes of growth in the absence of sulfate such as 1'ermentation, nitrate

reduction, pyrophosphate utilization, and interspecies hydrogen transfer (Peck, 1984). Seven genera

of SRB have been described: Desulfobulbus, Desulfovibrio, Dcsußbmaculum, Dem!/'obacter,

Desulfococcus, Desulfosarcina, and Desußbnema. Two broad physiological groups of SRB can be

dilferentiated: those which oxidize their substrates incompletely to acetate and those which

completely oxidize their substrates to CO; (Pfennig and Widdel, 1981). lncomplete oxidizers are

represented by species or strains in the first three genera listed and complete oxidizers comprise

forms in the latter six genera.

2.7.3 Sulfate Reduction Substrates, Reactions and Energetics
Electron donors used by SRB include organic acids, alcohols, and carbohydrates.

Aromatic and ring compounds are also degaded via sulfate reduction. Undoubtedly, the list of

organics degraded by SRB (Table 2.5) is incomplete and will be expanded as more research is
‘ conducted.

Pfennig and Widdel (1981) provided empirical stoichiometric relationships for complete

and incomplete conversions of important substrates by SRB (Table 2.6). Incomplete oxidation

yields stoichiometric quantities of acetate from C·even fatty acids, whereas C·odd fatty acids are

converted to acetate plus one propionate molecule. These observations suggest that the carbon

chain is broken down by classical ß·oxidation (Pfennig and Widdel, 1982).
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Table 2.5
Organics Degraded by Sulfate-Reducing Bacterial Consortia

Compound Reference
C;-C1; fatty acids C„I—1,,,O, Pfennig & Widdel, 1981
benzoate, phenylacetate, 3·pheny1propionate

H;/CO; Badziong et al., 1978

cyclohexane, carboxylate, hydroxylbenzoate, Widdel, 1980, cited by
hippurate Peck, 1984

mcthanol, ethanol, propanol, butanol, Postgate, 1984
lactate, pyruvate, malate, benzoate,
succinate, oxamate, oxalate, fumarate, citrate,
cysteine, choline, formate, acetate,
glucose, glycerol

benzoate Balba & Evans, 1980

phenol, benzoate Suflita & Miller, 1985
Gibson & Suflita, 1986

o-, m·, and p-cresol Smolenski & Sullita, 1987

H2, formate, propionate, butyrate, valerate Nanninga & Gottschal, 1987
caproate, heptanoate, caprylate, pelargonate,
methanol, ethanol, l—propanol, 1~butanol,
glycerol, lactate, pyruvate, succinate, fumarate,
malate, oxaloacetate, choline
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Table 2.6

Experimentally Established Stoichiomctric Relationships for
Sustrate conversions by Sulfate-·Reduc ing Bacaceria (Source:
Pfennig & Widdel 1981)

1. lnconaplcuoxüation

. Propionaac: 4CH,CH,CO0°+3S0} '-•4CH,CO0'•3HS°+H°
Sana: chain taaay acid: ‘

with uncvcn numbers of
C-caoms: CH, (CH, ),M, C00'+§S0} '-•CH,CH,C00'+nCH,C0O'+

§HS•+§H*
Smkha chain fatty uid: -
with cvcn numbers of
C~•toms: CH, (CH, ), „CO0'·•#S0} °-•(n+l)CH,COO'•§HS'+‘} H°

1. Conaplcac oxidarlon

Focmhtc: 4HCOO'•$0} °+H,O-•4HCO;•HS'•·OH'
Accaau: CH,C00•+S0: •-•2HCO;•l·IS·
Palmitaac: 2C!-I, (CH, ),,G)0°+23S0} '·•32HCO;+23HS'7I·I*
Fatty acids, gcncnlz 4H(CH, ),,C0O°•(3n+I )$0} °+H, O-•(4n•·4)HCO;+(3n+1)HS°•

HO‘•nH*
Bcnzoaacz 4C,

H,21



The overall sulfate reduction pathway, with H; as the electron donor, involves the

transference of 8 electrons (Thauer et al., 1977):

so}- + 41*12 + 11+ -• HS- + 4H20 AG°' = -36.4 kcal/mole
, (2.11)

(AG° = -4.6 kcal/equiv)

ln more detail, sulfate is reduced to bisullite in phase 1 of the process. The steps involved in this

phase are: (1) activation of sulfate by ATP to APS, (2) hydrolysis of inorganic pyrophosphate

(PP,), and (3) reduction and cleavage of APS to bisullite and AMP (Thauer et al., 1977):

soZ‘ + 2H+ + ATP —• APS + PP, AG°' = +11 kcal/mole (2.12a)

PP, + H20 —• 2Pi AG°' = -5.2 kcal/mole (2.12b)

APS + Hz -• HSO§ + AMP + H- AG°' = -16.4 kcal/mole (2.12c) .

so§' + H2 + H- -• HSO§ + H20 AG°' = +4.7 kcal/mole (2.12d)

Bisuliite is reduced to suliide in phase 2 of the sulfate reduction pathway. Uncertainty over phase

2 has generated two possible mechanisms: (1) the direct”6·e1ectron reduction with no free

intermediates,

HSO§ + 3H2 -• HS- + 3H20 AG°' = -41 kcal/mole (2.13)

and (2) a “recyc1ing sullite pool" mechanism with trithionate and thiosulfate as free intermediates

(Thauer et al., 1977).

3HSO§ + H2 + H+ -• S20ä- + 3H20 AG°' = -11.1 kcal/mole (2.14a)

$20ä- + H2 —• $20;- + HSO§ + H+ AG°' = -29.4 kcal/mole (2.14b)

22



S20§' + H2 —• HS' + HSO§' AG°' = -0.5 kcal/mole (2.14c)

Combinihg the overall sulfate reduction reaction with the oxidation of formaldehyde gives
the theoretical catabolic equation (Stumm and Morgan, 1981):

CH20 +ésoZ‘ + ä
H+ -• CO2 + —%- HS' + H20 AG°' = -5.9 kcal/equiv (2.15)

For comparison, the comparable theoretical methanogenic equation is (Stumm and MOf@I1, 1981):

CH2O —• CH‘ +é CO2 AG°' ¤ -5.6 kcal/equiv (2.16)

The free energy yield via sulfate reduction, methanogenesis, and fermentatioh is similar and quite
low compared to that of aerobic respiration (-29.9 kcal/equiv) or denitriücation (-28.4 kcal/equiv).
Nevertheless, sulfate reduction is linked to sullicient energy conservation to support microbial
growth. Badziong et al. (1978) dernonstrated this unequivocally by showing SR13 growth with H;
as the sole energy source (electron donor) with CO; and acetate as carbon sources. Dissimilatory
sulfate reduction is coupled with the net synthesis of 1 ATP molecule pcr reaction (i.e., via electron
transport phosphorylation), rather than, as was previously thought, serving as an electron sink for
substrate level phosphorylation (Thauer and Badziong, 1981):

2e' 6e°
SOÄ" -• APS —• HSOQ' -1-• 112S (2.17)

T
ZATP 3ATP

2.7.4 Role of Hydrogen in Anaerobic Environments
Anaerobic biodegxadation of orpnic matter occurs via a series of H;-forming and

H;·consuming reactions which are mcdiated by characteristic bacteria. Hence, expressing

oxidationaeduction partial reactions with H* as electron acceptor and H; as electron donor “leads
to reactions and free energy changes of direct biological signilicance for chcmotrophic anaerobic
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bacteria ('Ihauer et al., 1977).'° For example, the oxidation of acetate by SRB is actually the sum

of coupled H;·producing (electron donating) and H;·consurning (electron acoepting) reactions:

CH3COO- + 4HzO -• 2HCO§ + 4H2 + H+
AG°’

= +25 kcal/mole (2.18a)

so}- + H+ + 4Hz -• HS- + 4HzO AG°' = -36.3 kcal/mole (2.18b)

CHBCOO- + SO}- -• 2HCO§ + HS- AG°' = -11.3 kcal/mole
(AG°' = -1.4 kcal/equiv)

(2. IBC)

In the equation above, both the H;-producing and ·consurning reactions are effected by the

same organism, but these two functions can be accomplished by different groups of organisms.

The mutually beneficial relationship which occurs when two or more species are involved in

H;-production and ·consumption is called "interspecies H; transfer" (discussed further in Section

2.8.4). In anaerobic environments, H; is consumed by chemolithotrophic homoacetogenic and

methanogenic bacteria or, in the presence of sulfate, by chemolithotrophic SRB. H; can be

produced by fermentative bacteria which reduce Ht to H; rather than disposing of elcctrons via

organic fermentation products, and H; is obligately produced by a group of bacteria which degrades

reduoed fermentation intermediates to acetate. Also, at least one sulfate reducer, Desudbvibrio, can

produce H; in sulfate·poor environments (Bryant et al., 1977). Both H;-production and

H;~consumption is limited by the partial pressure of H; in the environment due to the

thermodynamics of metabolic reactions (Conrad et al., 1986). H;-consumers determine the lower

limit and H;-producers fix the upper limit of a range of H; partial pressure which perrnits their

respective reactions to be exergonic. The activities of the two types of organisms function in

concert to maintain environmental H; conditions conducive to the complete oxidation of organic

material.

‘
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2.7.5 lnhibition of Methanogenesis by Sulfate Reduction
Sulfate reduction plays a major role in limiting methanogenesis and thereby controlling the

flow of carbon and electrons anaerobic systems. lnhibition of methane production by sulfate

reduction has been demonstrated repeatedly in sediment systems (MacGregor and Keeny, 1973;

Cappenberg, 1974; Winfrey and Zeikus, 1977; Abram and Nedwell, 1978; Oremland and Taylor,

1978; Mountfort et al., 1980; Smith and Klug, 1981; Sorenson et al., 1981; Senior et al., 1982;

Lovley et al., 1982; Oremland and Polcin, 1982; King et al., 1983; Winfrey and Ward, 1983; Lovley

and Klug, 1983). Methane production from H; and acetate was inhibited by the presence of as little

as 0.2mM sulfate in freshwater sediments (Winfrey and Zeikus, 1977). Sulfate reducers can

outcompete methane producing bacteria (MPB) for H; and acetate, the major methanogenic

substrates present in nature. The oxidation of hydrogen or acetate releases more energy when

coupled with sulfate reduction than when linked to CO; reduction or acetate decarboxylation

(Table 2.7). However, thermodynamics alone cannot explain the empirical inhibitory effect (e.g.,

if MPB had higher uptake rates than SRB, they might have the energetic advantage). But kinetic

analyses indicate that SRB have higher affinities for H; and acetate than MPB. The half·saturation

constants (K,, the substrate concentration at which uptake proceeds at half the maximum rate) for

H; and acetate are lower for SRB than MPB (Table 2.7). ln mixed cell suspensions of a

sulfate·reducing bacterium and a methane-producing bacterium which were adjusted to produce

equal maximum uptake rates, the rates of substrate utilization by the SRB exceeded those of the

MPB by 5- and l5·fo1d for H; and acetate iespectively (Kristjansson et al., 1982; Schonheit et al.,

1982). Consequently, the combination of thermodynamic and kinetic factors explain the inhibitory

effect observed in anaerobic environments containing adequate sulfate and limiting concentrations

of H; and/or acetate. In systems with these conditions, methane is produced from H; or acetate

only after sulfate is depleted. When H;/acetate concentrations are non-limiting, both processes

may occur.
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p Table 2.7
Thennodynamic and Kinetic Factors Favoring

Sulfate Reduction Over Methanogenesis

a. Thermodynamics
Electron Bacterial AG", kcal/mole of
Donor Group Reaction Electron Donor
H; SRB 4H;+SO§·+H*-•HS° +4H;O -36.3
H; MPB 4H;+ HCO;+H*—•CH;+ 3H;O -31.3

acetate . SRB CH;COO' + SO}--•HS ' + ZHCO; -11.2
acetate MPB CH;COO’ + H*·—•CH.; + CO; -8.6

SRB • sulfate-rcducing bacteria

MPB •
methane-producing bacteria

Source: Frea. 1984 _

b. Kinctics
Electron Bacterial
Donor Group K, Reference
H; SRB 141 Pa Lovley et al. 1982
H; MPB 597 Pa

H; SRB 1pM Kristjansson et al. 1982
H3 6pM

acetate SRB 0.2mM Schönheit et al. 1982
acetate MPB 3mM
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A
Oremland and Polcin (1982) observed that while sulfate reduction inhibited

methanogenesis from H; and acetate, it did not inhibit methane production from methanol,

methylamines, or methionine; hence, the two types of substrates were classified as competitive and

non·competitive, respectively. The classification scheme was supported by the stimulation of the

production of "CH;, not "CO,, when labeled methylamine was added to active sulfate~reducing

sediments (Winfrey and Ward, 1983). In eontrast, labeled methionine and methanol added to

sediments were primarily converted to "CO, (Winfrey and Ward, 1983; King et al., 1983). King

(1984) reported that methylarnines were non·competitive substrates in marine sediments, but that

SRB outcompete MPB for methanol at low (;4M) concentrations while the reverse is true at higher

concentrations (> 1mM). The results of experiments on sulfate·reducing and methanogenic aquifer

materials indicate that acetate, 11;, and formate were competitive substrates whereas methanol and

trimethylamine were converted to methane (Beeman and Sullita, 1987). No sulfate-reducing

organisms capable of growing on methanol or trimethylarnine were detected in material from either

type of site.

2.8 Metlzanogenesis
Biological methane production occurs in a wide variety of anaerobic environments,

including sludge digesters, black muds, marshes, swamps, bogs, rice paddies, decaying heartwood

. of trees, aquatic sediments, thermal springs, intestines, rumens, and eutrophic soil/groundwater

systems. Methanogenic (methane-producing) bacteria are obligate anaerobes that require very low

redox potentials (E„ < -200 mV) and the absence of sulfate to be active (Bell, 1969; Connell and

Patrick, 1969; Cappenberg, 1974). Organic·rich, flooded soils and aquatic sediments represent

methanogenic soil systems. ln such environments, methane and carbon dioxide are the ultimate

fate of the complete dissimilation of complex organic compounds, with methane accounting for

nearly 50% of all the organic carbon degraded anaerobically (Higgins et al., 1981). ‘

27



2.8.1 Methanogenic Decomposition Process
Decomposition of complex organic compounds to methane is brought about by a

consortium of microorganisms in which methanogenic bactexia are the terminal organisms in the
anaerobic food chain. The conversion process can be divided into stages as outlined in Figure 2.3.
In the first step, biopolymers and other complex organics are hydrolyzed, via extracellular enzymes,

to simple sugars, fatty acids, and amino acids. These products are subscquently fennented by

facultative and anacrobic chemoorganotrophs to volatile fatty acids, alcohols, hydrogen, and carbon

dioxide. ln step 2, organic acids and alcohols longer than two carbons are oxidized to acetate and

H; (and CO; from odd-numbered carbon chains) by ß-oxidation. This transfonnation, called

acetogenesis, is accomplished by a group of bacteria known as obligate proton reducers because

they can only dispose of electrons by reducing H* to H;. In the third step, methanogenic bacteria

convert H; and acetate (as well as other substrates discussed below) to methane.

Since most of the organic matter entering soil systems is in the form ofcomplex polymeric

carbohydrates, proteins, and lipids, methanogens are obligately dependent on other microorganisms

for the supply of methanogenic substrates (Mah et al., 1977). ln soils, the availability of

methanogenic substntes in the methane production zone is affected by: (I) the rate and extent of

conversion of complex organics in non-methanogenic layers coupled with the nte of diffusion of

substrates to the methane·production zone, and/or (2) the rate of conversion of complex organics

to methanogenic substrates within the methane-production zone. _

2.8.2 Microbiology of Methanogens
Methanogenic bacteria are all strict anaerobes which produce methane through their

metabolism. They can grow either olithotrophically, using H; as electron donor, or

chemoorganotrophically on a limited number of organic substntes. The seven known genen of

MPB are: Methanobacterium, Mezhanobrcvibacter, Methanococcur, Methanomicrobium,

Methanospirillwn, Methanogenium, and Mcthanosarcina (Balch et al., 1979; Large, 1983). ln
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addition to organic-rich environments generally considered methanogenic such as those listed in the

introduction of this section, MPB occur in pristine aquifers where sources of oxygen re·supp1y are

limited. For example, MPB were found in deep (l200· 1800m) ground water from an aquifer which

underlies much of the northern Great Plains (Olson et al., 1981).

2.8.3 Methanogenic Substrates, Reactions, and Energetics
Methane-producing bacteria (MPB) can obtain energy through the oxidation of H;

couplcd with the reduction of CO;. MPB can obtain carbon from
col,

(albeit not via the Calvin

cycle) or from organic carbon sources. In addition to H;/CO;, pure culture work has expanded the

list of methanogenic growth substrates to include acetate, formate, methanol, methylamine,

dirnethylarnine, trimethylamine, ethyldirnethylamine, methane thiol, dimethylsulfide, 2-propanol,

2·butanol, ethanol, l·propanol, and possibly 1-butanol and l,3~butanedio1 (Zeikus and Wolfe,

1972; Zeikus and Henning, 1975; Daniels et al., 1977; Weimer and Zeikus, 1978; Smith and Mah,

1978; Mah et al., 1978; Hippe et al., 1979; Widdel, 1986; Kiene et al., 1986). Table 2.8 is a

compilation of several methanogenic reactions and their conesponding standard free energy changes

reported in the literature.

The negative standard free energy changes (-AG°) listed in Table 2.8 indicate that the

reactions are exergonic (energy-releasing) and therefore are thennodynarnically feasible. Yet a

lengthy debate occurred in the literature over whether acetate could serve as the sole energy source

for MPB (i.e., in the absence of H;), given that the standard free energy change of reaction 2.20

(Table 2.8) is so low (-7.4 kcal/mole) compared to that for the generation of ATP (7.6 kcal/mole

is released by ATP hydrolysis; Thauer et al., 1977). Smith and Mah (1978), working with a pure

culture of Methanosarcina, demonstrated that acetate was stoichiometrically converted to methane

during growth: one mole of methane was produced per mole of acetate consumed (reaction 2.30a,

Table 2.9). This fact along with the observations that cell yields and growth rates were dcpendent

on the quantity ofacetate converted to methane led the authors to conclude that acetate can indeed
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Table 2.9
Results of Methanogenic Radiolabel Experiments

Labeled Other (unlabeled)
Substrate Substrate Present Reaction

2.30a acctate none* *CH;COOl—l —• *CHa + CO;

2.30b acetate none *CD;COOH -• *CD;H + CO;

2.30c acetate none CH;*COOH —• CH.; + *CO;

2.30d acetate none *CH;*COOH —• *CH.; + *CO;

2.31 methanol none
l

4*CH;OH -• 3*CHa+ *CO;

2.32a methanol acetate *CH;OH —» *CH.i

2.32b acetate methanol *CH;COOH —» *Cl~l.; + 2CO;

2.33a acetate H; *CH;COO1~l —» *CH.;+ CO;

2.33b ·· H; l5H*CO; —• *CH.;+ 14*CO;

2.33c ·- none H*CO; —• *CO;

'100% N; atmosphere unless H; specilied

'denotes "C label

D
·- deuterium, *H

Sources: Mah et al., 1977; Mah et al., 1978; Smith & Mah, 1978.
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be used as the sole energy source for methanogenesis. With regard to the energetics of this reaction,

Smith and Mah (1978) considered it "...likely that more than one mole of acetate is required for the

generation of one mole ofATP, making it unliltely that substrate·level phosphorylation occurs

during acetate metabolism." Ratber, they favored the possibility of an electron transport

mechanism functioning in acetate catabolism.

Pure~cu1ture studies using radiolabeled compounds have provided valuable insights into

methanogenic rnetabolism of organic compounds. Table 2.9 summarizes experimental results of

Mah and co·w0rkcrs. The reactions presented in Table 2.9 are not necessarily balanced but they

are stoichiometrically correct with respect to the molar ratios of the compounds listed. The first

set of reactions (2.30a·d) demonstrate that the metbyl group in acetate is transforrned intact into

methane and that the carboxyl group is oxidized to carbon dioxide. Oxidation of ·COOH to CO;

provides electrons for the reduction of -CH; to CH• — i.e., an intemal source of reducing

equivalents.
’l'he

possibility that acetate is first completely oxidized to CO; and then reduced by

H; to methane is disproved by these results (Mah et al., 1978). Conversion of the metbyl group

to methane is due, at least in part, to coenzyme M which functions as a rnethyl carrier in

methanogenesis (Wolfe, 1979). Ccenzyme M (2·mercaptoetbanesu1fonic acid, HSCH;CH;SO; ')

occurs in all methanogenic bacteria and appears to be unique to the group (Large, 1983). A

possible scheme for metbyl transfer from methanol is:

CHJOH + HS —- CoM —• C112 -S - CoM +1*120 -• CH; + 11S — CoM (2.34)

Methanogenic rnetabolism of methanol results ir1 the production of methane and carbon dioxide

in a ratio of3:1 (reaction 2.31, Table 2.9). This ratio ariscs because the mcthanogens use methanol

as a source of both energy and rulucing equivalents (electrons). For every three moles ofmethanol

converted to rnethane, one mole of methanol must be oxidized to CO; to provide electrons for the

methanogenic reaction:

CH;01{ -1- H20 -• C02 + 6e” + 6H+
2 (2.35a)
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3CH2OH + 6e° + 6H+ -• 3CH; + 31120 (2.35b)

Ferry (personal communication) has indicated that in the presence of H; (i.e., an external supply
of reducing equivalents) methanol is converted entirely to methane.

4CH2OH -» 4CH; + 4H2O (2.36)

Methane production from a mixture of methanol and acetate is similar to that from a ~

mixture of methanol and H;. Reaction 2.32a shows that in the presence of acetate, each mole of

methanol used gives rise to one mole of methane (Mah et al., 1978), implying that reducing

equivalents are obtained from a source other than methanol. Reaction 2.32b shows that, in the

presence of methanol, methane and CO; are produced from acetate at a ratio of 1:2, in contrast to

the 1:1 methane·to· CO; ratio when acetate is the sole substrate (reaction 2.30a). Also, acetate

utilization is greatly reduced when methanol is present. These results imply that Mer/ranosarcina

preferentially reduces methanol using electrons generated from the oxidation of acetate to CO;

Working with an acetate—grown inoculum of Merhanorarcbra, Smith and Mah (1978)

observed sequential catabolism of methanol before acetate, forming classic diauxic growth and

utilization curves. Likewise, the presence of H; did not substantially change the stoichiometric

CH•:CO; ratio arising from acetate (reaction 2.33a), but greatly depressed acetate utilization (Mah

et al., 1978). Smith and Mah (1978) reported (in an addendum) a similar diauxic response for MPB

grown on a mixture of H; and acetate, with H; being the preferred substrate. The sequential

utilization patterns indicate that synthesis of acetate·catabolizing enzymes is switched off by the

presence of a better·metabo1izab1e substrate such as methanol or H;/CO; and that induction of

acetate enzymes resumes only after those substrates are exhausted — i.e., catabolite repression.

While acetate·grown rnethanogens immediately metabolized methanol or H;/CO;, cultures

grown on methanol or H;/CO; did not immediately metabolize acetate to methane and CO;; the

latter required up to two months (Smith and Mah, 1978). 'lhis is consistent with the observed
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diauxic effect in which the "...shift from methanol to acetate catabolism occurred with difliculty",

being characterized by cell lysis and a lag time of several days (Smith and Mah, 1978). Ferry

(personal communication) attributes the dilliculty of "switching over" to acetate metabolism to the

low amount of energy produced by converting acetate to CH; and CO; compared with the high

amount ofenergy required to start synthesizing acetate·hydro1yzing enzymes. This causes a circular

dilemma for the organisms: they can’t produce enzymes because it requires too much energy and

they can’t produce energy because it requires enzymes. At any rate, the inability of other

researchers to grow MPB on acetate alone is likely an artifact of having maintained the culture on

another substrate (Smith and Mah, 1978).

Similar to other substrates, the methyl groups of methylated amines are converted intact

to methane (Hippe et al., 1979; Anthony, 1982). Theoretically, 75% of the methyl groups can be

converted to methane, the remaining 25% being oxidized to CO; to provide reducing equivalents.

The yield ratio of 3C1·l,:1CO; was supported by pure culture work with Methanosarcina barkeri

(Hippe et al., 1979). Methanosarcina specialize in converting compounds containing methyl groups

to methane. Methanol, methylamines, and acetate all serve as methanogenic substrates. lt is

possible that other methylated compounds, such as tertiary butyl alcohol which has a structure

similar to trimethylamine, may be substrates for methane production.

2.8.4 Interspecies 1-1, Transfer
'1'he term "interspecies H; transfer" is used to describe the coupled oxidation and reduction

reactions involved in the fermentation of one initial substrate by two or more species of anaerobic ‘

bacteria (lanotti et al., 1973; Mah et al., 1978). The phenomenon was discovered by Bryant et al.

(1967) who determined that ethanol conversion to methane by a presumed pure culture of bacteria

was actually elfected by a mixed culture of a methanogen and non—methanogen. A syntropic

relationship exists in methanogenic environments between the fermentative bacteria which dispose

of electrons via proton reduction to H; and the hydrogen-using methanogens.
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Two types of interspecies H; transfer exist: a "facu1tative" relationship in which H;

removal is beneficial to the fermentors but not required, and an obligate relationship in which H;

removal is essential. Primary fermentative bacteria (those functioning in stage l in Figure 2.3)

dispose of electrons through the production of reduced compounds such as 11;, alcohols, and

organic acids. However, in the presence of MPB, proton reduction, rather than reduction of

organic compounds, becomes the preferred pathway ofelectron disposal (Reddy et al., 1972a,1972b;

Wolin, 1974; Chung, 1976). ln the absence of methanogens, H;, CO;, cthanol, acetate, succinate,

lactate, propionate, and butyrate can accumulate in the system and may inhibit substrate utilization,

whereas continuous removal of H; from the system by MPB causes a shift in electron flow rcsulting

in H; becoming the primary electron sink (Zeikus, 1977; Mah et al., 1977). Large (1983) notes that

use of H* as electron acceptor as opposed to ethanol increases the energy yield per mole of glucose

by 33%.

Acetogens (stage 2, Figure 2.3)- also called obligate proton reducers because they can only

dispose of electrons via production of H; — are obligately dependent on H; removal from the

system. Reoxidation of NADH + H*(NADPH + 11*) by proton reduction is not
l

thermodynamically feasible under standard conditions (Wolin, 1974):

NADH + H* —• NAD* + H2(g) AG°' = +4.3 kcal (2.37)

But as the partial pressure of H; is reduced, AG' becomes increasingly negative. Consequently,

continuous removal of H; by rnethanogenic or other bacteria shifts the equilibrium to the right and

permits the reaction to take place. The concept of obligate interspecies H; transfer is illustrated

by Table 2.10, which shows the reactions involved in converting cthanol, propionate, and butyrate

to methane. Notice that in each case the initial step has a positive AG°’ but the Gibbs free energy

change for the net reaction is negative and therefore thermodynamically favorable (McCarty and

Smith, 1986). For conversion of ethanol and propionate to methane to occur in the anaerobic
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Table 2.10

Methanogenic Conversion of Ethanol , Propionate , and Butyrate
(Source: McCarty & Smith 1986)

Conversion of ethanol to methane ss-
Ethanol

CH,CH,OH(aq) + H,0(I)
-

CH,COO·(aq) + H*(aq) + 2H;(g) 9.65Hvd~¤•¤
211-4:1) + 'hCO:(9)

-
'MCH-(91+ 1-1:001 -65-37

Ac•ht•
CH,COO·(aq) + H°(aq) • CH,(g) + CO,(g) -35,83

Nu
cH,c1-1,oH(aq) • *hCH‘(g) + ·bO0,(g) -91.55

Converslon ol proplonate and butyrate to methane ^•3’
Pmplonate

CH;CH,C0O*(aq) + 2H;O(I)
·

CH,COO'(aq) + 3H,(g) + CO,(g) 71.67Hv¢r¤¤•••
3H;(Q) + ¤I•CO,(g)

-
¤1•CH•(9) + 31:1-1,00) -98.06

Ae•1•1•
c1~1,coo-(eq) +

H•1aq1
-

CH.(o1 + COA91 -35-83
Not

CHgCHgCOO’(M) + H•(eq) + *hH„0(I)
·

'I•CH•(0) 5/•COz(0) -82-22
Butynte

CH,CHgCH¤0O0‘(•¢1) + 2H¤O(|)
-

2CH«COO‘(¤Q) + 2Hz(9) + H°(¤Q) *8-88Hv¤~••¤
211,1;;) + •lzCO;(g) • •l=CH„(9) + H«0(|) -55-37

Aeehte
2c1·1,CO0·(aq) + H*(•q)

·
2CH•(9) + 2CO«(0) -71-68

uu
C|·|¤C|·kCH«0O0‘(•¤) + **:00) + H°(•q)

-
‘bCH•(9) + “bCO¤(9) -88-78
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digestion process, McCarty and Smith (1986) calculate that the partial pressure of H; must be

within the range of l0'°
-

l0“‘
atm and

l0‘°
·

l0“‘
atm, respectively.

The effects of interspecies H; transfer include (Zeikus, 1977; Mah et al., 1977):

1. displacement of unfavorable reaction equilibria, providing an energy-efficient
mechanism for electron disposal;

2. alteration of electron flow, resulting in different proportions of reduced end products;

3. use of otherwise unfermentable substrates as carbon and energy sources;

4. more complete oxidation of substrates by fermentors;
5. methanogens obtain H; and CO; from complex substrates for use in metabolism;

6. substrate utilization increases; and

7. growth of fermentors and methanogens increases.

Other non-methanogenic microorganisms can also participate in interspecies H; transfer

by utilizing hydrogen. Homoacetogenic bacteria oxidize H; anaerobically, coupled with the

reduction of CO; to form acetate (Wolfe, 1979). lf nitrate or sulfate are present, denitrifiers or

sulfate·reducers will outcompete methanogens for H;.

2.8.5 Decomposable Compounds
The list of organic compounds that are degraded under methanogenic conditions is

extensive. Table 2.ll is a compilation of compounds which can be degraded to CH4_and CO; in

anaerobic systems. These compounds are not methanogenic substrates per se — those are listed

above - but are organics amenable to decompositionl by methanogenic consortia.

2.9 Subsurgfacc Microbiology
Subsurface environments contain substantial numbers of microorganisms. This is true for

unsaturated and saturated zones, shallow and deep aquifers, and soil types from clay to sand and

gravel; however, the microbiota of subsurface systems is less diverse and less numerically dense than
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Table 2.11
Organics Degraded by Methanogenic Consortia

Compound Reference
acetaldehyde, acetic anhydride, acetone, Specce, 1983
acrylic acid, adipic acid, aniline,
1·amino-2-propanol, 4~amino butyric acid,
benzoic acid, butanol, butyraldchydc,
butylene glycerol, catechol, cresol,
crotonaldehyde, crotonic acid, diacetone
gulusonic acid, dimethoxy benzoic acid,
ethanol, ethyl acctate, ethyl acrylate,
ferulic acid, formaldehyde, forrnic acid,
fumaxic acid, glutamic acid, glutaric acid,
glycerol, hexanoic acid, hydroquinone,
isobutyric acid, isopropanol, lactic acid,
maleic acid, methanol, methyl acetate,
methyl acrylate, methyl ethyl ketone,
methyl formale, nitrobcnzene, pentaerythritol,
pentanol, phenol, phthalic acid, propanal,
propanol, isopropyl alcohol, propionate,
propylene glycol, protocatechuic acid,
resorcinol, .r-butanol, .r·butylamine,
sorbic acid, syringaldehyde, syringic acid,
succinic acid, 1-butanol, vanillic acid,
vinyl acetate

tetrachloroethylene, chloroform, Bouwer &. McCarty, 1983a, 1985
1,1,2,2-tetrachloroethane, l,1,1·trich1oroethane, Bouwer et al., 1986
carbon tetrachloiide, dibromochloropropane,
bromodichloromethane, dibromochloromethane,

”
bromoform, ethylene dibromide

trichloroethylene, 1,1·dichloroethylene, Wilson ct al., 1986a
1,2·dichlorocthy1ene, ethylene dibromide,
benzene, toluene, etbylbenzene, 0-xylene

phenoxyacetate, 2,4·dichlorophenoxyacetate (2,4-D), Horowitz et al., 1983
2,4,5·trichlorophenoxyacetate (2,4,5-T), Sullita &. Miller, 1985
3·chlorobenzoate, 3,4-dichlorobenzoate, Gibson & Sutlita, 1986
3,5·dichlorobenzoate, 3·bromobenzoate,
3-iodobenzoate, 4~amino·3,5·dicl•lorobenzoate,
phenol, 2·chloropheno1, 3·chlorophenol,
4·ch1oropheno1, 2,4-dichlorophenol,
2,5·dichloropheno1, 2,4,5·trichloropheno1

1,1,l·tric11loroethane Vogel &. McCarty, 1987

dimethylsclenide Oremland & Zehr, 1986
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Table

2.11Compound Reference
ethylene glycol, polyethylene glycol Dwyer & Tiedje, 1983

0-, m-, and p-cresol Smolenski & Suflita, 1987

vanillin, vanillic acid, ferulic acid, Healy & Young, 1979
cirmamic acid, benzoic acid, catechol,
protocatechuic acid, phenol,
p-hydroxybenzoic acid, syringic acid,
syringaldehyde

phenol, phloroglucinol, hydroquinone,
r

Young & Rivera, 1985
p-cresol

benzoate Fina & Fiskin, 1966

syringic acid, 2,6-dimethoxyphenol, Kaiser & Hanselmann, 1982
gallic acid, pyrogallol, vanillic acid,
vcratic acid

2-, 3-, and 4·chlorophenol, Boyd ct al., 1983
m- and p-cresol, 0-, m-, and p-nitrophenol, Boyd & Shelton, 1984
2,3-, 2,4-, 2,5-, 2,6-, 3,4-, and 3,5·dichloropheno1,
phenol

toluene, benzene Grbic-Galic &. Vogel, 1987

40



that of surface soils. That subsurface microorganisms are metabolically active is evidenced by: (l)

direct microscopical observation of dividing cells (Ghiorse and Balkwill, 1985; Bone and Balkwill,

1988); (2) growth of colonies on culture media; (3) reduction of an artificial electron acoeptor,

2-(p-iodopheny1)·3·(p·nitropheny1)·5·pheny1tetrazolium chloride (INT') (Webster et al., 1985;

Marxen, 1988; Beloin et al., 1988); (4) reduction of exogenous electron acceptors present in the

environment and concornitant aecumulation of products (e.g., N2, S'
’,

Cllr); and (5)

biotransformation of a variety of organic compounds. Subsurface microorganisms are capable of

biodegrading many toxic compounds that occur as groundwater contarninants. Uncontaminated

subsurface systems are generally nutrient·poor and the rnicroflora contains forms adapted to their

oligotrophic environment.

2.9.1 Enumeration/Characterization Methods
Methods used for enumerating or characterizing soil microorganisms include

epifluorescence microscopy, plate-counting techniques, most probable number (MPN) analysis,

biochemical measures, and electron microscopy. Microbial activity can also be characterized by the

ability or inability to biodegrade various organic compounds (subsurface biodegradation is covered

in section 2.11). Direct microscopical procedures, such as the acridine orange epifluorescence

technique (Trolldenier, 1973), are frequently used to enumerate subsurface bacteria because they

avoid the selectivity of growth media and incubation conditions inherent to plate·counting and

MPN methods. However, direct (total) counts include both viable and nonviable cells.

Epifluorescenee microscopy can also be used to evaluate respiratory activity using the INT

reduction technique (e.g., Webster et al., 1985).

Plate-oounting techniques, such as eonventional spread-plate viable counts, only enumerate

those bacteria capable of forming colonies on a specific set ofagar media and incubation conditions.

This represents only a fraction of the natural microflora present in a sample. Viable counts of

subsurface bacteria grown on nutrient·poor media are ofien higher than viable counts on
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nutrient·rich media. Dilute soil extract agar (SEA) (Balkwil1 and Ghiorse, 1985; Ghiorse and

Balkwill, 1985; Olsen and Bakken, 1987; Bone and Balkwill, 1988) and dilute (5%)

peptone-tryptone·yeast extract-glucose agar (PTYG) (Bone and Balkwill, 1988) yielded the highest

viable counts in studies comparing agar media. Viable counts on agar alone (no organic substrate

added) were practically identical to numbers using soil extract agar, the nutrients released from the

agar itself being suflicient to support growth of soil bacterial colonies (Olsen and Bakken, 1987).

The very small cells (< 0.065pm’) rarely forrned colonies on plates (Olsen and Bakken, 1987), and

viability of soil microorganisms increased as their size increased (Bakken and Olsen, 1987). They

hypothesized that while very smal1.cells represented 60-80% of total cell numbers in soil samples,

the colony forrning cells (> 0.065;un’) may constitute 80-90% of the bacterial biovolume. Hence,

the ecological significance of co1ony·forming bacteria, in terms of carbon and energy flow through

the soil, may be high, despite their low numbers relative to total counts (Olsen and Bakken, 1987).

The MPN technique is valuable because it can be modified to evaluate subsets of the entire

microbial community such as protozoa (Sinclair and Ghiorse, 1987), organisms capable of

degading a specific organic, or different metabolic groups (e.g., denitrifiers, sulfate reducers).

Biochemical measures, including ATP content, muramic acid content, and extractable

phospholipids are used to estimate cell numbers or microbial biomass based on the assumption that

organisms in the sample contain a relatively constant amount of the chemical per cell or per unit

biomass. The key to the accuracy of this technique lies in the identification of the correct

conversion factors (Balkwil1 et al., 1988). Measurements of "signature" biochernical components
l

can also provide insight into community structure or nutritional status of subsurface microflora.

Electron microscopy (SEM or TEM) can provide much information about the

morphology, ultrastructure, presence of biochemical structures, distribution, cell sizes, and relative

abundance and diversity of different morphotypes of microorganisms occurring in subsurface

systems.
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2.9.2 Community Structure, Morphology, Occurrence, Diversity, and

Composition
The microllora of subsurface environments consists primarily of bacteria, although

eucaryotic organisms are probably present at low densities. No eucaryotes were detected either

microscopically or biochemically in shallow aquifers in Oklahoma (Wilson et al., 1983; Balkwill and

Ghiorse, 1985), Ohio, Ontario (Ventullo and Larson, 1985), or Texas (Smith et al., 1986), nor in

deep aquifers in Florida (White et al., 1983) or Lincolnshire, England (Smith et al., 1986). Bone

and Balkwill (1988), studying material from the Lula, Oklahoma aquifer by TEM, detected

eucaryotic (yeast) cells in topsoil and the unsaturated zone but not in deeper sediments. Protozoa .

and cyanobacteria were found in the Lula aquifer using an MPN technique (Sinclair and Balkwill,

1987; Beloin et al., 1988); the surface·type nature of these organisms suggested a hydrological

connection between the gravelly stratum where the eucaryotes were detected and a nearby river.

In addition, rnicroscopical evidence of eucaryotes was observed in sediments from a Fort Polk,

Louisiana aquifer (Ghiorse and Balkwill, 1983); 1ong·chain polyenoic fatty acids characteristic of

eucaryotic organisms (fungi and actinomycetes) were detected in four shallow soils from Alabama

(Federle et al., 1986); and both protozoan and fungal morphotypes were grown from groumlwater

samples from an aquifer in northern Germany (Hirsch and Rades-Rohkohl, 1983).

Both gram·positive and gram-negative bacteria occur in subsurface systems, but

gam·positive forms are more abundant (Wilson et al., 1983; Ghiorse and Balkwill, 1983; Ghiorse

and Balkwill, 1985; Balkwill and Ghiorse, 1985; Bone and Balkwill, 1988). TEM analysis of

bacteria from Lula and Pickett, Oklahoma aquifer sediments revealed 85-90% gram·positive cocci

(Balkwi11 and Ghiorse, 1985). Subsurface sediments contained a strikingly higher proportion of

gram-positive bacteria than surface soils, based on measurements of teichoic acid glycerol per

phospholipid (Smith et al., 1986). Bone and Balkwill (1988) found mostly gram-negative bacteria

in topsoil but predominantly gra.m·positive cocci or short-rod·shaped bacteria in subsurface soils.

In contrast, gr·am·negative bacteria constituted higher proportions of organisms isolated from
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sediments or groundwater from aquifers in northem Germany (Hirsch and Rades-Rohkohl, 1983;

Kölbel-Boelke et al., 1988). Organic contamination increased the proportion of gram-negative

forms in the subsurface microbial community of Conroe, Texas (Smith et al., 1986).

Subsurface soils are characterized by an abundance of small bacteria (< 0.8pm) compared

to bacteria in nutrient·rich environments (Wilson et al., 1983; Ghiorse and Balkwill, 1985; Olsen

and Bakken, 1987). ln exception, the size of bacteria found in groundwater from northem

Germany were not signilicantly smaller than those found in eutrophic surface environments (Hirsch

and Rades-Rohkohl, 1983). Marxcn (1988) determined that larger bacteria and bacteria attached

to particles accounted for most of the respiratory activity in subsurface systems and that very little
activity was detected among small cocci and free·living cells.

Most bacteria in subsurface environments live attached to particles. Greater than 95% of

the bacterial biomass ofan aquifer in Cape Cod, Massachusetts was associated with particle surfaces

(Harvey et al., 1984). Many subsurface bacteria have hair-like polymer coatings, presumably for

attachment to surfaces (Wilson et al., 1983; Hirsch and Rades-Rohkohl, 1983). Microcolonies

commonly occur on the surface of sediment particles (Ghiorse and Balkwill, 1983; Harvey et al.,

1983; Bone and Balkwill, 1988).

Subsurface microbial communities are less diverse than surface soil microllora. The

number of colony types grown on nutrient-rich agar decreased with depth of sample from the Lula,

Oklahoma aquifer down to the saturated zone where numbers remained relatively constant with

depth, whereas the number of colony types grown on nutrient·poor soil extract agar was relatively

consistent throughout the soil profile (Balkwill and Ghiorse, 1985; Bone and Balkwill, 1988). The

diversity of cell types, identified by phase·contrast light microscopy and TEM of floatation films,

also decreased with incieasing depth (Bone and Balkwill, 1988). Also, the numerically dominant

microorganisms varied with depth; predominant colony types in surface soils were completely

different from those predominating in the saturated zone (Bone and Balkwill, 1988). Nevertheless,
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Hirsch and Rades·Rohkohl (1983) detected 90 different morphotypes in youndwater samples,

including 72 bacteria, 10 protozoa, and 8 fungi.

Genera of bacteria identilied in subsurface water or sedirnent samples are shown in Table

2.12.

2.9.3 Microbial Density, Biomass, and Activity
Substantial numbers of bacteria inhabit subsurface environments. Direct microscopical

counts (DCs) of microorganisms in subsurface sedirnents are gencrally 10°·10’ total cells per dry

yam of material, whereas viable counts (VCs) are usually on the order of 10*-10° colony forming

units per yam (Table 2.13). VCs are commonly 0.1-10% of DCs in the same sample. The

discrepancy can be attributed to the inclusion of dead and non-culturable cells in DCs along with

the intrinsic selectivity of agar media and incubation conditions of VCs.

Microbial densities found in uncontaminated youndwater samples (Table 2.14) are

typically 1-2 orders of magnitude lower than counts on aquifer solids. Fewer bacteria are measured

in youndwater because the majority of subsurface microorganisms are attached, rather than ·

free-living, forms (Harvey et al., 1984). Viable bacterial populations were present in pristine

youndwater to a depth of 1800m (Olson et al., 1981), and thermophilic sulfate-reducing bacteria,

including Desulfovibrio sp., have been found in youndwater > 3000m below the surface (Rozanova

and Khudyakova, 1974; Rozanova and Nazina, 1979; both cited in Olson et al., 1981).

Biochemical indicators of biomass can be used in conjunction with conversion factors to

obtain estimates of cell density. Two separate studies have determined that a variety of biomass

indicators (Table 2.13) give eonsistent estimates of cell density (White et al., 1983; Balkwill et al.,

1988).

Only a portion of the subsurface microllora is active. The number of organisms capable

of respiration (electron transport system activity) can be estimated by microscopically counting cells

that reduce INT. This method, supported by ATP measurements, showed that between 1 and 10%
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Table 2.12
Bacterial Genera Found in Subsurface Environments

Location
Genera Medium' (contaminant) Reference

Pscudomonas sm Lula, OK Balkwill & Ghiorsc, 1985
Arthrobacter

Chromobacterium sm Pickett, OK
Brevibacterium
Pseudomonas

Pseudomonas gw St. Louis Park, MN Ehrlich et al., 1983
Alcaligenes (creosote)
Methanosarcina
Methanobactcrium

Microcyclus gw northern Germany Hirsch & Rades·Rohkoh1,
Prosthccomicrobiwn 1983
Caulobactcr
Hyphomicrobium
Planctomyccr
Gallionella
Argobacterium
Clostridium
Nocardia ·

Acinctobactcr gw Tucson, AZ Stetzenbach et al., 1986
Moraxella
Flavobacterium
Pscudomonas/A Icaligenes

Micrococcu: gw ·· Wolters & Schwartz, 1965,
Achromobacter cited by Kolbel~Boelke
Flavobactcrium et al., 1988
Cytophaga
Nocardia

Arthrobacter gw Bocholt, FRG Ko1be1·Boelke et al., 1988
Cytophaga
Caulobacter
Bacillus

46



Table 2.12 (c0nt’d.)

Location
Genera Medium' (contaminant) Reference

Pseudomonas gw ·· Raymond et al., 1977,
Nocardia (gasoline) cited by Goldsmith, 1985
Acinetobacur
Flavobaczerium
Micrococcus

Gallionella, Leptothrix, gw Morava River Basin Sladeckova, 1972,
Toxothnlx, Beggiatoa, (organics) cited by Hirsch &
Thiothrzlt, Sphaerotilus Rades·Rohkohl, 1983

Gallionella, Siderocapsa, gw ·· Hasselbarth & Ludemann,
Lepthothrix, Siderobacter, 1967, cited by Hirsch &
Toxolhrix, Naumanniella Rades-Rohkohl, 1983

Crenothrix, Gallionella, gw -· Cullimore & McCann, 1977,
Leptothrzlr, Siderocapsa, cited by Hirsch &
Sphaerotilur Rades·Roh1coh1, 1983

Mcthanorarcina, Methano-, sm Norman, OK Beeman & Sullita, 1987
bacterium, Dcsulfomaculum (landlill leachate)

Arthrobacter, Pscudomonas sm Lula, OK Webster et al., 1985
Enterobacter Conroe, TX

Desußomaculum gw Billings, MT Olson et al., 1981
Methanobaczerium

'sm
-

subsurface material; gw • groundwater

~· -
not known
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of the total cells (DCs) present in subsurface sediments from Oklahoma and Texas were
1

metabolically active (Table 2.13; Webster et al., 1985). Beloin et al. (1988), using the 1NT

technique, determined that a higher proportion of subsurface bacteria, roughly 20% of DCs, at the

Oklahoma site were active. Marxen (1988) found that respiring bacteria represented 0.7-7.4% of

DCs in groundwater from an aquifer in Fulda, FRG, which was lower than the range of percentages

for surface water systems. Other measures of microbial activity include substrate·specific MPNs

(e.g., Ventullo and Larson, 1985; Beloin et al., 1988) and fluorescein diacetate hydrolysis (Federle

et al., 1986).

DCs are highest in surface soils and they decrease rapidly with increasing depth over 1-2m.

Below this upper soil zone DCs are remarkably consistent, showing very little variation with depth

(Wilson et al., 1983; Ghiorse and Balkwill, 1983; Harvey et al., 1984; Balkwill and Ghiorse, 1985;

Webster et al., 1985; Novak et al., 1985; Thom and Ventullo, 1988; Bone and Balkwill, 1988;

Beloin et al., 1988). Consistent DCs have been observed to a depth of 31m (Novak et al., 1985).

In true subsurface soil horizons variation in DCs is generally less than two orders of magnitude

between different (uncontarninated) sites (Table 2.13).

VCs and measures of microbial biomass and activity in subsurface sediments are much

more variable than DCs. Not infrequently differences of more than an order of magnitude are

reported for cell densities determined by these methods for adjacent samples in a sediment core.
' While some researchers have found no trend with depth (Balkwill and Ghiorse, 1985; Webster et

al., 1985) or very low densities of viable bacteria throughout the soil profile (Ghiorse and Balkwill,

1983), others have reported data exhibiting the following general trend with increasing depth: (1)

highest VCs, biomass, or activity in surface soils; (2) rapidly decreasing values from the surface

through the unsaturated zone; (3) minima in unsaturated or interfacial zone; (4) higher and more

consistent values throujxout saturated zone; and (5) low or zero values in consolidated strata

(Novak et al., 1985; Federle et al., 1986; Bone and Balkwill, 1988; Beloin et al., 1988). Beloin et

al. (1988) reported a direct relationship between microbial activity and particle size in sediments,
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whereas Federle et al. (1986) found no correlation between microbial biomass or activity (FDA

hydrolysis) and soil characteristics (pH, CEC, % base saturation, % sand, silt, or clay, Eh, or %

ash·free dry weight). General trends of DCs, VCs, biomass, and activity with depth, and the actual

cell densities, varied little between seasons (Wilson et al., 1983; Beloin et al., 1988).

VCs reported for contaminated subsurface sediments (Harvey et al., 1984; White et al.,

1986) are relatively high, resembling counts for uncontaminated surface soils. ln a Cape Cod,

Massachusetts aquifer contaminated with treated sewage, the number (DCs) and activity (glucose

uptake rate) of free·living (unattached) bacteria in groundwater decreased with increasing distance

from the source of sewage infiltration (Harvey, et al., 1984). There was no relationship between

total DCs (free-living and attached) and distance. Free-living DCs were highly correlated with

organic pollution as indicated by specific conductance. Creosote contarnination of the aquifer at

Conroe, Texas "increased microbial biomass, shifted the community to a more gram·negative

bacterial consortium, and induced growth as evidenced by phospholipid fatty acid biosynthesis

(Smith et al., I986)." Ehrlich et al. (1985) detected very little microbiological evidence of the

contamination of groundwater by creosote at St. Louis Park, Minnesota. DCs and MPNs of

aerobes, anaerobes, denitrifiers, iron reducers, and sulfate reducers were similar at contaminated and

uncontarninated areas; however, methanogens were only found in the contaminated zone.

2.9.4 Metabolic Characterization of Subsurface Microllora
Few microbiological studies of subsurface environrnents have measured different metabolic

types with respect to electron acceptors used in respiration (i.e., aerobes, denitrifiers, sulfate

reducers, methanogens). Viable counts listed in Tables 2.13 and 2.14 were aerobically incubated

and, therefore, represent aerobic and facultative organism densities. Many subsurface environments

are anaerobic because of limited oxygen accessibility (e.g., deep aquifers or aquifers with slow

groundwater flow rates) or due to biological oxygen consumption, which is elevated by organic

enrichment. Also, anaerobic microsites are present even in generally aerobic systems.
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It is likely that nitrate-reducers/denitriliers are numerous and responsible for much of the

respiratory activity in anoxic systems, or environments which altemate between aerobic and

anaerobic conditions, containing nitrate. Sulfate reduction and methanogenesis generally require

low redox potentials and a lack of nitrogen oxides to occur. Deep aquifers and contarninated

(eutrophic) systems may represent predominantly sulfate-reducing or, in the abscnce of $0}*,

methanogenic environments.

Nitrate-respiring bacteria and denitriliers are ubiquitous in surface soils and aquatic

sedirnents (e.g., Gamble et al., 1977). Dockins et al. (1980) found H;S and 0.2-240 cfu/mL of SRB

in southeast Montana groundwater from 10-263m deep. Montana groundwater from 1200- 1800m

in depth contained H;S, methane, 0.8-1100 SRB/mL, and 0-43 MPB/mL (evaluated by MPN

techniques); no culturable aerobic or anaerobic microorganisms other than SRB and MPB were

detected in the samples (Olson et al., 1981). Bacterial strains isolated from 10-90m deep soil cores

collected in Germany contained organisms capable of reducing nitrate, manganese, iron, and sulfate

(Hoos and Schweisfurth, 1982; cited in Hirsch and Rades-Rohkohl, 1983). Sedirnents from 410m

deep in the saline Bucaturma aquifer in Florida were rich in phospholipid ester-linked hydroxy fatty

acids indicative of SRB (White et al., 1983). A study of a creosote-contaminated aquifer in

Minnesota yielded the following densities of bacterial groups (MPN/100mL): 20-4000 denitriliers;

40-1000 Fe’*·reduoers; < 3-4 SRB; and < 3~240 MPB (Ehrlich, et al., 1983). Methanogens and

CH, were detected only in the contaminated zone.

Beernan and Suflita (1987) found that two metabolically distinct regions existed in the same

aquifer underlying a municipal landlill in Oklahoma. Both sites were organic-rich (80-1100 ppm

DOM). One of the sites (B) was actively methanogenic: sulfate was virtually absent through much

of the year; MPB generally outnumbered SRB; competitive substrates were elliciently converted to

CH,. ’The other site (A) was sulfate-reducing: sulfate levels were high (200 ppm); SRB generally

outnumbered MPB; and competitive substrates were not converted to CH,. The noncompetitive

electron donors methanol and trimethylamine (TMA) were converted to CH, in soils from either
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site. MPB were the only organisms detected that were able to grow on methanol or TBA, and they

were present at both sites. Site A contained
10’-10‘

organisms/g of acetate-, fom1ate—, and

hydrogen-using SRB throughout much of the year, whereas 10’-10* organisms/g of methanol- or

TMA-, acetate·, and Hpusing MPB were commonly present at site B.

2.9.5 Oligotrophy
Unpolluted subsurface environments are generally depauperate in nutrients required for

bacterial growth. Microorganisms inhabiting uncontaminated subsurface systems can be described

as oligotrophic (e.g., Poindexter, 1981; Kuznetsov et al., 1979). Microbial oligotrophy is defined

by the ability to grow at very low nutrient conditions and the inability to grow at high nutrient

concentrations without prior acclimation. Oligotrophic bacteria are characterized by (Kobayashi

and Rittmann, 1982): the ability to live under conditions of low carbon llux; the ability to readily

adapt to high nutrient conditions but difliculty re-acclimating to low-nutrient conditions; high

specilic surface area and substrate aliinity; lower minimum substrate concentration required for

growth and lower maximum growth rate than eutrophic bacteria; surface attachment; and the ability

to use numerous different substrates.

Several lines of evidence indicate low-nutrient acclimation in subsurface bacteria:

1. Higher VCs are obtained on low-nutrient media than on nutrient-rich media (Hirsch
and Rades·Rohkoh1, 1983), particularly for samples from the saturated zone (Balkwil1
and Ghiorse, 1985).

2. The decrease in diversity ofcolonies grown on nutrient·rich agar media with increasing
depth coupled with consistent colony diversity on nutrient-poor media with depth
indicates increasing selective pressure against organisms requiring high nutrient levels
with increasing depth down the soil profile (Bone and Balkwill, 1988).

3. The presence of poly-ß•hydroxybutyrate storage structures in cells and extracellular
polysaccharides (glycocalyx) indicates nutrient-related stress with unbalanced growth;
also, higher levels of poly-ß·hydroxyakanoates have been measured in chemical
extractions of subsurface sediments than surface soils (White et al., 1983; Balkwill and
Ghiorse, 1985; Smith et al., 1986; Bone and Balkwill, 1988; Balkwill et al., 1988).

4. Subsurface microbial growth rates were determined to be 2-1000 fold lower than
surface rates (Thom and Ventullo, 1988).
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5. The numerica.1 dominance of small cells may be an adaptation to low nutrient levels
(Balkwil1 and Ghiorse, 1985).

Oligotrophy is not restricted to subsurface environments as evidence of oligotrophic organisms (e.g.,

1 and 5 above) has been observed in surface soils (Martin, 1975; Ohta and llattori, 1983; Olsen and

Bakken, 1987) and marine systems (Buck, 1974; Horowitz et al., 1983).

2. 10 Biodegradation Kimztics

2.10.1 Reaction Order
For a general chemical reaction:

aA + bB —• cC + dD (2.38)

where A and B are reactants, C and D are products, and a, b, c, and d are stoichiometric quantities

the reaction rate may be expressed as the rate of reactant disappearance or product appearance.

For example disappearance of A might be expressed as:

d A
- = k[A]“[B]° (2.39)

where k is the reaction rate constant. For this equation, the order of the reaction, n, equals a+ b.

The disappearance of a single reactant, such as an organic substrate (C = concentration), might be

given by:

$.9. = ¤
dt

kC (2.40)

The exponents constituting rate order usually are simple positive integers, but may be fractional

or negative numbers, depending on the complexity of the reaction. The exponents represent the

molecularity of the reaction and are intended to indicate the number of molecules involved in a
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simple collisional reaction process. Molecularity is a theoretical concept whereas reaction order is

ernpirical. Consequently, a unimolecular reaction is first order, a bimolecular reaction is second

order, etc.; however, the converse is not necessarily true.

A reaction which proceeds at a rate observed to be independent of reactant concentration

is said to bezero order. A first order reaction proceeds at a rate which is directly proportional to

the concentration of one reactant. Rate equations for reactions of different order are shown in

Table 2.15. Reaction rate constants can be determined as the slope ofplots of C vs. t (zero order),

1nC vs. t (first order), and -é- vs. t (second order type 1) (Bene1ie1d and Randall, 1980).

2.10.2 MichaeIis·Menten/Monod Kinetics
For many enzyrne—uta1yzed reactions, the relationship between reaction rate, v, and

substrate coneentration, S, can be described by the Michae1is·Menten equation:

Vm¤SV (2.41)

where V,,,
-

maximum reaction rate and K, ¤ the Michaelis constant (half-saturation constant,

the substrate conuntration at which the reaction proceeds at half its maximum rate). This equation

is based on the so•u11ed Michaelis-Menten mecbanism in which a molecule of substrate and

enzyme reversibly join to form an enzyme·substrate complex followed by the irreversible

breakdown of ES to product and free enzyme:

S+E,·;ES —• P+E (2.42)
ka

In this use, K, • the dissociation constant of the ES complex (K, = (k, + lr,)/lr,). The

Michae1is·Menten relationship is shown graphically in Figure 2.4a. The biokinetic eonstants
V,__
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Table 2.15

Rate equations for Simple Irrevcrsible Reactions (Source: Metcalf
& Eddy 1979)

Reaction Order Rate equalion lnnegnted forms

A-•B Zero
dä-

—l&° [A]¤[A]°-lr°I

I •@
lll 2k,

A-•ß First $2- -k,[A]
1%%,

-1,1

Im ¤é In 2

.. 'E . - = L -L -
A + 4 P $1::1:;

dl k,[A]
[Al wo

kzt

1
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and K,,, are commonly dctermined by one of the linearizations (reciprocal plots) shown ir1 Figures
2.4b·2.4d.

The effect of a limiting substrate or nutrient on microbial growth or substrate utilization
rates can be described by the Monod (1949) relationship (Figures 2.4e and 2.4f):

umS
p ¤

K, + S (2.4321)

qms
q

K! + S (2.43b)

where p = specific growth rate == (dX/dt)/X, q = specific substrate utilization rate = (dS/dt)/X;

X ¤ active biomass concentration, p, and q,,, are maximum values of ps and q, K, =

ha1f·saturation constant analogous to K,,, and S = concentration of limiting substrate or nutrient.

Two special cases of equation 2.43b (as well as 2.43a and 2.41) exist: When S < < K, , equation

2.43b reduces to the first·order expression q = q,,,S/K, and when S > > K,, equation 2.43b reduces

to the zero·0rder equation, q
-

q,. A mixed reaction order (between 0 and 1) results when K,zS

(Figure 2.41).

2.10.3 Haldane Kinetics
The Michaelis·Mcnten model does not consider inhibitory effects; reaction rate increases

asymptotically to
V_

as substrate ooncentration increases. But at high concentrations ofa nutrient

or substrate, particularly toxic ones, inhibition frequently occurs. Haldane proposed an equation

to account for the inhibition resulting from the formation ofan inactive enzyme·substrate complex

involving two substrate moleculcs per enzyme molecule (Edwards, 1970):

ki kg

(1) S+E;_•ES —• P+E (2.44a)
k2
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ks
(2) S + ES ;·_•

ES; (inactive) (2.44b)
ke

The Haldane expression is:

Vm„SV “'
(K, + sm + sm,) (2*45)

where K, ¤ inhibition constant. Note that this is identical to the Micha.elis·Menten equation

except that the denominator has been altered by a factor of (1 + S/K,). like the Monod

relationship, the Haldane equation has been applied to rnicrobial growth:

ums
¤ —·

2.46V s+r<,+s*/K, ( 2

(Note that a term was lost from the denominator somewhere during the evolution of this equation).

The Monod and Haldane models are compared in Figure 2.5. Equation 2.46 has been successfully

used to deseribe the utilization kinetics of inhibitory substrates (reactants) such as nitrite (Boon and

Laudelout, 1962), phenol (Roäch et al., 1985), 2,4·dinitrophenol, and 2·chlorophenol (Gaudy et

al., 1986).

2.10.4 Biofilm Model

Subsurface systems are typißcd by a variety of relatively refractory organic substrates

present at low concentrations, high specific surface area, and bacteria living attached to particles.

These charaeteristics have led to modeling subsurface bacterial growth and substrate utilization via

biofilm kinetics. Figure 2.6a shows an idealized biofilm and Figure 2.6b illustrates three cases of

substrate utilization. The biofilm model developed by Rittmann and McCarty (1980a) describes

four processes which occur simultaneously to bring about substrate removal.
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l. Mass transport of substrate across the diffusion layer moving from the bulk liquid to‘
the biofilm surface (Fick’s first law):

-AiJ- D
dz - D

L (2.47)

Where J = flux per unit area of rate·limiting substrate, D = molecular diffusivity of
the rate~limiting substrate in water, S and S, = concentration of rate~limiting substrate
in bulk liquid and at biofilm surface, and L = thickness of diffusion layer.

2. Substrate utilization by bacteria (Monod kinetics) within the biofilm.

3. Molecular diffusion of substrate through the biolilm (Fick’s second law). Differential
expressions for processes 2 and 3 are summed to give:d’s,

kX,S,
A D;•§·= (2.48)

where terms are as defined above except that the subscript f refers to the biofilm; X,
= concentration of active biomass within the biofilm.

4. Biolilm growth and decay:

6AX,dz kS, _= Y AX,dz - bAX,dz (2.49)
where Y = true yield coeflicient (A X / AS), A = cross-sectional area of biofilm, and
b = specific decay coefficient.

A steady·state biofilm has no net growth or decay. The energy required for maintenance just equals

the energy available from substrate utilization. Steady·state biofilm thickness is detemiined by the

ratio of growth and decay rates:

_ YJI., -
——bXf (2.50)

A minimum substrate concentration, 8,,,,,,, exists, below which bacteria cannot conserve

sufficient energy for cell maintenance by metabolizing the compound; consequently, the substrate

is not utilized in the absence of other energy sources (Rittmann and McCarty, l980b; McCarty et

al., l98l). In terms of the biolilm model, 8,,,,,, is defined by:

s · = 1< (2.51)' mm ‘
Yk — b
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l
Substrate levels below 8,,,,,, cause bacteria to decay, the biofilm thickness goes to zero, and substrate

utilization ceases. 8,,,,,, values in the range of 0.1-1.0 mgL were deterrnined for use of acetatc,

ammonia, and methanol as electron donors under aerobic or denitrifying conditions, whereas S,,,,,,

equalled 356 mgL for acetate utilization under methanogenic conditions (McCarty et al., 1981).

The value of 8,,,,,, depends on the substrate, the electron acceptor, and the organism involved.

Oligotrophic bacteria require less energy for growth (have lower 8,,,,,,) than eutrophic bacteria

(Kobayashi and Rittmann, 1982). Biodegradation ofsubstrates at levels below S,,,,,, can occur under

non-steady·state biofilm conditions (during decay of a biolilm developed under higher substrate

concentrations) or, more importantly, when another energy source capable of supporting cell

maintenance is present (McCarty et al., 1981). This is due to a process termed secondary utilization

in which "a substrate that does not provide suflicient energy or carbon for bacterial growth can be

utilized as a secondary substrate by a biofilm that is grown and sustained through utilization of a

primary substrate that is present at a concentration greater than its 8,,,,,, (McCarty et al., l984)."

A primary substrate can be a singe compound, several compounds, or even the combined effect
of many secondary substrates (McCarty et al., 1984). The concepts of 8,,,,,, and secondary

utilization are particularly relevant to subsurface environments where low substrate concentrations

commonly prevail. They imply that biodegradation of trace (pgL) organics may be stirnulatcd by

providing a primary substrate to a contarninated subsurface system (Bouwer and McCarty, 1984).

Biofilm model predictions ageed fairly well with laboratory biotransformation data generated using

l continuous-flow biolilm columns for primary substrate utilization (Rittmann and McCarty, 1980b),

secondary substrate utilization (Bouwer and McCarty, 1984; McCarty et al., 1984), and primary

substrate utilization with mixed electron acoeptors (Bouwer and Cobb, 1987).

The biofilm model seems most suited to simulating substrate utilization near sources of

contamination with high flux ofwater and readily degradable organics. Extrapolation of the biolilm

model to the subsurface environment in general presents several problems:

1. Subsurface bacteria do not generally exist as multilayer biolilms but as discrete cells
attached to particles either alone or in clusters. '
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2. The inoculum for biofilm columns, an enrichment culture seeded with primary sewage
and grown on acetate and methylene chloride (Rittmann and McCarty, 1980b), may
contain species or strains with capabilities not generally found in subsurface
rnicrobiota. The loading rate of primary substrate fed to biofilm columns is not
generally matchcd in subsurface environments. Acetate was delivered to columns at
rates of 0.86 mg/day per cm: of cross·sectiona1 area of column in aerobic assays and
3.00 mg day°‘ cm': in anaerobic (methanogenic) experirnents (feed concentration
== 1 mg/L and 500 mglL; detention time = 20 min and 2 days for aerobic and
anaerobic studies respectively; column dimensions = 2.5 cm diameter x 12 cm long).

3. The higher flow rates used in column studies also provide greater availability of
inorganic nutrients than typically found in nature. Groundwater flow rates are
generally in the range of a few centimeters to several meters per year while water
flowed through biofilm columns at rates of 3154 m/yr (aerobic) and 21.9 m/yr
(anaerobic).

4. The subsurface biomass concentration capable of degrading the compound of interest
(X) must be deterrnined for use in the model.

5. The model does not consider interactions between substrates and microorganisms.
For example, in a study of methanol biodegradation in subsurface material under
denitrifying conditions, nitrite accumulated in the system and inhibited further
degradation (Wilson et al., 1986); however, the biofilm model used by Bouwer and
Cobb (1987) only considered the overall denitrification reaction (NO; -• N;) and
therefore would not predict such observed results.

2.10.5 Effects of Substrate Concentration
There is a minimum threshold of substrate concentration below which microbial growth

is not supported and, therefore, the substrate is not utilized. Apparent minimum thresholds were

observed at pg/L levels in culture studies and in natural stream water (Boethling and Alexander,

1979a,b; Koch and Wang, 1982; Alexander, 1985; Schmidt et al., 1987) and at mg!L levels in fixed

biofilm columns (McCarty et al., 1981). Oligotrophic microorganisms, such as commonly inhabit

subsurface environments and other nutrient·poor natural habitats, are able to grow at lower

substrate levels and have higher afiinities for organic substrates, than eutrophic organisms (such as

those in the biofilm columns of McCa.rty and co-workers). Phenol, aniline, 2,4-diehlorophenol,

nitrilotriacetie acid, p-nitrophenol, and benzylamine were all mineralized at ng/g levels in surface

soil samples (Scow et al., 1986), but degradation may have been eH'ected by an existing microbial

community supported by organic compounds in the soil (i.e., a primary substrate). The presence
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of a second substrate at growth-supporting levels can enhance biodegradation of trace organics

below S,,,,,, (McCa.rty et al., 1981, 1984). Schmidt et al. (1987) found that addition of glucose did

not permit mineralization ofp-nitrophenol below its apparent minimum threshold level in a

Pscudomonas culture, but that mineralization rates were enhanced at higher concentrations. The

existence of minimum thresholds makes it difficult to distinguish between intrinsic recalcitrance of

a chemical and persistence due to low concentration (Alexander, 1985).

Many organic chernicals, particularly synthetic organics, are toxic to natura11y~occurring
‘ A

microorganisms at high (> 10 mg/L) concentrations and inhibit biodegradation. Oligotrophic

microorganisms are more sensitive to higlrconcentration inhibition than eutrophic microbes.

1~1igh·substrate~concentration inhibition is considered by llaldane kinetics (section 2.10.3).

Biodegradation mechanisms may vary with concentration. For example, compounds which are

mineralized to CO; at low concentrations may only be transformed to other organics by

cometabolism at high conexntrations (Wang et al., 1984; Alexander, 1985). Cometabolism refers

to enzymatic transformation yielding no direct benefit (C, energy, or nutrients) to the active

organism.

In general, the biodegradation rates of organic compounds in environmental samples are

directly proportional to chemical concentration over several orders of magnitude (ßoethling and

Alexander, 1979a; Subba·Rao et al., 1982; Rubin et al., 1982; Novak et al., 1985; Smith and Novak,

1986; Morris, 1988). lt has been reported that the type of biodegradation kinetics and the

concomitant pattern of chemical disappearance are solely a function of substrate concentration and

cell density (Simkins and Alexander, 1984; Alexander, 1985). Table 2.16 shows a modified version

of the Monod equation (model V) and five special cases derived from Monod kinetics used to

simulate mineralization kinetics, and Figure 2.7 illustrates chemical disappearance curves

conesponding to the kinetic models. Benzoate biodegradation kinetics under various conditions

of initial substrate concentration and cell density were adequately described by these six models and

observed kinetics generally agreed with theory (Simkins and Alexander, 1984). Figure 2.8 indicates
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Table 2.16
Six Models for Mineralization Kinetics aa a Function of Substrate
Concentration and Cell Density (source: Simkins & Alexander 198h)

Model and characteristics Equatlon and inequalities

I. Zero order
Differential form -d5/dt = k.
Integral form S = S., — k,t
Derived parameter k, = p.,„„X.,
Necessary conditions x, >> S., and S., >>·K,

Il. Monod. no growth
Differential form -dS/dt = k,S/IK, + Sl
lllkßläl l0|'fII K,lf‘|($/sn)

* S ' S0 = ‘krl
Derived parameter k, -= p.,,,,,.X,
Necessary condition X, >> S.,

lll. First order
Diferential form -dS/dt = k,S
Integral form S = S., expI—k,tl
Derived parameter k, = ,a,„,.X.,/K,
Necessary conditions X, >> S., and S., << K.

IV. Logistic
Differential form -dS/dt = L,S(S., + X., - Sl

S., + X.,l'“°‘°' f°““ S 1 + fX,JS.,)cxpIlr,(S., + X.,lII
Derived parameter ls.

-
p..,._,./K,

Necessary condition S., << K.

V. Monod with growth
Differential form —dS/dr = |,r„„,StS., + X., — Sll/tK. + Sl
Integral form K,|ntS/S.,) = IS., + X., + K.l|nIX/X.,) · IS., + X.,lv...„.,I
Derived parameter None
Necessary condition None

Vl. Logarithmic
Difl‘erential form -dS/dt = n,„„rS., + X., — Sl
Integral form S ·= S., + X.,|l — expI•a„„,,tlI
Derived parameter None
Necessary condition S., >> K,

B = cell density; q = inverse yield coefficient, 1/Y (assumed constant);
X = qB = amount of substrate required to produce a population density
equal to B.

69



100’

80 _

60

Monod, 4„— *0 no growth
N‘”

Zero orderNI_5 20
¤·•·¢
GE
0te
U
u
ß 80
u
B Logarithmic5% 60

Monod,
with

ho growth

20

0
Time

Figure 2.7. Disappearance curves for the kinetic models in
Table 2.16. Source: Alexander.

70



9
First Order Monod Zero’_T

No Growth Order
E 8
E
0
.¤
E 7
3
C .\/

E 6
U')
Z
UJ
O_; 5
.I
Lu
O
0 4 Logistic Monod with Logorithmic
3 Growth

3
-2 -1 O 1 2 3 4

LOG SUBSTRATE CONC. (mg/

L)Figure2.8. Regions of initial substrate concentration and initial cell
density in which various patterns of biodegradation kinetics
are expected (Ks= 1 mg/L; q = 1 pg/cell). Source: Alexander
1985.

7l



the type of kinetics expected at various initial substrate concentrations and initial cell numbers.

For other substrates or microbial communities, the figure should be similar except that the

placement of lines dividing regions of different kinetics would vary. Line placement is as followsz
1. The diagonal line is located where enough substrate is available to allow one division

of active cells (i.e., a doubling of population). Above this line, population density is
essentially constant; population growth is insignilicant compared to the initial
population density (X, > > S,).

2. The vertical line at 1 mg!L is placed at the K, value. To the left of this line
(S, < < K,) is first-order-type kinetics.

3. The second vertical line is located at approximatcly 15 times K,. To the right of this
line (S, > > K,) saturation (zero·ordcr·type) kinetics prevail. Mixed order (between 0
and 1) kinetics occur between the vertical lines and the general Monod expression
applies.

In contrast to the theory outlined in Table 2.16 and Figures 2.7 and 2.8, biodegradation of tertiary

butyl alcohol, phenol, and chlorinated phenols exhibited linear biodegradation pattems in

subsurface soils for initial substrate concentrations spanning several orders of magnitude (Novak

et al., 1985; Smith and Novak, 1986; Morris, 1988).

2. II Subsurjface Biodegradatiorz

2.11.1 The Microcosm Approach
Biodegradation of organic contaminants in subsurface environments is often studied in

rnicrocosms containing aseptically·collected subsurface material. Microcosms may be used for

either empirical or theoretical assessment of the fate of organic chemicals (Wilson and Noonan,

1984). In the former, the rnicrocosm is intended to simulate the natural system. This approach is

analogous to evaluating a biological process in a wastewater treatability study. The results of this

type of rnicrocosm study are site-speciiic and their accuracy depends on the faithfulness of the

simulation. ln the theoretical approach, the microcosm serves as a physical model for deterrnining

the values of ooefiicients used in mathematical equations which describe a natural process, such as

biodegradation of organics. These rnicrocosms often do not accurately simulate the natural
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environment because all salient variables must be controllcd. The goal of theoretical model

development is to obtain generally~applicable results.

The empirical microcosm approach has frequently been used to evaluate biodegradation

of organic contaminants in subsurface soil/groundwater systems. Static microcosms are often used,

although they do not incorporate water movement through the system. The basis for using static

rnicrocosms is that the slow movement typical of groundwater (a few meters per year) creates an

essentially static environment with respect to the degradation times of many chemicals. This, of

course, is not true in Karst or fractured regions where goundwater flow rates are much higher.

Continuous·llow colurnns and other more elaborate microcosm systems are revicwed elsewhere

(Wilson and McNabb, 1984), but with increasing sophistication comes tradeoffs between

convenience/cost and faithfulness of simulation.

2.11.2 Reactions
Dccomposition of organic compounds by microorganisms provides energy for growth and

cell maintenance and carbon for assimilation. Microorganisms are able to effect numerous types

of reactions in transforming organics. Observed biotransforrnation reactions, described in more

detail elsewhere (Alexander, 1977, 198l; Vogel et al., 1987), include: hydroxylation, hydrolysis,

ß-oxidation, ring cleavage, dehalogenation, deamination, decarboxylation, demethylation,

epoxidation, oxidation of methyl, nitrogen, or sulfur groups, rcduction of nitro or sulfoxide groups

or double or triple borrds, and a variety of cleavage and conjugation reactions.

2.11.3 Biodegradation of Specific Compounds

The biodegradation of chemicals of environmental concem by indigenous soil

microorganisms is summarized from the literature in Table 2.17 (refer to original papers for

information on rates, temperatures, soil origin, and specific assay conditions). Aliphatics, alicyclics,
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Table 2.17
Biodegradation of Organic Chemicals by

lndigenous Soil Microorganisms

Initial
Compound System' Concentration‘ Biodegradatiom Ref'

Alcohols

mcthanol S, sm, x 1-1000 RD 1
S, sm, c, x 100-1000 RD 2
S, sm, x, n 20 RD 3

cthanol S, sm, x, 11 20 RD 3
l·propa11ol S, sm, x, 11 20 RD 3
l·buta11o1 S, sm, x, I1 20 RD 3
1-pentanol S, sm, x, II 20 RD 3
t-butanol S, sm, x, X1 10~10’ RD-R 3

S, sm, x 1-100 SD-R 1
S, sm, c, x 1-100 RD-SD, L 2

Aliphatics

tctrachloromcthanc S, as, x 4.5 ·- 4
bromodichloromcthanc S, sm, a ·- SD-R 5
1,2-dibromocthanc S, ss, a 0.007 RD 6

(EDB) _ 0.017 SD, L 6
S, sm, 111 0.19 RD 7

1,1,1·t1icb1oroctha11c S, as, x 4.5 ·· 4
trichlorocthcnc (TCE) S, as, x 4.5 -- 4

S, sm, c, m 0.16 SD, L 7
S, sm, c, x 2 -· 8

1,1-dic111oroct11c11c S, sm, c, 111 0.12 SD, L 7
cis·1,2·dic11lorocthc11c S, sm, c, 111 0.12 RD, L 7 .
trans-1,2-dichlorocthcnc S, sm, c, m 0.12 SD, L 7
tctrachlorocthenc S, as, x 1.5 RD 9

4.5 -- 4

Alicyclics

a-hcxaclüomcyclohcxanc S, ss, a 400 mg/kg RD ‘ 10
S, ss, 11, s, m 350 mg/kg R 10
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Table 2.17 (cont’d.)

Initial
Compound System' Concentralion" Biodegradatiorf Rel"

Benzenes

bcnzcnc S, sm, c, m 0.6 R, LL 7
S, sm, c, a, m 0.45 RD 11
S, sm, c, a 0.1-0.6 RD-SD 12
S, sm, a, I1 3 RD 13
S, sm, x 3 SD 13

tolucnc S, sm, a 1 SD 14
S, sm, a ·- RD 5
S, sm, c, m 0.5 RD 7
S, sm, c, a, m 0.4 RD ll
S, sm, a 0.1-0.6 RD·R 12
S, sm, c, a 0.1-0.6 RD-SD 12
S, sm, a, 11 3 RD 13
S, sm, x 3 SD 13
F, as, c, n 18.4 RD 15

0-xylcnc S, sm, c, m 0.3 R, LL 7
S, sm, c, a, m 0.4 RD 11
S, sm, c, a 0.1-0.6 RD-SD 12
S, sm, c, a, n 3 RD 13
S, sm, x 3 SD 13
F, as, c, a 12 SD 16

m-xylcnc S, sm, c, a 0.1-0.6 RD·SD 12
S, s:n, a, n 3 RD 13
S, sm, x 3 SD 13
F, as, c, a, :1 12-21 RD 15,16
F, as, a 12 RD 16

m- and p-xylcne S, sm, c, a, rn 0.4 RD 11
F, as, a 12 RD 16

chlorobcnzenc S, sm, a 1 R 14
S, sm, a -- RD·R 5
S, sm, a 0.1-0.6 RD·R 12

p-dichlorobcnzcnc F, as, a 15 RD 16
ethylbcnzenc S, sm, c, m 0.3 R, LL 7
3-cthyltolucnc F, as, c, n 0.2mM RD 15
styrenc S, sm, a 1 RD-SD 14

Phenoxyacetates

phenoxyacctatc S, sm, ::1 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17
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Table 2.17 (c0nt’d.)

Initial
Compound System' Conccntration* Biodcgradatiow Rcf*

2,4·dicl11orophenoxyacctate S, sm, m 0.3-0.5mM RD 17
(2,4-D) S, as, x 0.3-0.5mM RD 17

2,4,5-txichlorophcnoxr S, sm, m 0.3-0.5mM RD 17
acetate (2,4,5-T) S, as, x 0.3-0.5mM RD 17

Benzoates

bcnzoate S, sm, c, a, x 1 mg/kg RD 17
S, sm, c, s, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17

2·bromobe¤zoatc S, as, m 0.1-0.8 RD, L 19
3·bromobcnzoate S, as, c, m 0.1-0.8 RD 19
3-iodobcnzoatc S, as, c, m 0.1-0.8 RD 19
3-chlorobcnzoatc S, as, x 0.3-0.5mM RD 17

S, sm, c, m 0.3-0.5mM RD 17
3,4·dich1orobc¤zoatc S, as, x 0.3-0.5mM RD 17

S, sm, c, m 0.3-0.5mM RD 17
3,5·dichlorobe¤zoatc S, as, c, m 0.1-0.8 RD 19

S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17

2,3,6-trichlorobcnzoate S, as, c, m 0.1-0.8 RD 19
4-amino-3,5·dich1oro· S, as, m 0.1-0.8 RD, L 19

bcnzoatc

Pbenols

phcnol F, sm, c, a 0.05-0.1 RD 20
S, sm, c, s, m 30 RD 20
S, sm, c, s, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17
S, sm, x 100 RD 21
S, sm, x, u 1-200 RD 3

2-chlorophenol F, sm, c, a 0.05-0.1 RD 20
S, sm, c, m 30 RD 20
S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17
S, sm, x 100 RD 21

3-chlorophcuol S, sm, c, m 30 RD, L 20
S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17
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Table 2.17 (cont’d.)

Initial
Compound System' Conccntration* Biodcgradatiow Rc1"

4-chlorophcnol S, sm, c, m 30 RD, L 20
S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17

2,4-dichlorophcuol F, sm, c, a 0.05-0.1 RD 20
S, sm, c, m 30 RD 20
S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17
S, sm, x 100 RD 21
S, sm, x, u 15 RD 3

2,5-dichlorophcnol S, sm, c, m 30 RD 20
S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17

3,4-dichlorophcnol S, as, x 0.3-0.5mM RD 17

2,4,5·trich1omphcn01 S, sm, c, m 0.3-0.5mM RD 17
S, as, x 0.3-0.5mM RD 17

2,4,6·!1'ICI1IO1’0ph¢!IOI F, sm, c, a 0.05-0.1 RD 20
S, sm, x 100 RD 21

pcntachlorophcnol S, ss, a 0.15 RD 22
S, sm, x 10 RD 21

p-nitrophcnol S, as, a 0.15 RD 23

p·creso1 S, sm, c, s 0.2mM RD 24
S, sm, c, m 0.2mM RD, L 24

m·cr¢so1 S, sm, c, s 0.2mM RD, L 24
S, sm, c, m 0.2mM SD, L 24

0-crcsol S, sm, c, s, m 0.2.mM SD, LL 24

Organophosphatcs

mcthyl parathion S, sm, ss, a 1 mg/kg RD 18

PAHs

naphthol S, ss, a, x, n 9 RD 25
naphthalcuc F, as, a 0.66 RD 26

S, ss, a 7 RD 25
S, ss, n 7 RD, L 25
S, ss, c, a 0.1-1.0 RD 27

‘
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Table 2.17 (c0nt’d.)

. Initial
Compound System' Concentration° Biodegradatiow Rcl"

acenaphthene S, ss, a 1 RD 25
S, ss, n 0.4 RD, L 25
S, ss,c,a 0.1-1.0 RD 27

1-metbylnaphthalene S, ss, c, a 0.1-1.0 RD 27
2·methy1naphtha1ene S, ss, c, a 0.1-1.0 RD 27
Dibenzofuran S, ss, c, a 0.1-1.0 RD 27
Fluorene S, ss, c, a 0.1-1.0 RD 27

'S
-

static; F •
l1ow·through; as • aquatic sediment; ss

-
surface soil; sm

-
subsurface materia1;c •

soil
from contaminated site and/or microcosms pre-acclimated to compound; a = aerobic; x • anoxic
(conditions unknown); n •

niu·ate·reducing,’denitrifying; s
-

sulfate-reducing: m
-

methanogenic
conditions

‘mg/L except where otherwise noted

°RD
-

readily degraded, tm < 84d: SD • slowly degraded, 84d < [U2 < 168d; R • recalcitrant but
degradation apparent. tm > 168d; L

-
lag period; LL • long lag period, > 84d

··
• unknown

°References:
1. Goldsmith 1985 10. Bachmann et al. 1988 19. Horowitz et al. 1983
2. White 1986 11. Wilson et al. 19861: 20. Suflita & Miller 1985
3. Morris 1988 12. Wilson et al. 1986c 21. Smith & Novak 1987
4. Parsons & Lage 1985 13. Major et al. 1988 22. Edgehill & Finn 1983
5. Wilson et al. 1983 14. Wilson et al. 1982 23. Spain et al. 1984
6. Pignatello 1986 15. Kuhn et al. 1988 24. Smolenski 8: Sullita 1987
7. Wilson et al. 1986a 16. Kuhn et al. 1985 25. Mihelcic & Luthy 1988a
8. Kleopfer et al. 1985 17. Gibson & Sullita 1986 26. llcitkamp et al. 1987
9. Parsons et al. 1984 18. Ward 1985 27. Wilson et al. 1985
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aromatics, polynuclear aromatics, and chlorinated organics are all arnenable to biodegradation in

soils but rates and environmental conditions required for decomposition vary considerably.

2.11.4 Subsurface Biodegradation of Methanol, TBA, and Phenol
Methanol and phenol are degraded fairly rapidly in subsurface systems whereas TBA is

recalcitrant (Smith, 1984; Goldsmith, 1985; Novak et al., 1985; White, 1986; Smith and Novak,

1986; Morris, 1988). Tables 2.18 and 2.19 list biodegradation rates and biokinetic coeflicients

detemiined for methanol, TBA, and phenol in various subsurface soils.

TBA removal in soil microcosms follows a linear pattem, but the rate is directly related to

the initial substrate concentration over four orders of magnitude from 1-10,000 mg]L (Goldsmith,

1985; Novak et al., 1985; Morris, 1988). ln fact, TBA biodegradation is approximately frrst order

with respect to initial concentration (C,), as indicated by a nearly 1:1 relationship between

logarithms of rate and C,. A couple ofexceptions to this trend have been observed. Biodegradation

of TBA, as well as methanol, exhibited a typical batch response (lag, acclimation, growth, and rapid

utilization) at the Philadelphia, Pennsylvania site which had been contaminated by methanol· and

TBA—containing gasoline for a number of years (White, 1986). TBA biodegradation at the

relatively eutrophic Newport News site 1 exhibited saturation kinetics. Biodcgradation rates

increased with increasing C, up to about 10 mg!L, above which rates were relatively constant

(Morris, 1988). A similar saturation effect was observed for phenol utilization in Blacksburg site

1 soil.

2.11.5 Biodegradation Under Different Electron-Acceptor (Redox)

Conditions
Environmental electron-acceptor and oxidatiomreduction potential conditions govem

’
metabolic pathways of substrate utilization and therefore have a profound effect on biodegradation
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. Table 2.18
Subsurface Biodegradation Rates Reported for

Methanol, TBA, and Phenol

C: Avg. Rate*
Site Compound (mglL) (mgL '

‘d
' ') Reference

Williamsport, PA mcthanol 100 4.35 Goldsmith, 1985
TBA 1-7 0.36

70-130 1.23

Wayland, NY methanol 80 1.58
S30 ° 2.84

TBA 1 0.002
11 0.017
78 0.22

Dumfries, VA methanol 69-95 1.50
690-1000 3.57

TBA 1 0.002
6-12 0.02
63-82 0.12

Wayland, NY methanol 100 3.5 White, 1986
540 3.9

TBA 1 0.001
10 0.01

120 0.31

· Dumfxies, VA methanol 100 3.5
1000 3.3

TBA 1 0.001
10 0.02
73 0.11

Philadelphia, PA methanol 100 3.6
1000 61.0

TBA 2 0.05
14 0.52

150 2.00
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Table 2.18 (cont’d.)

C: Avg. Rate"
Site Compound (mglL) (mgL "

‘
d'

‘)
Reference

Blacksburg, VA methanol 18 0.85 Morris, 1988
Site 1 TBA 20 0.01

190 0.11
1200 0.67
5600 2.81

phenol 1 0.50
12 0.98

190 3.81

Blaclcsburg, VA methanol 24 1.1 1
Site 4 phenol 18 1.33

Newport News methanol 21 2.25
Site 1 99 3.43

TBA 12 0.61
96 1.13

1200 1.67
6300 5.51

phenol 100 3.29

Williamsport, PA phenol 150 8.57 Smith, 1984
Dumfries, VA phenol 50 0.93

'C„
-

initial substrate concentration

°Biodegradation rates determined at 10'C (Goldsmith, White, Smith) or 20°C (Morris).
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Table 2.19
Blokinetic Coefflcients Reported for

· Methanol, TBA, and Phenol Biodegradation
In Subsurface Soils

Stte Compound (mgL ' 'd
‘ ‘)

(mg]L) Reference
Williamsport, PA methanol 6.3 -- Goldsmith, 1985

TBA 0.5 23.5

Wayland, NY methanol 5.4 200.3
TBA 0.7 463.0

Dumfries, VA methanol 4.0 138.6
TBA 0.7 463.0

Blacksburg, VA TBA 3.32 9600.0 Morris, 1988
Site l TBA/MoOi‘ 2.20 365.0

phenol 2.96 1.8

Newport News TBA 1.44 4.3
Site l

'Biodegradatlon assays lncubated at l0°C (Goldsmith) or 20"C (Morris); rates reported by Morris were
adjusted for the approxlmate dry weight of soll in microcosms (4.0 g).

~~
•

not determlned
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of organic chemicals. Aerobic conditions, or the presence of oxygen on the aromatic structure
under anaerobic conditions, are conducive to microbial cleavage of aromatic rings. Aerobic

decomposition of aromatics often occurs via a few dihydroxylated compounds — catechol,

protocatechuic acid, and to a lesser extent gentisic acid or homogentisic acid — which are cleaved

to form aliphatics (c.g., Gibson, 1986, 1971; Alexander, 1977). Pathways of anaerobic

biodegradation of aromatic compounds are less well defined but have been discussed for different

electron·acceptor conditions (Williams and Evans, 1975; Bakken, 1977; Evans, 1977; Young, 1984;

Grbic·Galic and Vogel, 1987).
i

Rcductive dehalogenation is an important mechanism for biodegrading synthetic organic

chemicals (Suflita et al., 1982; Tiedje et al., 1987). Halogenation (extent, location, and type) confer

persistence to organic compounds. Reductive dehalogenation of both aliphatic and aromatic

compounds is linked to methanogenic consortia of microorganisms.

Bouwer, McCarty, and co-workers have conductcd a series of batch and biofilm column

studies into the biodegradability of organic compounds at low (10-100 pg!L) concentrations in the

presence of a primary substrate (acetate, 1-500 mg/L) under different e1ectron·acceptor conditions.

ln these systems, naphthalene, chlorinated benzcnes, and non-chlorinated benzcnes were degraded

aerobically but not under denitrification or methanogenic conditions; halogcnatcd aliphatics were

degradcd methanogenically, were not degraded aerobically, and certain compounds were degraded

while others were not under denitrification or su1f'ate·reducing conditions (Bouwer et al., 1981;

Bouwer and McCarty, 1983a,b,1984,1985; Bouwer et al., 1986; Vogel and McCarty, 1987). In

general, acclimation times for biofilm transformation of halogenated aliphatics were longer (2-12

weeks) for methanogenic than denitrifying or su1fate·reducing columns (< 2 weeks), but, once

acclirnatcd, removal efliciencies (for equal flow rates) were generally higher for methanogenic

systems (Bouwer et al., 1986).

A variety of phenoxyacetates, clrlorinated benzoates, and chlorinated phenols (0.3-0.5mM)

were degraded in static rnicrocosms containing anaerobic pond sediment or methanogenie aquifer
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material, whereas sulfate-reducing material from the same aquifer failed to convert any of the

chlorinated organics (phenol and benzoate were biodegraded in all systems) (Suflita and Miller,

1985; Gibson and Suilita, 1986). Some additional experiments were designed to investigate

conditions required for reductive dehalogcnation: addition of sulfate precluded dehalogcnation in

methanogenic systems; depletion of sulfate (by adding acetate) in su1fate·reducing systems allowed

dehalogcnation to prooeed; addition of methanol increased methane production in both types of

systems but did not affect biodegradation of the chlorinated compound tested (2,4,5-T) (Gibson

and Suflita, 1986). The results indicate that the biological potential to dehalogenate '

chloroaromatics was present in both subsurface samples but that the reaction was inhibited by the

presence of sulfate.

Using aquifer material from the same two sites as Gibson and Suflita (1986), p·cresol was

biodegraded 19 times faster in sulfate-reducing than in methanogenic microcosms (Smolenski and

Suflita, 1987). Mihelcic and Luthy (l988a) studied biodegradation of polycyclic aromatics in

surface-soil microcosms under different redox conditions. Naphthol, naphthalene, and

acenaphthene (C, = 10 mg/L) were degraded within 10 days aerobically; naphthol was degraded

within 20 days in denitrifying or anaerobic systems; naphthalene and acenaphthene degraded within

50 days coupled with denitrification, but weren’t degraded within 65 days in anaerobic systems (14.4

mg/1., added sulfate). Bachmann et al. (1988) found that a-hexachlorocyclohexane (HCH) in

contarninated (unseeded) soil samples was degraded only under methanogenic conditions. In

microbially seeded microcosms, HCH was degraded in aerobic or methanogenic soil slurries but

not denifrifying or su1fate·reducing ones.

The addition of nitrate or sulfate to anoxic microcosms did not substantially change

biodegradation rates of methanol or t·butano1 (TBA) by subsurface soil samples from Wayland,

New York (Mulherin, 1985). Similarly, biodegradation rates were unaffected by sulfate addition in

material from Dumfries, Virginia; however, in these systems, the addition of nitrate severely

inhibitedrnethanol biodegradation after some initial utilization, apparently because of a toxic
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accumulation of nitrite in the system. Addition of base (HCO; or 0H*) to non-amended

rnicrocosms with subsurface soil from Williarnsport, Pennsylvania had mixed effects: methanol

biodegradation rates increased whereas TBA rates declined. Mu1herin’s work was followed up by

Wilson (1986) who reproduced the inhibitory effect of nitrate on methanol biodegradation in

Dumfries, Virginia soil. Increasing pH in non-arnended rnicrocosms (natural pH = 5.1) slightly

decreased biodegradation rates of both methanol and TBA; increasing pH in sulfate-amended

systems resulted in slightly increased rates. The most dramatic stimulation of biodegradation rates

of TBA and methanol occurred in microcosms in which addition of base was coupled with nitrate

addition. This effect was attributed to mitigation of nitrite toxicity and metabolic enhancement due

to the provision of an efficient electron acceptor for anaerobic respiration. Other researchers have

indicated that in situ bioremediation of benzene, toluene, or xylene-contaminated, anoxic aquifers

may be enhanced by adding nitrate or nitrous oxide and that biodegradation can be inhibited by

nitrite (Major et al., 1988; Kulm et al., 1988).

Morris (1988) investigated the effects of the addition of nitrate, molybdate (an inhibitor of

sulfate reduction), and bromoethanesulfonic acid (BESA, an inhibitor of methanogenesis) on

biodegradation of alcohols and phenols in subsurface soil samples from Blacksburg, Virginia sites

1 and 4 and Newport News site 1 (using the terminology of the present study). Addition of 1.6mM

nitrate to Newport News soil rnicrocosms increased biodegradation rates of phenol,

2,4»dich1orophenol, TBA, and the 1-5 carbon n-alcohols from 4-77% compared to non-arnended

rates. Likewise, nitrate (1.6mM) increased biodegradation rates in Blacksburg site 4 soils (from

2.5-4 feet below the surface). Adding 0.8mM nitrate to Blacksburg site 1 soils (from 15 feet deep)

did not signiticantly affect biodegradation rates compared to non·amended rates. In Newport News

soil, adding molybdate or BESA generally had no effect on degradation rates. In contrast, in

Blacksburg site l soil, BESA decreased rates by up to 70% of non·amended rates whereas

molybdate consistently increased biodegradation rates of alcohols and phenols, substantially in

some cases. This latter effect was most dramatic for TBA (1390%) and 2,4·dich1orophenol (307%),
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which was attributed to a structural substitution of hydrogen rather than simply using H; as

reducing equivalents (electrons). Microcosm systems arnended with molybdate had a higher affinity

for TBA (K, = 365 mg/L) than comparable non·amended systems (K, = 9600 mg/L). Molybdate

was determined to have a different action than molybdenum with respect to alcohols

biodegradation.

' 2. I2 Relationship Between Subsurface Biodegradation

Rates and Microbial Density ~
Microbial measures should provide an index for predicting biodegradation rates of organic

contaminants in subsurface environrnents. The problem is in measuring the biomass of a

subsurface system that is responsible for degrading a particular compound. Measures of active

biomass concentration (X) are also required for the application of kinetic models of biodegradation.

According to theory substrate utilization rate (AS/At) is directly related to active microbial density

(X)-

Few studies have investigated the rate·density relationship. Total (direct microscopical)

counts are not good indicators of biodegradation potential of subsurface soils. ln many cases, direct

counts are strikingly similar in soil samples exhibiting substantially different biodegradation rates

(Novak et al., 1985; Goldsmith, 1985; Webster et al., 1985; Wilson et al., l986c). Adenosine

triphosphate (ATP) content of subsurface soils (a biomass measure based on the assumption that

eells contain a relatively constant amount of ATP per unit of biomass) was found to be directly

related to the rate of toluene biodegradation in the same soils but not to chlorobenzene degradation

rates (Wilson et al., l986c). The ATP contenbbiodegradation rate relationship was not quantified

in the tudy. The maximum rate of phenol mineralization (v,,,„,) was found to be positively

correlated to total biomass (measured as phospholipid concentration) in subsurface soils (Dobbins

et al., 1987), although the relationship was not particularly strong (r= 0.62). A fairly strong
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correlation (r= 0.90) was found between Huorescein diacetate hydrolysis rates (a mcasure of overall

enzymatic activity) and biomass (total phospholipid concentration) in soils (Federle et al., 1986).

In adaptation studies, a positive relationship has been observed between biodegradation rates of

p-nitrophenol and changes in numbers ofp-nitrophenol deyading organisms over time within static

rnicrocosms (Spain et al., 1984; Wiggins et al., 1987; Aelion et al., 1987). MPNs ofp·nitrophenol

degraders generally increased as biodegradation rates increased in a variety of aqueous and

sedirnent/water assays. An exception was pond sedirnent core microcosms which exhibited first

order biodegradation kinetics and no signilicant changes in numbers ofp-nitrophenol degraders

(Spain et al., 1984). Interestingly, in systems exhibiting growth of the active population, total

heterotrophic organism numbers (MPNs using nutrient broth as growth medium) remained

relatively constant and did not rellect the increase in speci1ic·degrader numbers (Spain et al., 1984).
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Chapter 3

Materials and Methods

3.I General Approach
The intrinsic biodegradation potential of subsurface environments was investigated by

measuring utilization rates of selected organic contarninants in soil/water rnicrocosms containing

sedirnents from a variety of sites. The general approach was four·pronged: (l) evaluation of

biodegradation rates in non·amended (except for the organic substrate) systems, (2) electron

acceptor addition experiments, (3) inhibitor addition experiments, and (4) microbiological

quantification and characterization of the subsurface environments.

3.2 Site Description
Soil samples were collected from live locations believed to be relatively free from previous

anthropogenic contamination by organic chemicals and from one contaminated location. Study

sites were located at: Wayland, New York; Williamsport, Pennsylvania; Dumfries, Virginia;

Blacksburg, Virginia; Newport News, Virginia; and Picatinny Arsenal, New Jersey (Figure 3.l).

The Wayland (WL) site was on flat terrain approximately 400m from a small lake. Soils

at the site consisted of dark brown loarn interspersed with marl down to a depth of 0.6m, where a

15 cm-thick eontinuous marl layer was underlain by a mixture of glacial material and silty clay.

The water table at the Wayland site was at approximately l.2rn.

The Williamsport (WP) site was located 90m of the Susquehanna River on level

terrain at the base ofa mountain range. The soil profile at the site consisted of loamy silt to a depth
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Figure 3.1. Site locations.
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of 3.7m, clean sand from 3.7m to 4.9m, dense sand mixed with gavel from 4.9m to 9.1m, and

coarse sand to !l.6m, underlain by rock. The water table existed at depths of 3-4m at the times

of sampling the Williamsport site.

The Durnfries (DF) site, located on a high bluff roughly 1 km from the Potomac River,

was sampled to a depth of 3 lm. Subsurface material consisted ofaltemating layers of sand and silty

clay, and the water table was at 13m.

Four sites within a localized area (1 km') were sampled at Blacksburg (BB), Virginia. Sites

1, 3, and 4 were located on high areas of the hilly termin while site 2 was in a swale that received

runoff from both the surrounding fields and a nearby feedlot. Sites 1 and 2 were on cropland, site

3 was on pastureland, and site 4 was in a mature oak·hickory forest. Soil profiles were as follows:
•

BBI. The surface layer was dark geyish brown loam. The subsoil at 0.6m was
yellowish grey silt loam, and the substratum was yellowish brown, mottled with gey,
clay loam at 1.5 and 4.6m.

•
BB2. The surface layer was dark geyish brown silt loam, and the subsoil at 0.6m was
yellowish brown silt clay. The substratum was, at 1.5m, yellowish brown, sticky and
plastic clay, mottled with gey, and, at 4.6m, gey, very sticky and plastic clay, mottled
with yellowish brown.

•
BB3. The surface layer was geyish brown silt loam; the subsoil at 0.6m was geyish
brown silt loam. The substratum at 1.5m was yellowish brown, mottled with gey,
clay loam, and at 4.6m was yellowish brown, sticky and plastic clay mottled with gey.

•
BB4. Below the leaf litter, the surface layer was brown silt loam. The subsoil was
strong brown clay loam from about 0.6-1.5m.

‘
Soil series represented at the sites were Gloseclose and Poplimento (BBI, BB3), McGary and Purdy

(BB2), and Frederick (BB4) (Creggar et al., 1985). The water table was approximately 4m below

the surface at BB2, while being >6m deep at other Blacksburg sites.

Soils were collected at two locations at the Newport News (NN) site. NN! was located in

a gassed lawn within 100m of a water·supply reservoir dam. The soil surface was approximately

3m lower in elevation than the water level in the reservoir, resulting in a shallow (38 cm deep) water

table. Surface soils were dark brown loam interspersed with grey plastic clay (probably fill material

4 from the dam core). The subsoil was greenish brown sand mixed with shell fragrnents and
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small-diameter gravel. NN2 was located on a high area adjacent to, and 6m above, the reservoir,

where the water table was 4.2m below the surface. The substratum at this location was dense

brown sand.

Soil samples from the Picatinny Arsenal were supplied by the U.S. Geological Survey

(New Jersey District). The arsenal is located in the Green Pond Brook Valley, on nearly flat terrain,

in the central part of the New Jersey Highlands. Wastewater containing chlorinated solvents and

other contaminants associated with disposal of metal~plating wastes was discharged to an unlined
filtration pit from 1960-1981, producing a plume of contaminants, primarily trichloroethylene, in

the unconfined aquifer, with some seepage to the confined aquifer (Fusillo et al., date unknown).

The Picatinny Arsenal (PA) sampling sites were located within 25m of Green Pond Brook. PAI

(USGS 41-4) was located on the Arsenal side of Green Pond Brook toward the edge of the

contaminant plume. PA2 (USGS 41-3) samples came from the opposite side of Green Pond

Brook, where no contamination has been detected. Soils of glacial till origin consisted of coarse to

fine, grey sands down to a conlining layer at Ilm. The water table was approximately 2.4m below

the land surface.

Soil samples are described in this report by a two-letter location code, followed by a

one·digit site code (where more than one site was sampled at a location), and the sample depth in

meters. For example, WP·2.4 indicates a sample from 2.4m below the surface at the Williamsport,

Pennsylvania site and BB2·l.5 == Blacksburg, Virginia site 2, 1.5m deep. Sites, codes, sampling

dates and depths sampled are summarized in Table 3.1.

3.3 Sample Collection
Soil samples were obtained using previously described methods (Goldsmith, 1985; Novak

et al., 1985). All sample collection and handling procedures were conducted in a manner that

contamination from non·indigenous microorganisms. Most samples were acquired in

Shelby tubes which were extruded either immediately on-site through a sterilized paring ring
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Table 3.l
Studied Soil Samples

Sampling Depths
Site Code Date Sampled (m)

Williamsport, Pennsylvania WP 7/83 0-9.l

I2/87 l.5-3.0

Wayland, New York WL Il/83 0-3.7

Dumfries, Virginia DF 3/84 0-3l.I

Blacksburg, Virginia BBI 9/85 0-7.6

2/88 l.8-2.4

BB2 9/85 0-3.0

BB3 9/85 0-4.6

Newport News, Virginia NNI 8/86 0-2.4

NN2 8/86 3.6-5.8

Picatinny Arsenal, PAI 7/87 0.8-5.0
New Jersey

PA2 7/87 0.8-5.0

I I
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(Novak et al., 1985) or within 48 hours in the laboratory where all exterior surfaces of the soil core

were pared away with sterile spatulas and discarded. The remaining, uncontaminated soil was

stored in autoclaved glass jars at l0°C — the arnbient subsurface temperature at most sites — until

used. Tracer analyses indicated that drilling·mud contamination, where used, was minimal

(Goldsmith, 1985). No drilling mud was used at the Blacltsburg or Newport News sites. Where

the saturated zone was sampled, arnbient temperature, pH, and dissolved oxygen concerrtration of

the groundwater were measured in situ by lowering probes into water standing in the auger hole.

Water samples for analyses of chemical constituents were collected by lowering a weighted bottle

into the hole. Samples were transferred to glass BOD bottles, and separate samples were fixed by

adding: concentrated HNO; to achieve a pH = 2 (cations and metals), 0.5 mL of a saturated

1·lgC1; solution (nitrate, nitrite, and sulfate), HC1 to pH 2 (TOC), HgCl; and HC1 (phosphate).

Untreated groundwater samples were collected for microcosm preparation. Redox conditions were

not controlled during the collection of soil or water samples.

3.4 Microcosms
Biodegradation of organic chemicals by indigenous soil rnicroorganisms was evaluated in

static soil/water microcosms, simulating anoxic, saturated subsurface conditions. Microcosms were

prepared by aseptically transferring soil and an aqueous solution of the desired organic chemical

(plus a potential electron acceptor and/or metabolic inhibitor in certain experimcnts) to glass test

tubes or bottles, which were sealed with Tef1on·lined septum caps. Prepared microcosms were

vigorously mixed to distribute the added chemical constituents throughout the soil, and then left

stationary during incubation. Earlier experiments (using WL, WP, and DF soils) differ from more

recent ones (using BB, NN, and PA soils) in that groundwater collected at the sites was sterilized

and used in preparing dosing solutions in the former while sterile distilled/deionized water was used

in the latter. Microcosms were incubated in the dark at 20°C except for in temperaturewariation

experiments in which microcosms were incubated at temperatures ranging from 5—30°C.
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Three rnicrocosms configurations were employed. Biodegradation rates were evaluated in

test tubes (13 x 100mm) with a capacity of approximately 9.3 ml,. Approximately 4-5 dry g of

soil was added to the tubes, and the remaining volume was filled with the dosing solution,

precluding headspace. This configuration is comparable to that used by other researchers

(Goldsmith, 1985; White, 1986; Morris, 1988). Larger aqueous volumes were required in

electron·acceptor and inhibitor experiments to permit repeated sarnpling for anion analysis. Two

sizes of glass bottles, with volumes of 265 and 370 mL, were used in these studies. Both sizes were

loaded with a 0.3 soil-to·water ratio: 60 wet g soil and 200 mL solution in smaller bottles, and 75

wet g soil and 250 mL solution in larger bottles. This is roughly the same soil/water ratio as in test

tube microcosms.

Anoxic conditions were produced in microcosrns by: (I) purging the liquid and headspace

of bottle microcosms with nitrogen or helium prior to adding the organic substrate via syringe

through the septum, or (2) filling test tube rnicrocosms completely with liquid to eliminate

headspace and allowing aerobic metabolism of organic carbon to deplete incidental dissolved

oxygen. Theoretical chemical oxygen demand calculations imply that, even if the solution were

saturated with oxygen when the microcosm was sealed, aerobic respiration of only a few mglL of

the added substrate would effect virtual anoxia.

3.5 Organic Compounds
This study focused on biodegradation of methanol, TBA, and phenol, while degradation

of' other alcohols, chlorinated phenols, fatty aeids, and benzenes was/is being assessed concurrently

in the same lab by other researchers. Goals of this research were to understand pathways and

mechanisrns rather than to conduet treatability studies. Phenol is a high·volurne industrial chemical

produced largely as an intermediate compound for the preparation of pharmaceuticals, pesticides,

and synthetic polymers. Methanol and TBA along with ethanol and methyl·!-butyl ether (MTBE),

eollectively called oxygenates, are the major octane enhancers added to unleaded gasoline. These
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chemicals enter subsurface systems through accidental spills, leaking storage tanks, leachate from

municipal and hazardous waste landlills or wastewater lagoons, or improper waste disposal

practices. All three chemicals are highly soluble in water and therefore mobile in groundwater.

They are toxic or irritants, and they may act as cosolvents which enhance the spread of more

hydrophobic (and more toxic) contaminants such as other gasoline constituents (Garrett, 1987).

3.6 Biodcgradation Rate Assay
Biodegradation rates were determined by monitoring the disappearance of added organic

compounds in microcosms over time. The hydrophilic nature of the compounds tested precluded

the need to sacrilice microcosms for extraction; chemical concentrations were tracked over time in

individual microcosms. Aqueous samples (a few pL) were withdrawn through the septum with a

heat—sterilized, suction·cleaned syringe without disturbing the microcosm. Biodegradation rates

were calculated as: (l) the slope of the eonoentration-time (C-t) plot of the data when

disappearance was linear, (2) the slope of the linear portion of the C-t plot when a substantial

portion was linear, or (3) the slope of a lnC·t plot when f1rst·order kinetics were evident and gave

a better fit of the data. Although approxirnately equal weights of soils were added to test tube

microcosms, biodegradation rates were divided by the exact dry weight of soil in each individual

tube to facilitate intercornparison.

3. 7 Controls
Control microcosms were prepared similar to live microcosms and monitored to distinguish

biodegradation from abiotic losses. First, it was observed that microcosms containing either an

autoclaved aqueous chemical solution and no soil or soil that had been combusted at 5S0°C for

three hours in a muflle furnace showed, except for a few anomolous cases, virtually no chemical loss

over time. These data indicated that chemical losses due to (1) leaks in the test system (e.g.,
”
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volatilization throuyi the scptum), (2) biodegradation resulting from microbial contamination

during sarnpling, or (3) chemical or physical transforrnations of the compound, were minimal.

However, control such as these did not account for removal of the chemical from the liquid phase

via sorption.

Several different soil sterilization treatments were evaluated by plating treated soils and

observing plates for microbial yowth, and by long·term monitoring of microcosms containing

treated soils for chemical disappearance (assuming that sorption would be virtually complete within

a few days and that continued significant disappearance after a few weeks would be evidence of

biodegradation). Routine autoclaving (one or more times, dry or wet), chemical treatment with

HgC1 (l g/L), and gamma ixradiation (2 Mrad from a Coba1t·60 source) all failed to completely

sterilize every soil sample, particularly those with high clay content. While irradiated soils did not

form colonies upon subsequent plating, applied substrates continued to disappear; this was most

likely due to retained enzyme activity (Walker, 1975; Grand and Long, 1981). The most successful

treatment, which essentially eliminated chemical disappearance from microcosms, was to repeatedly

autoclave (45 minutes at l21°C and 15 psi) soil which had been ground with a pestle and spread

into a thin layer in an enameled pan. Soils for control microcosms were autoclavcd at least six

times over a period of several days.

3.8 Electron Acceptor and Inhibitor Experiments
The effect of potential electron acceptors on biodegradation rates was determined by adding

nitrate, nitrite, or sulfate to soil microcosms, along with the organic substrate, at concentrations

suflicient to sustain oxidation of the added electron donor via anaerobic respiration.

To evaluate the relative importance of the sulfate reduction and methanogenic pathways

in the biodegradation of organic chemicals, two specific metabolic inhibitors were added to

microcosms: sodium molybdate which inhibits the sulfate reduction pathway (Taylor and
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Oremland, 1979), and 2-bromoethanesulfonic acid'(BESA) which inhibits methanogenesis (Smith

and Mah, 1978; Zehnder and Brock, 1979; Smith and Mah, 1981).

Initial concentrations of chemicals in solutions used to dose microcosms are listed in Table

3.2. Ammonium was added in certain electron acceptor experiments to provide a readi1y·availab1e

nitrogen source and insure that disappearance of nitrate and nitrite could be attributed to the

dissirnilatory process (Bowman and Focht, 1974). The pH·redox indicator resazurin was added to

some microcosms (0.000l'%) to indicate the existence of deeply anacrobic conditions.

3.9 Anabvtical Methods
Groundwater constituents were mcasured by atomic absorption spectrophotometry

(cations) and ion chromatography (anions). Since no groundwater was collected at certain sites,

aqueous constituent levels for those soils were characterized by measuring concentrations in the

liltrate of a 0.3:1 soil/disti11ed·deionized water mixturc (by weight) which had been shaken for one

hour. This procedure was intended to approximate constituent levels occurring in the aqueous

phase of microcosms. Concentrations of added organic chemicals were determined by (FID) gas

chromatography. Alcohols were mcasured using a 2m x 3mm stainless steel colunm packed with

0.2% carbowax 1500 on 80/100 mesh Carbopak C at 80°C for methanol and 120°C for TBA,

isothermal. Methane in headspace gas was also mcasured on this column at 80°C. Phenol was

mcasured using a hn x 2mm glass column containing 1% SP-l240~DA on 100/ 120 Supelcoport

at 140°C isothermal. Acetate was mcasured by ion chromatography. The organic carbon content

of soils was determined by a modilication of the closed dichromate rellux method (Method 508B,

APHA et al., 1985) substituting linely ground dry soil samples for water samples, and % organic-C

was calculated as directed in Method 29-3.5.3 of Nelson and Sommers (1982). Total (dissolved)

organic carbon in water samples was mcasured on a TOC analyzer after acidilication (11;,1*0,) and

purging to strip CO;.
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Table 3.2

Initial Concentrations of Chemicals Added to Microcosms

Constituent Concentration

Organic substratea 10 - 100 mg/L
(Methanol, TBA, etc.)

Electron Acceptors

Nitrate S mM

Nitrite 7 mM

Sulfate 3 mM

Nutrient

Ammonium 0.64-1.16 mM

Inhibltors

Molybdate 2 ¤M

BESA 5 mM
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3. 10 Microbial Charactcrization
The soil microbial populations were quantified/characterized by viable counts, total (direct

microscopical) counts, substrate~speci1ic MPNs, MPNs of different metabolic groups, and methane

production assays, as outlined below.

1. Viable counts. Spread·p1ate viable counts using 10% soil extract agar (100 ml., soil
extract (Wollum, 1982), 15 g agar, 900 ml, distilled water), and using yeast extract
peptone agar (1 g yeast extract, 1 g peptone, 15 g agar, 1000 mL distilled water). Both
types of media were adjusted to pl—l 6.8-7.0. Triplicate plates were incubated at 20°C
for live days (aerobic) or three to four weeks (anaerobic) before counting colonies.
•

Ambient moisture, aerobically incubated viable counts — plates inoculated
immediately after mixing initial soil dilution bottle on shaker table for 30 minutes
and making dilution series.

•
Saturafed, aerobically incubated viable counts — plates inoculated at various times
after shaking the initial dilution.

•
Ambient moisture, anaerobically incubated viable counts — plates inoculated as
above but incubated in an anaerobic glovebox containing an atmosphere of 80%
nitrogen and 20% hydrogen.

2. Direct count:. Acridine orange epifluorescerrce direct counts following the method of
Trolldenier (1973).

3. Sub.rtrate—.rpecüic MPN.r. Tubes (13 mm x 100 mm) inoculated with 1 mL of the
appropriate soil dilution, filled to preclude headspace, and sealed with a septum cap
(identical to microcosrn setup). Media consisted of a 100 mg/L of methanol, TBA,
or phenol in a basal salts solution containing, per liter: 1.0 g NaC1; 1.0 g NH,NO;;
75 mg CaC1; 211;O; 200 mg MgSO, 711zO; 12 mg FeSO• 71110; 20 mg Na;EDTA;
1 ml, Williams trace element solution; 1.0 mg thiamine hydrochloride; 1.0 mg biotin;
and 0.5 mL of a stock phosphate buffer solution (1.6 g K11;PO„ and 2.4 g KZHPO.
per 100 ml,). Control tubes were prepared without inoculum, and tubes were assayed
based on substrate disappearance, determined by gas chromatography, comparcd to
controls. MPN was deterrnined from a table for 5·replicate, l0·fold dilution analysis
(Alexander, 1982).

4. MPN: ofrpecüic metabolic group:. Denitrifiers were enumerated using the MPN
method described by Ticdje (1982). Sulfate reducers were quantilied by a 5—tube,
l0·fold dilution MPN method using Postgate’s (1984) Medium E.

5. Methane production a.r.ray. A qualitative test for the presence of methanogens was
conducted by analyzing for headspace methane gas in soil microcosms dosed with a
high concentration of a readi1y·utilized methanogenic substrate (1 g/L of acetate or
methanol) following incubation at 30°C for two months.
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Chapter 4

Physical, Chemical, and Microbial Characterization

‘
4.1 Water Chemistry, Soil Organic Carbon and Moisture

Content ·
Table 4.l shows the groundwater characteristics at four sites. Table 4.2 shows constituent

concentrations in artificial groundwater — that is, water chemistry expected in microcosms dosed

with distilled-water/organic·substr'ate solutions following equilibriurn with soil. A comparison of

data from the two tables for the same site (WP[l2/87] or NNI) reveals that concentrations of

chemical constituents eluted from soil into distilled water are generally lower than levels in natural

groundwater collected at the site.

Groundwater at the Williamsport site was aerobic when first sampled on 6/83, and was

relatively rich in nitrate and sulfate. When sampled on 12/87 the ground was very soggy from

prolonged rains, and the water table was approximately lm higher than in 1983. Although

dissolved oxygen was not measured on the later date, it may be that anoxic conditions prevailed

due to increased organics influx and decreased reaeration; this scenario would promote

denitrification and account for the lower nitrate levels observed. The Williarrrsport data appear to

reflect microbial adaptations ofmetabolic pathways that may occur on a regular basis in the vicinity

of fluctuating water tables. Soil samples were collected from both saturated and unsaturated zones

at most sites; exceptions are Blacksburg where only the unsaturated zone was sampled and

Picatinny Arsenal where only saturated·zone soils were obtained. Unsaturatcd zones are gcnerally
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Table 4.1
Groundwater Constituents at Studied Sites

Site Location and Sampling Date
Parameter WP° WL" DF° NN1

(mg/L)‘ 6/83 12/87 1 1/83 3/84 8/86

AnionsC1‘
9.94 4.6 8.00 12.2 21.9Br‘
nd ·— 0.06 0.32 <0.5

NO; 53.4 2.6 1.54 0.11 <0.5
NO; nd nd 1.20 0.56 <0.5
SO§· 27.6 63.8 52.0 ~ 8.10 7.5
PO}; nd nd nd nd <0.5

Cations
Ca** 22.6 16.6 73.8 2.88 86.9
Mg'* 4.65 4.04 14.4 3.88 3.77
Na* 2.78 3.38 33.4 13.5 15.0
K* 1.09 1.12 3.50 4.54 2.30
Fe (total) 0.44 0.03 0.05 4.23 6.95
Mn (total) -- 0.42 -· -- 0.61

TOC 1.0 1.9 1.7 1.3

Alkalinity as CaCO nd -· 180.0 nd 232.0

Dissolved oxygen 6.7 -- 0.7 0.2 0.1

Temperature (°C) 11.0 -· 10.0 10.0 24.0

pH 4.7 4.5 7.8 4.5 6.5

‘mg/L except temperature and pH

°Source: Goldsmith, 1985

TOC • total organie carbon; nd
-

none detected; ·· -
not measured
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aerobic whereas the saturated zones sampled in this study, except for Williamsport (6/83), were

anoxic.

Nitrate was present in signilicant quantities only in the Williamsport (6/83) grdhndwater.

Significant sulfate concentrations occurred in WP, WL, and PA samples. Also, despite the low

sulfate levels indicated in Table 3.3, greater than 50 mg/L SOi· was commonly measured in

NN1- 1.8 microcosms, possibly due to slow release from colloid surfaces (with high anion exchange

capacity) not revealed by the l·hour elution test. The pH was relatively high ir1 WL, NNI, and

PA1 samples cornpared to other sites, which were generally in the pH 4·5 range typical of many

soils.

Although the Picatinny Arsenal (PAI) site is located toward the edge of the contaminant

plume, organic oontaminants are detectable in a groundwater monitoring well less than 15m away:

trichloroethylene == 83 ;iyL; 1,2-cis-dichloroethylene = 19 pg/L; TOC = 1.7 mg/L; and dissolved

methane < 2 pg/L (Fusillo et al., date unknown).

The organic carbon content of Blacksburg and Newport News soil samples is given in

Table 4.3. Soil organic carbon decreases rapidly with increasing depth over the first 50 cm and more

slowly over the next few meters. This can be attributed to biodegradation as organics are lcached
l

downward. Soil organic carbon is virtually depleted by 1.5m in depth in BB2, suggesting a higher

level of microbial activity than in BBI or BB3. The organic carbon content of NNl~0, located in

a grassy lawn, was low compared to Blacksburg surface soils (pastureland, cropland). Either

Blacksburg surface soils received a higher inllux oforganics, which is plausible considering land use,

or microorganisms in NN l~0 rapidly metabolized organics preventing their accumulation. By virtue

of its position below the hydraulic head of a fairly eutrophic reservoir, it is expected that the

subsurface at NNI receives a high Ilux of organic- and nutrient-laden water.

Table 4.3 also lists the moisture content of the soils. Some surface soils have a higher

moisture content than subsoils,but moisture content generally increases with increasing depth in

the unsaturated zones. Variations in moisture content in saturated·zone samples are Iargely due to
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Table 4.3
Soil Organic Carbon and Moisture Content

Collection
Soil Date % Org-C' % Moisture'•
BB1·0 9/85 3.63 25.1
BB1·0.6 0.17 12.4
BB1·1.5 0.12 25.7
BB 1-4.6 0.07 30.0
BB1·7.6 -- 34.3

BB2-0 5.88 25.8
BB2-0.6 0.39 18.4
BB2~l.5 0.05 28.7
BB2·3.0 0.09 33.6

BB3-0 2.21 15.8
BB3-0.6 0.19 18.1
BB3·1.5 0.13 30.6
BB3·4.6 0.06 29.5

NN1·0 8/86 0.74 14.8
NN1·1.8 0.19 25.5
NN2·5.0 0.05 _ 27.0

BBI-2.4 2/88 -- 32.0

PA1-5.0 7/87 -· 13.0

WP·2.4 12/87 -· 21.0
WP (avg) 7/83 -- 18.6*

DF (avg) 3/84 —- 16.6*

WL (avg) 11/83 -- 30.0*

'g Org·C/g dry soil x 100

°g water/g wet soil x 100

°Calculated from data supplied by C. D. Goldsmith l

··
• not measured
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the water~holding capacity of the different soils following extraction from the environment. For

example, water would tend to run out of coarse sand such as in PA or DF samples.

4.2 Microbial Enumeration
The densities of viable bacteria and total microbial cells in the studied soils are given in

Table 4.4. Substantial populations of viable bacteria existed at each site and depth evaluated,

including to a depth of 3lm at Durnfries, Virginia. Surface soils generally harbored significantly

larger viable bacterial numbers; however, NNI was an exception to the trend, possibly reflecting the

influx of nutrients with the groundwater. Viable counts varied from
10‘-

l0° cfu/g in subsurface

soils with no consistent trend with depth. Predictably, viable counts were 1-3 orders of magnitude

lower than direct counts. Viable counting techniques only enumerate organisms capable ofgrowing

under a single combination of media and incubation conditions whereas the direct microscopical

procedure counts all viable and nonviable cells. Direct counts were remarkably similar (roughly

IO" cell/g) between sites and depths, as has been observed elsewhere (Wilson et al., 1983; Webster

et al., 1985; Beeman and Suflita, 1987).

The studied soils represent a wide variety of cnvironments with respect to depth, soil type,

moisture content and saturation status, chemical composition, pH, redox conditions, and organic

carbon content. One site, PAI, is oontaminated with synthetic organic compounds. All sites

contained substantial densities of viable bacteria, generally ranging from 10‘·10’ per dry gram of

soi1.i
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Table 4.4
Bacterial Density in Studied Soils

SE Viable AO Direct
Collection Moisture Count Count

Soil Date Status' 10** cfu/g (S.D.) 10·" cell/g (S.D.)
WP- 0* 7/83 U 300.0 (30.0) 5.6 (1.9)

3.7 1 0.35 (0.2) 3.9 (1.4)
9.1 S 1.4 (0.8) 4.6 (2.7)

WP · 2.4 12/87 S 5.9 (0.8) ·-
WL- 0* 11/83 U 100.0 (40.0) 10.0 (4.1)

1.8 S 9.3 (1.1) 7.6 (3.8)
3.7 S 11.0 (0.8) 8.0 (6.4)

DF - 0* 3/84 U 97.0 (5.7) 10.0 (4.1)
3.4 U <0.01 7.3 (3.7)
4.3 U 33.0 (4.0) 3.1 (2.2)
9.1 U 5.6 (0.07) 3.9 (3.4)

17.4 S 52.0 (9.2) 11.0 (6.4)
24.4 S 9.8 (0.5) 7.3 (5.6)
31.1 S 7.1 (0.3) 4.8 (4.5)

BBI - 0 9/85 U 24.3 (2.6) --
0.6 U 0.73 (0.5) --
1.5 U 0.34 (0.05) 3.4 (3.8)
4.6 U 1.7 (0.3) ·-
7.6 I ·· 1.5 (2.2)

BB2 - 0 9/85 U 24.5 (3.6) ·-
0.6 U 11.2 (3.1) ··
1.5 U 5.3 (2.2) 2.5 (3.6) ‘
3.0 U 4.5 (0.6) -· 1

BB3 ~ 0 9/85 U 15.2 (3.2) -·
0.6 U 4.1 (2.9) ··
1.5 U 3.1 (0.9) 3.4 (3.3)
4.6 U 4.5 (1.1) ·-

BB4 - 1.0 7/87 U 2.4 (0.8) --
NN1 · 0 8/86 U 3.4 (0.2) —·

1.8 S 8.4 (0.5) ··
NN2 · 5.0 8/86 S 0.88 (0.04) --

PAI · 5.0 7/87 S 16.2 (5.6) ··
PA2 - 5.0 7/87 S 0.53 (0.08) ··
°U

-
unsaturated;l ¤ interfacia1;S

-
saturated

*Source: Goldsmith, 1985
·•

-
not measured; S.D. • standard deviation .
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Chapter 5

Intrasite Variation: Biodegradation in Blacksburg,

Virginia Soils

'The rates, pattems, and spatial variation of biodegradation of methanol, phenol, and TBA

were studied in soil samples from a variety of sites and depths within a localized (< l kmf) area

on Virginia Tech farmland in Blacksburg, Virginia. Also, bacterial density in soils was intensively

investigated, as was the relationship between biodegradation rates and measures of microbial

density.

5.I Blacksburg Biodegradation Kinetics
Average biodegradation rates of methanol, phenol, and TBA in Blacksburg rnicroco_s_rns

(incubated at 20°C) are summariud in Table 5.1. Both first order rate constants and initial

utilization rates are reported for methanol and phenol degradation because the data did not

oonsistently fit either the first or zero order model. Initial utilization rates were determined as the

slope of the initial, approximately linear portion of substrate disappearance curves; although this

measure has the same units as a uro order rate constant, it is not the same (and is generally higher

for curves that are slightly concave downward) as the latter is the slope of the best fit line through

the entire substrate disappearanee plot.

' Figure 5.1 shows typical patterns of methanol, phenol, and TBA biodegradation in

Blacksburg soils. In general, concentration-time plots for methanol and phenol were concave

downward, but substrate utilization was not clearly uro or first order. This is not surprising

f
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Figure 5.1. Typical biodegradation patterns in Blacksburg soils
(BB2-3.0, 20C data).
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considering the heterogeneity of soil bacterial populations and rnicrocnvironments and the net I
degradation pattems that may be exhibited as a result of varying bacterial numbers and available

substrate concentrations (e.g., Simkins and Alexander, 1984; Alexander, 1985). The biokinetic

coeflicicnts for methanol utilization in subsurface soils with comparable bacterial densities presented

in Table 2.19 were determined at l0°C. Novak (1984) reported that K, decreases logarithmically

with increasing temperature in anaerobic systems, and data from biological treatment processes

indicate that K, may decrease by a factor of 2-5 per 10°C increase in temperature (in the 20·35°C

temperature range). Assuming this relationship is generally applicable to lower temperatures, l0°C

K, values for methanol in Table 2.19 (139-200 mg!L) may be extrapolated to approxirnate 20°C

K, values in the range of 28-100 mg/1... Concentrations of methanol pertinent to this study (C, =

100 mg!1..) are not substantially different from K, values; hence, mixed-order kinetics between zero

and first order are expected. The observed pattems of methanol biodegradation at both 10 and

20°C were consistent with the mixed-order expectation.

Zero order kinetics are expected for substrate concentrations which are 1.5-2 orders of

magnitude greater than K,. BB1-4.6 exhibited a K, for phenol utilization of 1.8 mg!L at 20°C

(Table 2.19), suggesting that phenol degradation should be linear (zero order) at concentrations

greater than roughly 27 mg!L and mixed order as concentration approaches K,. In fact,

biodegradation of 100 mglL of added phenol in Blacksburg soils often followed just such a pattem:

linear initially, becoming curvilinear as phenol concentration approached K, (e.g., BB2~3.0, Figure

5.2). However, BB2- 1.5 exhibited linear (zero order) biodegradation of phenol at lower

concentrations than expected (Figure 5.2) implying that K, for this soil might be lower. Microcosm

studies with various initial phenol concentrations revealed that biodegradation rates (AS/At) in

BB2-1.5 were consistent over a range of 5-100 mylsz 2.50, 2.53, and 2.76 mg/L" d' ‘

atconcentrationsof 5, 50, and 100 mg/L, respectively. Morris (1988) found that phenol utilization

rates in BB1·4.6 were directly related to substrate concentration from 1-10 mgl1.. but were

consistent from 10-100 mg/L. Thus, the microbial population of BB2-1.5 appears to have a higher
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Figure 5.2. Patterns of phenol degradation in BB2-1.5 and BB2-3.0.
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aflinity (lower K,) for phenol than BBl·4.6. High concentrations of phenol inhibited

biodegradation. The biodegradation rate ofan initial phenol concentration of 500 mglL in BB2· 1.5

(0.96 mgL"
d‘ ‘)

was less than rates at lower concentrations.

TBA biodegradation in Blacksburg microcosms was typically linear or biphasic with a lag
i·

phase preceding more rapid, linear utilization. Consequently, only zero order rate constants are

reported for TBA in Table 5.1. Linear TBA biodegradation has been repeatedly observed in
le

subsurface soils (Goldsmith, 1985; Novak et al., 1985; Morris, 1988). The Blacksburg K, value

(9600 mglL, Table 2.19) indicates that TBA degradation should be first order in the concentrations

studied; however, TBA biodegradation in subsurface soils has been found to exhibit unusual

kinetics. For a given initial concentration, biodegradation is linear, but rates (i.e., slopes of

concentration-time lines) are directly proportional to C, (Goldsmith, 1985; Morris, 1988). Hence,

the rate of TBA biodegradation is first order with respect to initial substrate concentration, but

biodegradation follows a zero order pattem in each individual microcosm.

Methanol and phenol biodegraded relatively rapidly in Blacksburg soils. Assuming first

order decay, the half·lif'e ofmethanol in the Blaclcsburg subsurface soils ranged from 58 to 263 days

and the half·life ofphenol ranged from 80 to 395 days (tm = ln 2/K; where K = weight-normalized

l0°C first order rate constant). TBA was relatively recalcitrant in Blacksburg subsurface soils,
’

I although biodegradation clearly occurred, compared to sterile controls, in all but two soil samples.

Assuming zero order decay, the half life ofTBA in subsurface soils ranged from 1.5 to 98

years (tm = 0.5C,/K; where the concentration, C, = 100 mg/L, and K =
’

weighbnormalized 10 °C zero order rate constant). The latter value pertains to soils 1·1.5 and 1·4.6.

Virtually no biodegradation occurred in those microcosms over two years of incubation. Reasons

for recalcitrance include toxicity, inaccessibility of the substrate, lack of essential growth factors,

substrate concentration too low to support metabolism, physiological inability of microbial

community to metabolize the compound, and structural characteristics of the molecule which

prevent cnzymatic attack (Alexander, 1981). The compactness of the TBA molecule may hinder
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enzymatic attack, and some soil samples may have contained no nnicroorganisms capable of

degading TBA. ln general, rates deterrnined for methanol, phenol, and TBA in Blacksburg soils

fall within ranges reported for other uncontaminated sites (Goldsmith, 1985; White, 1986; Smith

and Novak, 1987; Morris, 1988).

Biodegradation rates were determined using units that were convenient for the experimental

system and consistent with common environmental engineering practice, that is, milligams per liter

per day and reciprocal days. These rates were divided by the exact soil weight in each tube for two

reasons: to normalize individual microcosms for slight variations in soil weight and allow

comparison between tubes, and to simulate a specific utilization rate measure usirng soil weight as

a surrogate for biomass weight. Although static microcosms are commonly used to evaluate

ehemical degadation rates in soil/goundwater systems, they are not designed to minnie actual

subsurface conditions; soil samples are diluted to higher liquid/solid ratios in the nnicrocosms than

occur under saturated soil conditions in the field. Assunning nominal volumes for the microcosms

(9.3 mL), solids (1.9 mL), and liquid (7.4 mL) used in this study, and a reasonable natural porosity

(45%), the soil microcosms contained approxirnately 4.75 times the liquid that would be associated

with the same quantity of connparable saturated soil in situ. Consequently, the disappearance rates

observed in the test systems are several times slower than tlne rates expected to occur in the field

under the same conditions, but provide a relative measure of the rates. Caution must be used in

applying laboratory rates to subsurface systems because of potential differences between the two

environments and because such extrapolation has not been verified.

5.2 Acclimation i‘ Acelimation, or adaptation, can be defined as a change in a nnicrobial community effected
i

by exposure to a ehemical resulting in faster biotransformation of that substance. Acclimation is

observed as an increased rate of biodegadation following a period of exposure during which

degadation is slower or virtually nonexistent. This period of slow biodegadation is often refened
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to as an acclimation period or lag phase. Possible mechanisms for acclimation include: (l) enzyme
“"

induction, (2) mutation or genetic transfer, (3) growth of the active population(s), (4) preferential

use of other organic substrates before the compound of interest (diauxie), (5) inactivation or

degradation of toxins or inhibitors, and (6) limitation of growth rates by nutrient supply or 7
protozoan grazing (Spain et al., 1980; Wiggins et al., 1987). ’ Q

Biodegradation of methanol and phenol in Blacksburg soils generally did not exhibit an

acclimation period. Methanol and phenol were immediately degraded and instantaneous rates

tended to decrease slightly rather than increase with increasing time of exposure. These results

indicate that no adaptation was required for biodegradation: the soil microbial community was

already acclimated for utilizing those compounds. Similar results were observed for methanol and

phenol in other soils (Novak et al., 1985; Smith and Novak, 1987; Aelion et al., 1987). BB1·1.5,

and to a lesser extent BB 1-4.6, was an exception to the trend in that an acclimation period occurred

in the biodegradation of methanol and phenol (Figures 5.3 and 5.4). At 10°C, lag periods longer

than 100 days occurred. Alter the acclimation period, biodcgradation rates increased substantially

but remained slower than rates measured in other Blacksburg soils. lncreasing the incubation

temperature shortened the duration of the acclimation periods.

Biodegradation ofTBA in the Blacksburg soils consistently required lengthy acclimation

periods. At 10°C, lag periods ranging from 75 to 200 days occurred in Blacksburg soils 1-0.6, 2-0.6,

2-1.5, 2-3.0, 3-0.6, 3-1.5 , and 3-4.6, while virtually no TBA disappeared from BB1- 1.5 and BB 1-4.6

over 600 days of incubation. ir may be that no organisms capable of degrading TBA were present

in those soils since no degradation was evident at any incubation temperature. lncreasing

incubation temperature tended to shorten the period of acclimation to TBA as it did for methanol

and phenol (Figure 5.5). Similar patterns of lag periods followed by increased degradation rates of

TBA were observed in several microcosms containing WP, WL, and DF soil samples. Other

systems exhibited very slow, constant rates of TBA biodegradation, resembling a lengthy
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acclimation period which may have ended with the onset of faster degradation if the systems were

monitored long enough (Goldsmith, 1985; Mulherin, 1985; White, 1986).

Acclimation to p-nitrophenol has been observed in soil, pond sediment, lake water, and

sewage (Spain et al., 1984; Wiggins et al., 1987; Aelion et al., 1987). Those studies suggested that

acclimation was due to growth of the p-nitrophenol degrading portion of the microbial community.

nHowever,attributing acclimation to continuous growth of a small initial population of specific

degraders becomes difficult in situations charactcrized by an extended lag period followed by

anabrupt,substantial increase in biodegraclation rate. This scenario describes afrequently-observedpattem

of TBA biodegradation in the present study. One possible explanation is that sequential s

utilization (diauxie growth, e.g., Ghosh et al., 1972) govems substrate biodegradation. An apparent

diauxic pattern was observed in certain soil microcosms dosed with both methanol and TBA

(Goldsmith, 1985; Wilson, 1986; Morris, 1988). In these systems, TBA was not utilized until ‘

methanol was depleted from the system, after which TBA biodegradation rates increased notably;

however, this effect was not observed in BBl·4.6 (Morris, 1988). Nevertheless, it seems plausible

that in soil/water systems dosed with TBA alone, natura1ly·occurring organic carbon may be

preferentially used as an electron donor, inhibiting TBA biodegradation, and only after certain /_/

components of the native organic matter are depleted does the lag period end and TBA

biodegradation begin. During a period of very slow TBA utilization greater than 200d (apparently

a lag phase but rates never increased over the monitoring period), copius methane production

indicated that natural soil organics were actively metabolized; this could occur in subsoils without

detection because of lower soil organic-C levels. Considering that Blacksburg subsurface soils

generally contained 0.05-0.2% organic carbon by weight, the mass of naturally-occurring organic

carbon in BB microcosms exceeded the mass ofadded TBA·carbon by roughly 4- 17 times. Wiggins

et al. (1987) suggested that diauxic did not cause the lag period in p-nitrophenol mineralization;

however, while the results of several experiments supported this hypothesis, other results were

consistent with a sequential utilization pattem. For example, in some experiments with lake water J
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and sewage, lag periods were shorter in aged than in fresh samples, and adding glucose increascd the
'(

acclimation time.

5.3 Temperature E_/facts
lncubating soil microcosms at different temperatures had two effects on biodegradation.

As incubation temperature increased the duration of lag periods decreased and biodegradation rates

increased. Ambient groundwater temperatures in the rnid·Atlantic United States are often 10- l3°C.

Since biodegradation rates are directly related to temperature, their assessment may require long

periods of time at low temperatures. Biological reaction rates are often modified to reflect

temperatures other than the one at which they were evaluated using a modification of the Arrhenius

equation:

K2 E•(T2 ° Tl)‘“<
¤<. rv-? "·‘>

where K, = reaction rate constant at temperature i (T,). E, = activation energy, and R = ideal _

gas constant. For many situations the quantity E,/RT,T, can be considered constant (Benefield

and Randall, 1980); hence the equation can be rewritten as

K, = 1<,6"= 'T9 (5.2)

where the temperature characteristic term, 0 = e<¤•/"¤*z> Knowing the temperature coefficient of a

system allows derivation of ambient temperature rate constants from values evaluated more rapidly

at higher temperatures. For a given system, -E,/R can be determined experimentally as the slope

of a plot of ln K versus the reciprocal ofabsolute temperature, l/T, according to the integrated form

of the Arrhenius equation:
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um = läl-Q: + ma (ss)

Biodegradation rate constants determined at different incubation temperatures for

Blacksburg subsurface soils were used to evaluate —E.,/R and then 0. Results of the Arrhenius

analyses are sumrnarized in Table 5.2. ln many cases there was a greater difference in

biodegadation rates between 10°C and 20°C than between 20°C and 30°C, indicating that the

highest temperature is out of the optimum range of subsurface bacteria in Blacksburg soils.

High·temperature inhibition was especially evident in TBA degradation, where 30°C rates were

frequently lower than 20°C rates. When this was the case, 30°C data were not included in the

analysis. For the 10·30°C range, 8 averaged 1.06, 1.05, and 1.13 for mcthanol, phenol, and TBA,

respectively, in the Blacksburg subsurface.

Figure 5.6 illustrates the interaction of temperature, substrate concentration, and

phenol biodegradation rate in BB2-1.5. The overall value for 0 is 1.108 (r = -0.88, n = ll) and

0-values for each C, are shown. 6 increased, indicating an increasing effect of temperature on

biodegradation rate, as C, decreased. This is consistent with the trend for anaerobic wastewater

treatment processes (Novak, 1984). Temperature affected TBA biodegradation rates more than

those of mcthanol or phenol.

5.4 Spatial Variation
Biodegradation rates varied considerably over small distances both horizontally and

vertically (Figure 5.7), highlighting the heterogeneous nature of the microbial activity in soils. The

variation in biodegradation rates among subsurface samples was generally less than the variation in

rates between subsurface and surface soils. Compared to subsurface soils, mcthanol and phenol

were degraded more quickly, while TBA was degraded more slowly, in surface soils. Likely this

occurs because the soil surface, receiving a more of less continuous supply of various organic
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Table 5.2
Arrhenius Analyses for Blacksburg Soils

Blacksburg Rate Constant, K'
S011 10°C 20°C 30°C -E,/R —r° 0

Methanol
1-0.6 5.6 8.3 9.0 2066 0.94 1.024
1-1.5 0.8 3.9 13.1 11979 1.00 1.150
1-4.6 5.5 12.2 13.3 3837 0.92 1.046
2-0.6 3.4 15.5 16.6 6863 0.89 1.083
2-1.5 11.6 18.0 14.0 3636* ·- 1.045*
2-3.0 11.9 20.1 22.3 3134 0.98 1.037
3-0.6 4.1 8.9 14.5 5397 0.99 1.065
3-1.5 2.4 10.3 11.3 6645 0.90 1.081
3-4.6 9.7 14.9 15.1 1900 0.89 1.022

average 0 = 1.061; S.D. = 0.040; n = 9

Phenol
l-0.6 3.9 4.9 4.4 1901* -- 1.023*
1-1.5 0.9 2.6 5.1 7292 0.98 1.089
1-4.6 1.6 11.6 13.9 9315 0.91 1.115
2-0.6 2.8 6.3 6.6 371 1 0.90 1.044
2-1.5 8.6 14.0 19.5 3511 1.00 1.042
2-3.0 7.3 19.0 20.5 4442 0.91 1.054
3-0.6 5.3 5.4 6.5 847 0.90 1.010
3-1.5 4.1 8.2 9.7 3699 0.95 1.044
3-4.6 8.0 17.6 18.7 3596 0.91 1.043

average 0 = 1.052; S.D. = 0.032; n = 9

TBA
1-0.6 11.7 21.7 15.3 5124* -- 1.064*
2-0.6 7.0 20.1 5.0 8760* -- 1.1 1 1*
2-1.5 10.5 29.0 28.5 8407* ·- 1.107*
2-3.0 3.4 13.3 14.1 6173 0.89 1.075
3-0.6 0.9 8.7 6.7 18974* -- 1.257*
3-1.5 1.7 10.8 18.7 10273 0.96 1.127
3-4.6 5.8 25.5 19.9 12303* -- 1.160

average 0 = 1.129; S.D. = 0.065; n = 7
'For methanol and phenol, Kx10’ (d"g"); for TBA, Kx10’ (mgL"d"g")
°r

-
correlation coellieient

*determined for 10 and 20'C data only

i
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materials, develops a microbial community over time which is acclimated to using relatively easily

metabolized organics, whereas subsurface microorganisms are rnore adapted to using the remaining,

more refractory organics which are transported to them from overlying soil horizons. Other

researchers have reported negative correlations between general microbial activity (fluorescein

diaeetate hydrolysis) and depth (r = -0.88; Federle et al., 1986) and between maximum rate of

phcnol mineralization and depth (r = -0.58; Dobbins et al., 1987) in subsurface soils collected from

depths ranging from 0.03 to 1.87m. This pattem clearly was not followed in Blacksburg subsoils,

where, in many cases, biodegradation rates tended to increase with incrcasing depth. Goldsmith

(1985) measured utilization rates for methanol and TBA in DF soils collected at depths ranging

from 3.4 · 31.1m. Rates generally differed by less than 1ive·fold for a given initial substrate

concentrgion (C,) over the depth range, and rates were positively correlated with depth (e.g., for

C,_,„,,,,,,,, = 100 mg/L, r = 0.89; for C,_„^ = 10 mg/L, r = 0.77). _

In general, the site previously exposed to higher organic inllux (BB2) exhibited slightly

higher biodegradation rates for all three chemicals than other Blacksburg sites.

5.5 Bacterial Density
Bacterial numbers determined by the various counting techniques appear in Tables 5.3 and

5.4. Every soil sample supported a substantial bacterial density. The lowest bacteria] numbers,

according to all indirect counting procedures, occurred in BBI-1.5, which also exhibited the lowest

biodegradation rates for all three chemicals (Table 5.1). Aerobic viable counts on soil extract agar

(SEA) and yeast extract peptone agar (YEPA) (not shown individually) were very similar. The

literature reports signilicantly higher recovery of soil bacteria on low-nutrient agar media, such as

SEA, compared to eonventional, nutrient-rich, agar media (see Chapter 2). This is not inconsistent

with the present results, because the YEPA used in this study is more comparable to the

nutrient·poor media used by others than to their "rich" media. Depth profiles of bacterial density

(Figure 5.8) show that viable bacteria were rnore numerous in surface than in subsurface soils, but
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that there was no consistent relationship between numbers and depth in subsurface soils. A similar

pattem was observed in Dumfries, Virginia soils where bacterial numbers deereased from a

maximum in the surface layer to a minimum at 3.4m, then remained relatively constant from 4.3

to 31.lm in depth (Goldsmith, 1985).

Two modifications of the standard spread-plate technique and a substrate specific MPN

test were employed in an attempt to find better indicators of biodegradation potential in soils;

methods were designed to resemble conditions in bioassay microcosms or to target the active

population. Soils were saturated with water and incubated for different periods of time before '

plating to produce saturated viable counts. Saturating soils had the effect of increasing viable counts

by roughly an order of maguitude (Figure 5.9). Viable counts became relatively constant after 2-5

days of saturation. Adding water to soils enhances nutrient availability and relieves moisture stress,

which may lead to growth of active rnicroorganisms, germination and growth of inactive forms,

and/or inereased recovery of viable but non-culturable cells. Since soils are saturated in the

microcosms, this measure was expected to be more representative of viable bacterial numbers in the

biodegradation assays. However, the saturation effect on mierobial density indicates that

biodegradation rates determined in saturated microcosms may not be representative of rates in

unsaturated subsurface environments. It also suggests that unsaturated systems may harbor

dormant biodegradative potential which may be activated upon saturation. _

The anaerobically-incubated viable counts were 1-3 orders of magnitude lower than

respective aerobic counts. In fact, numbers were so low that it was necessary to count dilutions ini
which soil particles partially obscured the agar surface. This complicated counting and attaches a

degree of uncertainty to these data. Numbers of anaerobie bacteria were expected to be more

representative of the micmbial population active in the anoxic microcosms.

The total (direct) counts were very similar at the three locations measured. Numerical

uniformity between soils is a common result of the direct counting technique (Novak et al., 1985;

Wilson et al., 1983; Balkwill and Ghiorse, 1985). Ambient-moisture viable counts were 0.1-10%
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of their respective total counts in the same soils. Direct counts are poor indicators of

biodegradation rates. This was demonstrated even among the few BB soils mcasured as the soil

exhibiting slowest degradation of all three chemicals, BB1·l.5, showed the highest cell density of

the three soils evaluated by the direct microscopical method.

MPN tests were designed to nnimic the bioassay microcosms. Methanol, TBA, or phenol

was added to MPN tubes as the sole carbon source in an attempt to quantify the bacterial

population responsible for degrading that chemical in the soil. Note that this technique may not

detect organisms that contribute to degradation ornly througln co-metabolism. MPNs decreased as

resistarnce of the substrate to biodegradation increased: methanol > phenol > TBA. In some cases

(BBl·l.5, 1·4.6, 3-1.5, and 3~4.6), methanol MPNs were similar to the saturated viable counts,

suggesting that a large portion of the viable bacterial community (or at least the culturable part)

was capable of degrading methanol.

Taking substrate-specific MPNs as representative of active microbial populations, there are

roughly l0’-l0° methanol degraders, l0‘-10’ phenol degraders, and sl0’ TBA degradcrs in

Blacksburg subsurface environments. The amount of substrate required to bring about a given

increase in population can be calculated. For an initial active bacterial density of l0° cell/g in a test

tube rnicrocosm, utilization of 10.8 mg/L of substrate should cause the population to at least

double, assuming:
•

a microcosrn contains 4 dry g of soil and 7.4 mL of solution;
•

an average cell weighs approximately 10'
" g (this is probably high for subsurface

bacteria); and
•

a growth yield (AX/AS) of 0.05 (this is a typical value for methanogenic bacteria which
have very slow growth rates).

Using the same assumptiorns, 1.08 mglL of substrate is required to double an initial microcosm

population of
l0’

cell/g, and so on. Consequently, appreciable biodegradation of the organics

added to microcosms should be aeeompanied by microbial g·owth (although soil enumeration

techniques are probably unable to accurately discriminate a two-fold change in bacterial density).
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The model of Simkins and Alexander (1984) (Figure 2.8) predicts that: methanol biodegradation

(C,=K,) should follow logistic or Monod-with~growth kinetics; phenol biodegradation (C, > K,)

should follow logarithmic or Monod-with~growth kinetics; and TBA biodegradation (C, < < K,)

should be logistic. Logistic kinetics (Figure 2.7) may adequately describe TBA degradation

following a lengthy lag period in which little substrate utilization, and therefore little growth, occurs.

However, patterns of methanol and phenol generally do not indicate growth and more closely

resemble Monod-no·growth, first order, or zero order disappearance curves (Figure 2.7) in which

growth in insigniiicant relative to X,.

5.6 Rate-Density Relationship
To determine if the microbial measures employed were indicative of biodegradation rates

of organic chemicals in soils, biodegradation rates in Table 5.l were regressed (least squares linear

regression) against bacterial densities in Tables 5.3 and 5.4 — the underlying assumption being that

the relationship between rates and numbers could be approximated, at least to some degree, by a

linear function. Correlation coefiicients (r) resulting from the linear regression analysis are shown

in Table 5.5. Correlation coeflicients are reported for regressions including subsurface data alone

(n = 9 or 7) and surface and subsurface data combined (n = I2 or 10).

The regression analyses showed a direct (positive) relationship generally existed between

biodegradation rates and bactcrial densities measured by aerobic plate·counting techniques (AMVC

and SVC). Correlation coeßicients for these analyses (Table 5.5) were low when the subsurface

soils were considered alone, indicating considerable deviation of the data from linearity, but were

fairly high for methanol and phenol, while being negative for TBA, when the surface soils were

included in the analyses. Biodegradation rates were negatively conelated with anaerobic plate·count

densities of subsurface soils alone; for surface plus subsurface soils, r·values were strongly positive

for methanol, lower but still positive for phenol, and negative for TBA. Regressions with MPNs

131



0
*3

O 0 0 G 0 Ih un u utä Q M 0 M Ih 0 G
E

. • • • • • [ Q Q
G G G G G G G I ·•-• UN I I • I gu E0

In
rvIlc gl

U Q.II >0 0G G G N I~ N G N •-• an-
.3 ä N 0 G Q 0 sn •-I g.
l O H O O O O O O O ·~D UI

=
2 «·« ' '

pg :”
In M 0 gb.

·•-•‘¤
O ¤ 0 JJ-
0 G 0 uu

—-•.
M ¤ .G •

::..1·•-• MO 0 Q •-•
0 Ih Ih Ih 00

-«•¤
gn 0 G GI 0 0 •-• •-IE "E
·•-•

'¤ G G G G G G G G Bo
u 0 In I I ·•-•·•-• MuG In >\-I GG0 D ·•• •-•l

° 3 32 *3
I 0 PQ. »·~G~·• 00 ..0
0 Q l·• . UIJ N M r-I G G Ih 0 ¤0 UIIh g g ID 0 Ih 0 I' 0 rl ..3

Ih •-•
G G G G G G G uu *00

H •-O I U ~•¢I·I

S 8 S "" »¤• og coI-• Ü 5 ä° 33v 00
•-•

G 0 0 Q N I~ II 00

·

Sä ID 0 *9 G Ih 0 OszI-IG G G G G G G G G; uh
G tu •

I :1q¤· •~° 8 33' U I-I ¤'¤1*. SS **8N .30 G
0 U 00
0 ~n ·•-•I·•
U >0 +40«—• UNG G 0 N ¤• N I~ G z~ 0.2 0
0 rl •-1 •-•

I4 0II·•-• :!·••
L4

*3
*3’ „°•-I ·«•U Gä

0 0·•• UG
H Fl; HN
LI III V O O
Ö QIH UH •~

U B5 GO «IJ¤~00 00 0..
hd U U ~•-IG I-••3* S 3 S S

?°‘ ·3°
VJ 0 IE

I4 II'¤IIS U..
Um M-1«-• MDI

0 OE
E {uv

I B

132



gave arnbiguous results with very low coefficients of detcmxination (rz), indicating that

substrate·specific MPNs accounted for almost none of the variability in biodegradation rates.

ln general, including surface soil data in the regression analyses had a dramatic effect on

correlation coeflicients (as well as on linear regression intercepts and slopes), increasing them for

methanol and phenol while decreasing them for TBA. lt is because of this relatively high influence

of the surface soil data on the character of the regressions that the statistics are reported separately

— i.e., subsurface alone and surface and subsurface combined. Data which are far removed from

other cases typically exert a relatively high influence on regression analyses. Influential cases are

only undesirable when erroneous or inappropriately included in the analysis, whereas, when

appropriate, they often provide more important information than other data (Cook and Weisberg,

1982). So the reliability of the "combined" regression equations is dependent on the validity of

considering the surface and subsurface soil data together. The data available are insuflicient to make

such a judgment — for example, whether to consider all data in Figure 5.10 together or as two

separate groups.

Differences in the biodegradation potential of subsurface and surface soils are demonstrated

by the rate·density data. Such differences are likely due to differential historical exposure of the

various soil horizons resulting in the development of microbial communities acclimated to using

organic substrates of differing recalcitrance. The uct result is that the microbial community of the

surface layer, compared to subsurface zones, has a higher percentage of organisms capable of using

easily-degradable substrates (e.g., methanol and phenol), while the microbial communities of

subsurface zones have a relatively higher percentage of organisms able to use more resistant

chemicals (e.g., TBA). For the Blacksburg sites, soils collected from depths as shallow as 0.6m (2

ft) were representative of subsurface soils with respect to biodegradation rates and baeterial

numbers. In fact, except for the anomolously low degradation rates measured for TBA at sites l- 1.5

and 1-4.6 where TBA•degrading microorganisms may have been absent, biodegradation rates of

l33



0.|50

• -— • ·— SUBSURFACE
°·'2°¤-———su1=u=Acs;~*—ALL 0111*111 /''¤• 0.100 1 °_ 1

I
U

E 0.075 /’
( /1- 1‘^

1
ä 0.050 /
0 /

'" 0.026 1E • s·
-1"°• · O .

O O
0 0.5 I.0 I.5 2.0 2.5l

BACTERIAL DENSITY (CFU·q°' x I0'°)

Figure 5-IO. Methatwl FORRC versus AMVC in BB subsurface soils, surface
soils, and all soils.

k
134



methanol, phenol, and TBA in subsurface soils were generally within a factor of 3 of rates

determined for the 0.6m depth for a particular chernical and site.

The ambient·moisture and saturated viable counts were generally the best indicators of

biodegradation rates for all three chemicals. At best, coefficients of deterrnination indicate that

aerobic viable counts aceounted for 87%, 92%, and 37% of the variability in biodegradation rates

of methanol, phenol, and TBA, respectively. Neither anaerobically incubating spread plates,

saturating soils prior to plating, nor enumerating specific degraders enhanced the correlation with

biodegradation rates, in general, over the conventional spread plate counting technique (AMVC).

First order reaction rate constants and initial disappearance rates rendered comparable regression

results.

Other researchers have failed to find a high correlation between biodegradation rates of

organic chemicals and microbial measures. A similarly low correlation between maximum phenol

mineralization rate and biomass (r • 0.62) led Dobbins et al. (1987) to conclude that microbial

biomass was a poor predictor and that direct measurement (e.g., rnicrocosm assay) remains the best

method for determining biodegradation potential. Methanol and TBA biodegradation rates reported

for five soil depths near Dumfries, Virginia were poorly (sometimes negatively) corrclated with

bacterial numbers in soils measured by both soil extract plate counts and total direct counts

(Goldsmith, 1985).

The reasons for the lack of high correlation between rates and microbial density in

subsurface soils are not clear. It may be that microbial measuring techniques currently available

are not sensitive or accurate enouyi to distinguish the differenees in biodcgradation rates observed

in subsurfaee soils. Regression analysis using non-substrate—specific measures (e.g., total biomass,

viable numbers, total numbers) actually tests two inherent assumptions: (1) that the microbial

measure is indicative of the active biomass, and (2) that active biomass is an index of biodegradation

rate — that similar quantities of active biomass in different soils will result in similar degradation

rates, even though the species composition and metabolic regime may differ. The potential
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shortcomings of both of these assumptions are apparent. The fact that substrate specific MPNs

did not enhance the biodegradation rate-microbial density correlation, but rather produced lower

r-values than viable counts, implics that the second assumption may be important in limiting the

strength of the correlation. Certainly, a profusion of microbial diversity occurs in subsurface soils

and groundwater.

l36



Chapter 6

Biodegradation in Newport News, Virginia Soils

6. I Newport News Biodegradation Kinetics
Average 20°C biodegradation rates for methanol, phenol, and TBA in NN soils are given

in Table 6.1. The zero order kinetic model provided a good lit for data for all three chemicals.

As in other soils, TBA biodegraded much more slowly than methanol or phenol, particularly at

NN2·5.0 where virtually no TBA was removed over 350 days of monitoring. Ambient groundwater

temperatures were 24°C at NN1 and l6°C at NN2. Half-lives of methanol, phenol, and TBA,

respectively, at ambient temperatures are 6.8, 13.2, and 35.2 days in NN1·l.8, and are 15.8, 14.0

days, and infinity in NN2·5.0 (tm = 0.5C,/K; C, = 100 mg/L; K = weighbnormalized 20°C zero

order rate oonstant adjusted to 16 or 24°C by equation 5.2; 8 = 1.13 [see section 6.2]).

The patterns of biodegradation are described below.
•

Methanol. Rapid utilization following short (< 10 day) lag and acclimation periods in
NN1-0; essentially linear in NN1·1.8; and linear to slightly concave downward in
NN2—5.0.

•
Phenol. Essentially linear in NN1-0 and NN 1- 1.8; linear to slightly concave downward
in NN2—5.0.

•
TBA. Biphasic with increased rates following long (> 100 day) lag period of slow
linear utilization in NN1 soils; virtually no change in TBA concentration following

decrease typically observed (due to dilution, sorption) in NN2 microcosms.

The pattern of methanol degradation in NN1-0 deiinitely suggcsts growth of an initially small

population of methano1·degraders, and resembles Iogarithmic growth kinetics. Such a pattem

results when eell density is low and C, > > K, (Sirnkins and Alexander, 1984). In contrast,

methanol and phenol disappearanoe curves in NN1·1.8 and NN2-5.0 (Figure 6.1) do not indicate

bacterial growth. Since it is likely that the initial populations of active bacteria were not large
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1

Table 6.1
Average Biodegradation Rates in Newport News, Virginia Soils

Zero Order Reaction Rate
Constant (mgL·‘d·'g·')*

Soil Methanol Phenol TBA

NN 1 -0 1.966 0.398 0.074

NN l- 1 .8 0.448 0.232 0.087

NN2·5.0 0.515 0.583
l

0

'Average rates for 2 or 3 microcosms, C, • 100 mg/L; temperature • 20°C
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enough to obscure the effects of bacterial growth in biodegradation rates during the decomposition

of 100 mg/L of substrate (see Section 5.5), the observed patterns cannot be explained by the model

shown in Figure 2.8.

Linear utilization pattems of methanol and phenol in NN soils suggest zero order removal

and substrate concentrations well in excess of K, for their respective systems. Linear biodegradation

has also been observed for phenol in WP and DF soils (Smith and Novak, 1987). ln the present

study, essentially linear disappearance curves were observed for phenol in NN l· 1.8 for initial

concentratiorrs of 500, 100, 50, and 5 mg/L, suggesting a low K, for phenol degradation in that

system. Utilization rates in similar systems were consistent at C, of 5 and 50 mg}L (2.48 and 2.82

mgL" d'
‘,

respectively), but biodegradation was inhibited at higher substrate concentrations

(rates equalled 1.18 and 1.60 mgL°‘ d" at C, = 100 and 500 mg/L, respectively).

TBA biodegradation patterns in NNl·0 and NNl·l.8 suggest some type of acclirnation

process. A long lag phase followed by abrupt acclimation and more rapid utilization is not the type

of pattern typically exhibited by microbial growth of an initially small population. However, the

cell density and substrate coneentration constitute conditions conducive to growth:

undoubtedly the density ofTBA users is low, and the initial TBA concentration (100 mglL)

is substantially greater than the K, determined for NN1-1.8 (4.3 mg!L, Table 2.19). There were,

apparently, no microorganisms capable of metabolizing TBA present in NN2·5.0 samples. .

6.2 Temperature Effects
The effect of temperature on phenol biodegradation rates in NNl·l.8 is illustrated by the

Arrhenius plot in Figure 6.2. Biodegradation rates were evaluated at temperatures from 5·20°C and

phenol concentrations of 5 and 50 mglL. The cumulative temperature coeflicient, 0 equalled

1.134.
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6.3 Eßect ofSecond Substrates
Methanol and TBA are used sequentially in NN 1- 1.8, with methanol utilized first and TBA

utilization occurring only after methanol is depleted (Figure 6.3). Methanol is not affected by the
presence of TBA. Comparison of TBA biodegradation in the presence and absence of methanol

(Figure 6.3) shows that TBA is degraded to 0 mg/L in approximately the same time, but that TBA

is not used while methanol is present. A similar effect is evident when acetate, instead of methanol,
is present with TBA. Sequential (diauxic) utilization is generally attributed to catabolite repression

of enzymes required to degrade the 1ess·preferred substrate (Ghosh et al., 1972; Gaudy and Gaudy,

1980).

The significanee of this effect is that a hazardous chemical which may be biodegraded in

the absence of other substrates may persist if a preferred substrate is present. (Thus, two potential,

and opposite, effects may result from the presence of multiple substrates: the diauxic effect just

described which may inhibit the breakdown of xenobiotic organics, or the secondary utilization

effect [McCarty et al., 1984] in which a primary substrate may enhance the degradation of other

organics present at low conoentrations.) lf naturally-occurring soil organic carbon is used

preferentially to TBA similar to methanol, sequential utilization may explain empirical TBA

utilization patterns. Apparent diauxic utilization of methanol and TBA has been observed

independently in NNl·l.8, and in Williamsport, Pennsylvania soil (Figure 6.4). Methanol/TBA

sequential utilization also occurred, albeit inconsistently, in Wayland, New York soil (tabulated

data pp. l68·l69 of Goldsmith, 1985).
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Chapter 7

Intersite Variation: Bioderadation Rates

The rates at which methanol and TBA are biodegraded in subsurface soils from several sites

were evaluated in· microcosms under ambient (unarnended except for the organic contaminant)

anoxic conditions. Biodegradation rates were also assessed under nitrate reducing/denitrifying,

sulfate reducing, and methanogenic conditions which were encouraged by adding a potential

electron acceptor or metabolic inhibitor. The overall goals of the research described in Chapters 7

and 8 were to add to the understanding of intersite variations in biodegradation potential and to

assess the importance of different metabolic pathways to biodegradation of organic contarninants

in subsurface systems.

7. 1 Comparison of Unamcndcd Biodegradation Rates
Subsurface biodegradation rates for methanol and TBA, averaged over two or three

microcosms per depth and one or more depths per site, are shown in Figure 7.1. For comparison,

all data in Figure 7.1 represent l0°C rates. A11 the rates shown were evaluated in microcosms

incubated at l0°C except rates for the Newport News sites which were determined at 20°C and

adjusted to l0°C rates using the modified Arrhenius equation. The inherent difference in

recalcitrance between the two chernicals is evident: methanol typically degaded 5-10 times faster

than TBA. Biodegradation rates for a given chemical vary considerably between sites; however, the

sites can be grouped into three relative categories: DF, WL, BB1, and BB4 (not shown) exhibited

relatively low biodegradation rates for both methanol and TBA; BB2, NN1, WP, and BB3 (to a

lower extent) biodegraded methanol and TBA at relatively high rates; whereas NN2 and PA1 (not
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1

shown) degaded methanol at a relatively high rate but degraded TBA relatively slowly. (Figure

7.1 presents rate data obtained using test~tube microcosms. Since BB4 and PAI soils were only

evaluated in the larger, bottle systems, rate data for those soils are not included in the Figure, but

extrapolating rates, on a g substrate per g soil per day basis, to conform with test tube microcosms

justifies the category assignments stated.) Similar trends have been observed for other chcrnicals

which were evaluated at selected sites. Phenol and 2·chlorophenol were degraded much faster in

WP soil than in DF (saturated) soil (Smith and Novak, 1987). Phenol biodegadation in

Blacksburg soils followed the order: site 2 > site 3 > site 1 (Table 5.1). Ethanol, l·proparnol,

1·butanol, l·pentanol, and 2,4-dichlorophenol were all degraded much more rapidly in Newport

News site 1 soil than in Blacksburg site l soil (Morris, 1988).

The wide variation in biodegadation rates between sites could not be predicted from total

. (direct) microbial counts, pH, soil type, moisture content, or the presence or absence of potential

electron acceptors. Nor could rates be estimated from viable bacterial counts. Whereas rates are

somewhat correlated with bacterial density in soils from a localized area (section 5.6), the intrinsic

variation in geochemistry and microbial activity prevents such a relationship between sites at

different locations.

7.2 Effect ofElectron Acceptors on Biodegradation Rates
These experiments were designed to: (1) evaluate the effect of adding potential electron

acoeptors to soil/water microcosms on biodegradation rates of organic chemicals, compared to

non·amended rates, (2) infer which metabolic pathways may be important in biodegading organics

in natural subsurface systems, and (3) determine if latent metabolic options, other than the active

biodegradative patlnway under ambient environmental conditions, exist which can be activated by

chemical amendrnent. Data are presented in the following sections to demonstrate trends (i.e., rate

augmentation or attenuatiorn) for a given site; after presenting the data, intersite differences in trends

are discussed.
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7.2.1 Dumfries, Virginia Site
Adding nitrate to Dumfiies soil initially enhanced, and then inhibited, methanol _

biodegradation (Figure 7.2). Figure 7.2 shows that nitrite accumulated in the microcosm and then

remained relatively eonstant in conoentration. Cessation of methanol utilization roughly

corresponded to the leveling off of nitrite concentration. This effect was reproduced in several
1

microcosms (Mulherin, 1985; Wilson, 1986). lncreasing the pll of microcosm water to at least 6.0

by adding hydroxide or bicarbonate caused methanol degradation rates to exceed rates in

_ microcosms with similar pH adjustment but no nitrate addition (Wilson, 1986). When methanol

had disappeared completely, no nitrate or nitrite could be measured in nitrate·amended/high pH

microcosms.

These data indicate that nitrate·respiring organisms initially degraded methanol at enhanced

rates, but that the coneomitant production of nitrite inhibited further utilization. The low natural

pH of these systems eoupled with nitrite may have created a toxic situation. Nitrite toxicity has

been found to be inversely related to pH (Castellani and Niven, 1955; Shahamat et al., 1980), and

artificially raising the pH allowed denitrification to proceed in soil microcosms.

The addition of nitrate did not stimulate TBA biodegradation in Dumfries soils (Mulherin,

1985). No inhibition was apparent after 200 days of incubation. lt is possible that TBA utilization

is so slow that if its metabolism were eoupled with nitrate·reduction, denitrifying organisms are able

to prevent nitrite aecumulation by converting it to gaseous products as fast as it is produced.

When sulfate was added to DF microcosms, methanol disappeared slightly slower than in

non-amended assays (Figure 7.3). Again, increasing pH in sulfatc—dosed microcosms enhanced

rates compared to similar no-sulfate microcosms (Wilson, 1986). Mitigation of hydrogen sulfide

toxicity was offered as an explanation by Wilson.

Sulfate addition had no apparent effect on TBA utilization, but the small amount of TBA

utilized during the 200-day experiment (2 mglL) probably was insufiicient to deplete sulfate present

in the groundwater added to non~amended microcosms, so no effect would be expected.
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7.2.2 Wayland, New York Site
Neither nitrate or sulfate addition appeared to affect biodegradation of methanol or TBA

in W1., microcosms (Figure 7.4).

Groundwater at the Wayland site was relatively nitrate·poor and su1fate·rich (Table 4.1).

The observation that nitrate addition had no effect on methanol or TBA degradation rates implies

that nitrate-respiring bacteria may not be important in removing those compounds in Wayland soil.

lf any nitrate were converted to nitrite during the experiment (e.g., serving as an electron acceptor

for anaerobic respiration of methanol, TBA, or naturally-occurring organics), the higher pH of the

system would likely preclude the appa.rent nitrite inhibition observed in Dumfries soil. It is not too

surprising that the addition of sulfate did not affect methanol or TBA utilization rates. The sulfate

present in non-amended microcosms (along with sulfate expected to be released from the soil as

aqueous-phase sulfate is used) likely would be suliicient, if sulfate-reducing bacteria were indeed

active in degrading the added organic substrates, to obscure any effect of the added quantity of

sulfate.

7.2.3 Williamsport, Pennsylvania Site
Methanol was biodegraded very rapidly in non-amended as well as nitrate- and

‘
su1fate·amended WP microcosms. The rate of methanol biodegradation was not enhanced by

adding nitrate or sulfate initially, but both amendments increased tales upon redosing with

methanol (Figure 7.5). TBA biodegraded faster when either nitrate or sulfate was added to WP

ruicrocosms (Figure 7.6). The disappearance of both methanol and TBA was negligible from

microcosms amended with nitrite.

The nitrate and sulfate naturally present in the Williamsport subsurface (Table 4.1) may

account for the initial absence of methanol biodegradation rate enhancement from adding those

electron acceptors. Subscquent rate increases occurred upon redosing as the endemic quantities

were depleted. While nitrite did not accumulate to inhibitory levels in nitrate·amended microcosms,
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the high nitrite concentrations in the nitrite-arnended systems proved entirely inhibitory to the

biodegradation of methanol and TBA in the low pH WP soil. The Williamsport data imply that

nitrate reduction/denitriiication and sulfate reduction are both potentially active biodegraditive

pathways. The presenee of dissolved oxygen measured in WP groundwater on 6/83 would have

inhibited anaerobic respiration, thus accounting for the relatively high levels of nitrate and sulfate

in Williamsport groundwater at that sampling date.

7.2.4 Blacksburg, Virginia Site I _

The addition of nitrate to BBI microcosms slowed methanol degradation substantially,

while nitrite addition precluded methanol removal (Figure 7.7). Biodeyadation of methanol was

slightly slower in sulfate·amended than in non·amended microcosms (Figure 7.7).

The BBI microcosms contained very little naturally-occurring nitrate or sulfate and had

low pH (Table 4.2). The low pH creates the potential for nitrite toxicity. While a lack of change

in biodegradation rates upon adding nitrate may imply that the denitrilication pathway is inactive,

the slowing of rates observed in BBI indicates that nitrate respirers are present and that something

associated with their metabolism inhibits methanol biodegradation. Although nitrite did not

accumulate to high levels in the nitrate·amended microcosms (1.8 mg/L being the highest

concentration measured), the shape of the substrate disappearance curve suggests inhibition. Two

additional microcosms were prepared with methanol, nitrate, and arnmoniumz one with the pH

adjusted to 6.5-7.0 with sodium hydroxide, and the other with no pH adjustment. The higher·pH

system degraded the added methanol 30% faster than the ambient pH system. This may indicate

alleviation of nitrite toxicity by increasing the pH.

Virtually no TBA disappeared from unamended BBI microcosms over 150 days of

incubation at 20°C, and neither nitrate or sulfate addition enhanced TBA removal over that period.
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7.2.5 Blacksburg, Virginia Site 2
Nitrate and sulfate both increased methanol biodegradation rates when added to

Blacksburg site 2 soil, while nitrite slowed methanol biodegradation (Figure 7.8). In

nitrate·am ded systems, nitrite formed during methanol biodegradation accumulated to fairly high

levels (l2.6 mg]L) apparently without inhibiting the reaction. The accumulation of nitrite was not

surprising, because in some cases, nitrite reduction will not occur until nitrate is nearly depleted

(Payne, l98l). However, it is not clear why nitrate addition slowed biodegradation in BBI

(exhibiting low nitrite accumulation) whereas it enhanced biodegradation in BB2 (with higher

nitrite accumulation) and in WP microcosms, all three systems having low pH, unless there is some

intrinsic characteristic of the microbial communities that govems their susceptibility to nitrite

toxicity. ln BB2, as in Williamsport soil, both nitrate reduction and sulfate reduction appear to

be potentially active pathways which can be stimulated.

7.2.6 Blacksburg, Virginia Site 3
No electron·acceptor or inhibitor experiments were conducted with BB3 soil because of

an insuflicient quantity of that material.

7.2.7 Blacksburg, Virginia Site 4

In BB4, methanol biodegraded slowly, and at essentially the same rate, in non·amended

and nitrate·amended microcosms. Compared to the non·amended rate, methanol degradation was

faster in sulfate·amended and slower in nitrite·amended systems. The TBA coneentration was

stable in non·amended and nitrate·amended microcosms over 250 days of incubation, whereas slow

removal of TBA occurred in BB4 amended with sul.fate (Figure 7.9). The

methanol/nitrate-amended system showed an abrupt increased in the rate of methanol removal

when the substrate was nearly depleted, possibly indicating acclimation of the nitrate·reducing
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population. After methanol was completely consumcd, this system was dosed with TBA. This

redosed system exhibited a higher rate of TBA removal than the fresh nitrate-amended microcosm

(Figure 7.9). This apparently reflects the activity of a larger population ofnitrate·respi1ing bacteria

previously grown up on methanol.

7.2.8 Newport News, Virginia Site 1
ln NN1, the addition of nitrate substantially increased biodegradation rates of methanol

(Figure 7.10) and TBA (Figure 7.11). Morris (1988) also observed higher removal rates for

methanol and TBA as well as ethanol, l·propanol, 1·butano1, 1-pentanol, and 2,4·dichloropheno1

when nitrate was added to NN1 microcosms. 'The accumulation of nitrite to considerable levels in

nitrate-amended systems (18.9 and 9.3 mg/1.. in methanol and TBA assays respectively) had no

apparent inhibitory effect on decomposition. The potential for nitrite toxicity was probably

mitigated by the near-neutral pH of the system.

The addition of higher concentrations of nitrite in the nitrite-amended systems inhibited

TBA biodegradation (Figure 7.11). Nitrite addition slowed methanol removal slightly in one NN1

microcosm (not shown), whereas faster degradation was observed in a second microcosm (Figure

7.11). However, there was some evidence of oxygen entering the latter system. After methanol

was depleted from solution, nitrite was slowly oxidized to nitrate. This reaction was likely mediatcd

by chemoautotrophic nitrifying bacterla, and nitrification is an aerobic process. This suggests two

possible explanations for the enhanced methanol degradation rates in the nitrite~amended system:

(1) oxygen entering the system allowed aerobic metabolism of methanol, or (2) nitrifiers converted

nitrite to nitrate, maintaining low oxygen tensions, and methanol decomposition was coupled with

nitrate reduction. Either of these actions is contingent upon the mitigation of the toxic effects of

nitrite resulting from the relatively high system pH. lt may be that the high nitrite concentrations

in nitrite-amended systems preclude decomposition of organics by denitrifying organisms but the

near-neutral pH averts nitrite toxicity to other microbial groups. _

"
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Since fairly high levels of sulfate (50-90 mg/L) were typically eluted from NN1 soil, the

addition of sulfate was not expected to alter biodegradation rates. The rate of methanol utilization

was not significantly changed by adding sulfate to NN1 (Figure 7.10); however, the rate of TBA

degradation was dramatically higher in sulfate-amended than in non·arnended microcosms (Figure

7.11). It is not clear why the TBA rate was increased by adding sulfate while the methanol rate

was not. This may occur because methanol is generally a poor substrate for sulfate-reducing

bacteria. The classification of methanol as a "non·competitive" substrate (section 2.7.5) may

actually result from the inability of many SRB to use methanol as a growth substrate.

Consequently, methanogens can use methanol without signilicant competition from SRB in many

environments. For example, Beeman and Suflita (1987) did not find any SRB capable of using

methanol or trimethylamine in subsurface material from either active methanogcnic or active

sulfate·reducing sites of an aquifer in Oklahoma.

In summary, the addition of nitrate or sulfate generally enhanced biodegradation rates.

These trends are similar to those observed for WP and BB2 systems.

7.2.9 Newport News, Virginia Site 2
Figure 7.12 shows the effect of nitrate, sulfate, and nitrite on methanol utilization in

NN2-5.0. The addition of nitrate resulted in slightly slower degradation of methanol initially, but

the rapid increase in utilization rate indicates acclirnation, possibly growth of the nitrate

respiring/denitrifying population. Biodegradation was quicker and the lag time was shorter after

redosing with methanol and nitrate. Similar results occurred in the su1f'ate·amended system:

biodegradation was considerably slower than without sulfate initially and the rate was substantially

higher in the redosed system. The slope of the methanol disappearance curve was especially steep

in the redosed sulf'ate·amended system, but the overall time for methanol removal was still greater

than that required in the nomamended NN2 system. No methanol was utilized in the

nitrite-amended system over 350 days of incubation.
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4
TBA biodegradation in NN2 followed the pattem: non-amended > nitrate-amended >>

sulfate-amcnded (Figure 7.13). Although the obscrved lag period for the nitrate·amended system

was slightly longer than that of the non·arnended microcosm, the subsequerrt degradation rates

(slopes of substrate disappearance curves) were very similar between the two systems. It may be

that the two responses would be identical upon re-dosing.

Biodegradation trends for NN2 were distinctly different than for NNI, suggesting dissimilar

water chemistries and microbial communities.

7.2.10 Picatinny Arsenal, New Jersey Site 1
The initial pattern of methanol biodegradation (Figure 7.14) was virtually identical in

unamended, nitrate-amended, and nitrite-amended PAI microcosms, indicating a similar

mechanism for the various treatments (possibly aerobic metaboiism due to incomplete

deoxygenation of the systems). Alter redosing with methanol, however, utilization rates decreascd

in the order nitrate·amended > non-amended 2 nitrite-amended. The PAI site had the highest pH

studied (pH = 7.8, Table 4.2) and methanol was readily degraded in the presence of high nitrite

concentrations. The addition of sulfate severely inhibited methanol removal (Figure 7.14).

TBA persisted in PAI microcosms over 250 days of incubation. Whereas TBA

concentrations decreased slightly (approximately 5 mg]L) in nitrate· and non-amended systems over

that time, no change in TBA concentration occurred in nitrite· or sulfate-amended microcosms.
l

lt may be, as in BBl·1.5 and BBI·4.6, that no organisms capable of using TBA exist in PAI.

7.3 Ejfect of Inhibitors on Biodegradation Rates
The potential importance of sulfate reduction and methanogenesis in biodegrading organic

chernicals in two soils, BBI and NNI, was investigated using specilic inhibitors known to block

those metabolic pathways: molybdate and BESA respectively.
”
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TBA biodegraded very slowly in BB1 microcosms and addition of potential electron

acceptors did not accelerate biodegradation. Addition of molybdate increased the rate of TBA

removal in BB1·2.4 (Figure 7.15), although decomposition had not proceeded to a great extent in

150 days. IfTBA utilization rates are calculated as (C, - C,)/At, the molybdate-amended rate is

220% higher, and the molybdate + BESA·amended rate is 130% higher, than the non-amended

rate.

Morris (1988) found that addition of molybdate to BB1-4.6 consistcntly accelerated

biodegradation of several organic chemicals, especially 2,4·dich1orophenol and TBA (Figure 7.16).

Percent increases in rates relative to the non-amended rate were: methanol, 32; ethanol, 14;

1·propano1, 52; l·butanol, 10; 1·pentano1, 41; phenol, 70; 2,4·dich1oropheno1, 307; and TBA, 1390.

The relatively small increase in the rate of methanol degradation produced by adding molybdate

may reflect the non-competitive nature of this substrate with respect to su1fate~reducing versus

methanogenic catabolism. A significantly higher K, value was detemxined for TBA utilization in

the unamended BB1-4.6 system (9600 mg/L) than in the BB1-4.6 system amended with molybdate

(365 mg/L; Morris, 1988), indicating the higher aflinity, and resultant faster biodcgradation, for

TBA produced by adding molybdate. In contrast, molybdate addition did not stimulate

biodegradation in BB4-1.0 (Morris, 1988).

The addition of BESA to BB1-4.6 decreased rates slightly (ranging from 3-70% for the

1-5C n-alcohols, phenol, and 2,4·dichloropheno1; TBA was not tested) compared to non-amended

rates (Monis, 1988).

The results of BBI inhibitor studies suggest that blocking sulfate reduction (i.e., adding

molybdate and thereby promoting methanogenesis of competitive substrates) increases

biodegradation rates of organic chemicals, whereas inhibiting methanogenesis (i.e., adding BESA)

decreases rates. Therefore, if the observed changes in biodegradation rates can indeed be attributed

to alterations in electron flow in the systems, organics tend to be decomposed more rapidly under

methanogenic than under sulfate-reducing conditions in BB 1.
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Methanogenic conditions have been found to be more conducive to the biodegradation of

a variety of halogenated aliphatic, alicyclic, and aromatic compounds than sulfate·reducing

conditions (Suflita and Miller, 1985; Gibson and Suflita, 1986; Bouwer et al., 1986; Bachmann et

al., 1988). ln studies involving subsurface soil, several chlorinated phenoxyacetates, chlorinated

benzenes, and chlorinated phenols were biodegraded in microcosms containing material from an

active methanogenic site, but not in microcosms containing material from a sulfate-reducing site in

the same aquifer, nor in the methanogenic systems to which sulfate was added (Gibson and Suflita,

1986). These and the results of additional experiments indicated that the biological potential to

dehalogenate chloroaromatics existed at both sites but was inhibited by the presence of high sulfate

coneentrations. While the link between dehalogenation and methanogenic conditions has been

documented, providing an explanation for faster biodegradation of halogenated organics in

methanogenic than in sul1'ate·reducing situations, no mechanism is known for non·halogenated

compounds to explain the results of BB1 inhibitor experiments in the present study. lnterestingly,

the stimulatory effect exerted on biodegradation rates by inhibiting sulfate reduction (adding

molybdate) was relatively strong for the singe chlorinated compound studied — 2,4·dichlorophenol.

Figure 7.17 shows the effects of molybdate and/or BESA on TBA degradation in NNI- 1.8.

In the present study, the addition of specific inhibitors affected the TBA utilization rate, relative to

the non-amended rate, as followsz molybdate, 38% increase; BESA, 16% decrease; molybdate +

BESA, 50% decrease. The precipitation of black (presumably) ferrous sulfide and production of

methane (detected by gas chromatography in both liquid and headspace) in unamended NN 1

microcosms during substrate utilization demonstrated that both sulfate reduction and

methanogenesis were potentially active metabolic pathways in that soil. No black precipitate was

formed in molybdate·amended microcosms and no methane was detected in BESA·amended

systems, indicating that the inhibitors exerted the desired effects.

Morris (1988) found that the addition of molybdate or BESA had little effect on

biodegradation rates of alcohols or phenols in NNl (e.g., Figure 7.18). The largest rate change
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occurred with methanol. The methanol degradation rate with BESA addition was 48% lower than

the unarnended rate (BESA also slowed methanol removal in BB1 by a relatively high 49%). The

relatively large influence of inhibiting methanogenesis (adding BESA) observed for methanol may

be attributable to the ability of several MPB strains to convert methanol directly to methane

without prior biotransformation by other microbes. The observations that ncither molybdate

(Morris, 1988) or sulfate (section 7.2.7) affected methanol degradation rates when added to NNl

are consistent in their indication that sulfate reduction is not an important pathway for methanol
biodegradation in that soil.

Although inhibitors tend to influence biodegradation rates in the same way in BB1 and

NN1 (i.e., molybdate-amended > non·amended > BESA-amended), the magnitude of the effect is

lower in NN1. lt appears that both sulfate reduction and methanogenesis may contribute to

biodegradation of organics in NNl since inhibition of both pathways (addition of molybdate +

BESA) resulted in a lower TBA degradation rate than inhibiting either pathway individually (Figure

7.17). Addition of molybdate and BESA (combined) to BB1 resulted in a TBA degradation rate

that was intermediate between the mo1ybdate·arnended and non·amended rates. lnhibition of
sulfate reduction by molybdate is nearly complete whereas methanogenesis is only partially

inhibited by BESA. A possible explanation for the observed effect of molybdate + BESA in BB1

is that the stimulatory effect of blocking sulfate reduction was greater than the attenuating effect

of partially inhibiting methanogenesis.

7.4 Site Characterization 4

’I'he results presented in Chapter 7 are summarized in Table 7.1. The data from numerous

microcosm experiments using subsurface material from 10 sites and 6 geographical locations suggest

that the soils may be categorized into two general types. One type is generally characterized by a

relatively high influx of water, organic carbon, and inorganic nutrients and relatively fast

biodegradation of organic compounds; the second type is typified by relatively low nutrient inflow
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and biodegradation rates. Table 7.2 lists characteristics of the two types of sites observed in the rate

evaluation, electron acceptor, and inhibitor experiments of this study. Representative "fast" sites

include WP, BB2, BB3, and NNI. Sites generally characterized by "slow" attributes include DF,

WL, BBI, and NN2. BB4 exhibits some traits representative of fast sites, but biodegradation rates

were relatively low. The shallowness of that site may be responsible for the atypical combination

of responses. BB3 is tentatively placed in the "fast" category because of its relatively high

biodegradation rates (although they were actually interrnediate between other "fast" and "slow"

sites); however, the effects of electron acceptors/inhibitors were not tested. The contaminated PAI

site also exhibits characteristics of both categories.

In "fast" soils, a variety of metabolic pathways are potentially available and may be

operative in biodegrading organic eompounds. Inhibiting either sulfate reduction or

methanogenesis causes a different pathway to be functional without substantially changing the

degradation rate, suggesting that the maximum rate is govemed by some other mechanism.

Biodegradation rates can be enhanced by adding nitrate or sulfate for use as electron acceptors in

anaerobic respiration. Apparently, the availability of electron acceptors limits biodegradation rates

in "fast" soil systems. High concentrations of nitrite inhibit biodegradation of organic

contaminants, but the levels of nitrite that accumulate from active nitrate reduction are not

inhibitory and do not preclude the stimulatory effect of nitrate addition on biodegradation rates.

These systems have the ability to degrade organic contaminants via nitrate reduction/denitrification

in the presence of nitrite levels that strongly inhibit biodegradation in "slow" systems with

comparable pH. Groundwater at WP and NNI appears to be closely connected with nearby

surface water, providing a source of nutrients influx. BB2 receives nutrient·laden runoff from

adjacent fields and cattle feedlot. BB3 has no apparent source of elevated nutrient influx.

Adding potential electron acceptors to "sIow" soils gerxerally does not enhance

biodegradation and often decreases biodegradation rates. Nitrate addition decreases degradation

rates — except in systems with relatively high pH — due, at least in some cases, to accumulation

I
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of inhibitory nitrite levels. Nitrite added in high concentration is always inhibitory to

biodegradation in "s1ow" soils. Nitrite inhibition is reportedly irreversible (Beccari et al., 1983).

These systems do not "acclirnate" to nitrite and may require months to develop an active

denitrifying population. The adverse effect of nitrate on biodegradation rates in certain soils has

important practical implications with respect to proposals to: (1) add nitrate to aquifers to enhance

biodegradation of organic contaminants or (2) add organic substrates such as methanol to

groundwater to stimulate denitrification in drinking water supplies. Either of these restoration

attempts may have a negative effect in soils with "s1ow" characteristics.

Adding molybdate is the only arnendment that produced a stimulatory effect in "slow"

soils. This effect is presurnptively attributed to blockage of the sulfate-reducing mechanism. Either

adding sulfate to the systems or inhibiting methanogenesis with BESA slows degradation rates.

Because of the competitive nature of the sulfate reduction and methane production reactions, it
may be reasonable to hypothesize, based on the results, that methanogenesis is a potentially

important biodegradative pathway in "slow" soils under anaerobic conditions.

Aside from molybdate·amended systems, the fastest "s1ow" soil degradation rates generally

occur in non-amended microcosms. lt is possible that the availability of electron acceptors is not

limiting (although addition of nitrate to Dumfries soil did seem to enhance biodegradation prior to

the onset of nitrite inhibition). This scenario does not rule out methanogenesis as an important

pathway since its electron acceptor, carbon dioxide, is not likely to be limiting in the soil/water

microcosms; however, methanogenesis was not confirmed by the detection of methane in the

microcosms. Consequently, another metabolic pathway may contribute to the biodegradation of

organic chemicals in "s1ow" systems, such as fermentation or anaerobic respiration utilizing a

terminal electron aoceptor not considered. Another option is aerobic respiration permitted by

oxygen diffusing through the septum, but four pieces of evidence suggest that this is improbable:

(1) it is doubtful that oxygeu could diffuse into rnicrocosrns fast enough to support the rapid
‘ biodegradation rates observed for methanol in some cases, (2) TBA·dosed microcosms incubated
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in an anaerobic glovebox and in air erthibited similar biodegradation rates (Morris, l988), (3)

incubation of many of the electromacceptor experiments in anaerobic chambcrs (large glass jars

sealed and purged with helium or nitrogen) should have precluded oxygen intrusion into

microcosms, and (4) measurements of dissolved oxygen concentrations in microcosms sacriliced

after completion of experiments consistently were below detectable levels.
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Chapter 8

Intersite Variation: Metabolic (Electron-Acceptor)

Pathways of Biodegradation

In anoxic systems, microorganisms metabolize organic compounds via either fermentation

or anaerobic respiration, the latter being the more energy·efficient process. The common terminal

electron acceptors for anaerobic respiration, the latter being the more energy·efIicient process. The

common terminal electron acceptors for anaerobic respiration are nitrate (and other nitrogen

oxides), sulfate, and carbon dioxide. The dominant metabolic (rcspiratory) pathway functioning

in a system may govern the extent and rate of decomposition. 'Ihis chapter examines the metabolic

pathways used in the biodegradation of methanol and TBA in the same subsurface·soil/water

microcosms for which the relative biodegadation rates of different treatmcnts were discussed in the

previous chapter.

8. I Stoichiometry and Electron Acceptor Use
The stoichiometry of methanol and TBA oxidation coupled with the reduction ofdifferent

electron acceptors is shown in Table 8.1. The equations in Table 8.1 indicate the number of moles

of' electron acceptor per mole of organic substrate required for biodegradation via the processes of

nitrate respiration (NO;-•NOi), dcuitrification (NO;—•N,), combined nitrate

reduction/denitrification (NO;·-•N,), sulfate reduction (SO§‘—•S**), and methanogenesis (to CO;

+ CH•). These processes are described in detail in Chapter 2.
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Table 8.1
Theoretical Stoichiometric Equations for Anaerobic Biodegradation

of Methanol and TBA

Methanol

CHsOH + SNO; -• CO2 + SNC} + 2HzO

CHa0H + ZNO; + 2H* —+ CO2 + N2 + 3H2O

cmon + -g-N0;+-gl-l* —•c0„ + -}N,+%H2o

cnsou + {soz- +%+1+ -» co, + ·%HS' + 21120

CH;•OH —• äcoz + %CH4 + é—H„o

TBA

C(CHa);0H + l2NO; —• 4CO2 + IZNO; + 5H2O

C(CH;);0H + 8NO; + 8H* —> 4CO2 + 4Nz + 9H20

+2} +1+ —» acc, N, + $1+,0

C(CH;);0H + 3 $0}* + 3H* -• 4C02 + 3HS' + 5H20

C(Cl·Ia):•0H + H20 —• CO2 + 3CH4

l8l



The use of electron acceptors for biodegradation of methanol and TBA in subsurface soil

systems in sumrnarized in Table 8.2. Several soils exhibited stoichiometric use of nitrate and

methanol, including BB2-1.5, BB4-1.0, WP-2.4, PAl·5.0, NN1-1.8, and NN2·5.0 (e.g., Figure 8.1).

An approximately stoichiometric relationship between methanol and nitrate/nitrite disappearance

strongly indicates that nitrate reduction/denitrification is the metabolic pathway responsible for

degradation. Other samples - BBl·4.6, BBl·2.4, DF (irnplied by data from Mulherin, 1985) —

did not reduce nitrate during methanol biodegradation. TBA degradation was coupled with

nitrate/nitrite reduction in NNl·l.8 but not in BB4-1.0 nor in NN2·5.0 or PAI-5.0 where TBA

was persistent. No nitrate was used in the WP-1.8/TBA system but neither was it used in

WPl·l.8/methanol during the first dose, suggesting incomplete deoxygenation. The presence of

oxygen was not indicated in BB4-1.0 systems since the BB4-1.0/methanol system denitrified

immediately. However, an active denitrifying population developed in the latter stages of methanol

metabolism degraded TBA coupled with stoichiometric use of nitrate (Figure 8.2). Nevertheless,

the rate of TBA removal, while being substantially higher than in non-arnended or freshly-dosed

nitrate·arnended systems, remained slow.

Relatively high biodegradation potential appears to be linked to the existence of an active

nitrate reducing/denitrifying bacterial population. With the exception of BB4—1.0, all soil systems

that utilized nitrate/nitrite during biodegradation of methanol and TBA exhibited relatively fast

biodegradation, whereas systems not using nitrate generally degraded organics slowly (Tables 7.2

and 8.2).

When the rate of nitrate respiration (NO;—•NO;) exceeds the rate. of denitrification

(NO;-• gaseous nitrogen eompounds) , nitrite accumulates in the system. The accumulation of

nitrite varied between different subsurface soils (Table 8.2). The accumulation of moderately high

nitrite coneentrations did not appear to inhibit biodegradation in "fast" soils, even when pH was

low (e.g., BB2·l.5). In "slow’° soils, the accumulation of nitrite to a few mglL inhibited

biodegradation in low·pH systems (e.g., DF). lt has been previously shown that increasing pH in

I
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~ Figure 8.2. TBA and nitrate concentrations in freshly dosed and re-
dosed (methanol/nitrate) BB&—1.0 systems.
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nitrate-amended DF systems alleviated nitrite inhibition and allowed faster methanol

biodegradation (Wilson, 1986). Raising the pH of BB1·2.4 (from 4.0 to 6.5) resulted in

stoichiometric nitrate use and faster methanol degradation (Figure 8.3). TBA degradation was also

accelerated in BBI-2.4 by increasing pH to near·neutra1.

The high (70 mg/L) nitrite levels in nitrite·amended systems were generally inhibitory to

biodegradation of organics. Either no biodegradation or slow removal with no nitrite reduction

typically occurred, with two exceptions. Methanol was degraded fairly rapidly in NN1·l.8 and

PAl·5.0 systems amended with nitrite. The nitrite disappearance from those rnicrocosms could

account for 40·60% of the methanol degraded, assuming complete rcduction to N;. NN1·l.8 and

PAl·5.0 had the highest pl-! of all systems assayed with nitrite. Those system pll levels (roughly

pH 7 for NNl·1.8 and pH 8 for PAI-5.0) mitigate nitrite toxicity and fall within the optimum range

for denitrilication (Knowles, 1982).

The pattem of sequential electron~acceptor use during methanol degradation in NN 1- 1.8

initially amended with nitrate is illustrated in Figure 8.4. Nitrate respiration/denitrilication is

followed by sulfate reduction and methanogenesis. Note that partial oxidation of sullide to sulfate

occurred during redosing. Methane production appeared to increase as sulfate levels decreased.

redox potential is required for sulfate reduction to occur. Several other electron

acceptors — such as 0;, nitrogen oxides, ferric iron — are used preferentially to SO}- or CO;.

Hence, sulfate reduction may not occur during the initial exposure to an organic but may take place

during the latter portion of degradation or upon redosing, after a period of active biodegradation

has depleted other electron acceptors and lowered B,. This pattern was observed for methanol

degradation in BBl·4.6, BB4·1.0, PA1·5.0, NNl·l.8, and WP·2.4 (Table 8.2, Figures 8.4 and 8.5)

and may have occurred in other cases if they were redosed. However, no sulfate was consumed

throughout the degradation of two 100 mg/L slugs of methanol in NN2·5.0, indicating a dearth of

su1fate·reducing bacteria in that soil. Among systems exhibiting sulfate reduction, sulfate loss

generally could account for approximately 50% of the methanol or TBA degraded. Some part of

187



5
A. pH 4.0

^ 4
fg °'"'"‘‘”“°"*o*—·—--o-——----o

é 6
Ez 2LU
O
äO 1 O M•thanaI

0 Nitrake
A Nibilc

O
_ _ „

0 25 . 50 75 100 125 150
TIME (days)

5

\
B. pH 6.5

f\ \

E 4 \

Z \ • In mama
lg 3 \gÄ 0 Närats
é • A Nitrite'_ \
22

\O \O 1 Ä, b

Q -
0 25 50 75 100 125 150

TIME (days)

Figure 8.3. Effect of pH on methanol/nitrate utilization in BB1-2.4.

188



5 I I
' I OM•I:I1¤noI
I ONitfat¢

^ 4 I AustriteI I DSuIIa’co
su I I

II

ä 6 I I •

ä • '
I

„ I |
Q; 2 .A I I
O I Iä IQ I

\ I I .
I} __ _

·
°¤°—¤—

I

I

0- — - '0 20 40 60 - 80 100
TIME (days)

Figure 8.4. Sequential electron acceptor use during methanol degrada•
tion in NN1-1.8.

189



5

O Methanol
4 0 Sulfate

E 1
E

3 : T ; • ¢1--

z 2
LIJ O00

0 1 ,

é
L0

0 20 40 60 80 100
TIME (days) _

Figure 8.5. Methanol and sulfate utilization in WP—2.!•.

I
190



the unaccounted·for biodegradation could be attributed to methanogenesis, which usually occurred

simultaneously in suIf'ate·reducing systems containing methanol. No methane, however, was

detected in any TBA·dosed system.

Sulfate reduction and methanogenesis are among the metabolic capabilities of most soils

tested, including both "fast" and "slow" types. Therefore, the viability of those pathways cannot

be used to infer biodegradation potential as nitrate reduction/denitrification apparently can.

Nevertheless, inhibitor data demonstrate that blocking one of the two pathways changes

biodegradation rates and that the magnitude of the inhibitor effects varies between soils (sections

7.3 and 7.4).

The presence of sulfate influences biodegradation rates even when it is not used. In systems

not exhibiting sulfate reduction, the presence of sulfate: (I) decreased biodegradation rates in BBI

and NN2 (two "slow" soils), and (2) increased rates in BB2 (a "fast" soil), compared to

non·amended systems. The former effect can be reasonably well explained by invoking the known

inhibitory effect of sulfate on methanogenesis, assuming that methanogenic biodegradation is faster

than that coupled with sulfate reduction. The substantial increase in rates effected by blocking

sulfate reduction with molybdate supports this explanation, as does the result of another

experiment. When H; was added to the BB1·2.4 system (by purging the headspace with H; gas)

to provide an excess of reducing equivalents and remove competition between sulfate reducers and

methanogens for electrons, the resulting TBA degradation rate was virtually identical to the rate in

the moIybdate·amended system in which competition was averted by inhibiting sulfate reduction.

lt is difficult to explain the stimulation of biodegradation rates effected by the presence of sulfate

when sulfate is not used. This was observed for methanol and TBA degradation in BB2-1.5 in this

study and for the mineralization of 1-5 carbon fatty acids in BB4-1.0 (Sandberg, 1988). In contrast,

the fatty acids were degraded with stoichiometric sulfate reduction, and accompanying FeS

precipitation, in NN1-1.8 systems.

”
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8.2 Microbial Ecology
Table 8.3 shows the density of denitrifying and sulfate·reducing bacteria and the

presence/absence of methanogens in various studied soils. The qualitative test for methane

production in soils was somewhat llawed because aeetate added to provide a methanogenic

substrate would be in the aoetic acid form (pK, = 4.7) at potentially toxic levels in low·pIl systems.

Hence, a negative result in Table 8.3 does not necessarily mean that no methanogens were present.

Soils that contain particularly active methanogenic populations include NN 1-1.8 (methanol or

acetate), BBI-4.6 (methanol), and BBl·0, BB2·0, and BB3·0 (natural soil organics). (The

methanogenic substrates are shown in parentheses.)
‘

The most striking data in Table 8.3 are for NNl-1.8. The high microbial dcnsitics agree

with the diversity of metabolic pathways that are potentially active and the high biodegradation

rates observed for that soil. The relatively low denitrilier densities in BB4·l.0, NN2·5.0, and

PAl·5.0 are consistent with the observed lag periods which occurred prior to the onset of nitrate

use. The relatively high population of denitriliers in BBl·2.4 imply that the lack of nitrate use

during biodegradation in BBl systems is due to low·pll·induced nitrite inhibition rather than to

an absence of denitrifying organisms. Sulfate was not used in NNl·5.0 because sulfate·reducing

bacteria are virtually absent in that soil. Also, the lower sulfate·reducer density in PAI-5.0 rellects

the relatively low use of sulfate in those systems. The generally low densities and slow growth rates

of sulfate·reducing and methanogenic bacteria suggest that the addition of an organic substrate to

a soil/water system would be followed by an extended acclimation period to allow growth of the

initially small population into a size capable of eifecting signilicant degradation. This may provide

another explanation for the delay prior to the onset of sulfate use and methane production

frequently observed in microcosm assays.

192



Density/Occurrence of Differfräblölgtibolic Groups of Soil Bacteria

Soil (10*3MPN/g) (10·*M PN/g)
BB1-0 -· -- +

BB 1-2.4 48.9 5.9 ·
BB 1-4.6 -- -- +

BB2—0 -- -- +BB2·1.5 ·· -- -_
BB3-0 -- -- +

B B4-! .0 0.39 3.7 +

NNl·1 .8 100.0 84.3 +

NN2·5.0 2.0 0.04 -
WP·2.4 11.5 2.2 +

PA 1-5.0 0.46 0.41 +
•+

= methane produced; · = methane not produced; includes results from qualitative
{äaäggxxogen assay incubated for 2 months and {rom biodegradation assays incubated much

·- = not measured
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Chapter 9 a

Conclusions

Under ambient anoxic conditions, methanol was degraded fairly readily in subsurface soils

from 10 separate subsurface environments. Phenol was also readily degradcd in the soils that were

tested. TBA was relatively resistant to biodegradation and was not dcgraded at all in some samples.

The half-lives of methanol and phenol (C, = 100 mg/L) at ambient environmental temperatures

range from a few weeks to one year, whereas TBA may persist for many years in the subsurface.

The disappearance of methanol and phenol from soil/water microcosms was usually immediate

following zero- to first·0rder kinetic patterns, but lag phases followed by increased removal rates

occurred in certain systems. TBA degradation typically indicated acclimation by exhibiting a

biphasic pattern of a lengthy period of slow, linear removal followed by more rapid disappearance.

Accelerated biodegradation rates can be determined at higher temperatures in the

laboratory and then converted to ambient·temperature rates using the modified Arrhenius equation.

Arrhenius analyses indicate temperature coeflicients of 1.06, 1.05 and 1.13 for the biodegradation

of methanol, phenol, and TBA, respectively over a temperature range of 10~30°C in Blacksburg

4 soils. ln NNI-1.8, 0 equals 1.13 for degradation of phenol.

Biodegradation rates are directly related to measures of microbial density in BB soils.

Although correlation coefficients for linear regression of the two types of data were generally low,

indicating a considerable deviation of the data from linearity, a maximum of 87%, 92%, and 32%

of the variability in subsurface biodegradation rates could be attributed to differences in measures

of bacterial density. Rates were not correlated with bacterial density between soils from different

geographical locations. ·
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The rate: at which methanol and TBA were biodegraded in subsurface soils varied

substantially between sites; however, organic contaminants consistently were degraded more rapidly

at certain sites than at others. Based on variations in biodegradation rates, effects of electron

acceptor: and metabolic inhibitors, and general observations of environmental conditions, the

subsurface soils can be grouped into two categories with distinct characteristics. "Fast" sites exhibit

higher biodegradation rates for organic contaminants, rates are enhanced by adding nitrate or

sulfate, and inhibiting sulfate reduction or methanogenesis does not have a substantial effect on

rates. These sites are characterized by a high flux of water, organic matter, and nutrients, and a

microbial community with a variety of potentially active metabolic pathways for degrading

organics. Maximum biodegradation rates are limited by electron acceptor availability and

biodegradation can be stimulated by chemical amendment.

"Slow" soils exhibit relatively low biodegradation rates for organic contarninants. Rate:

are decreased by adding nitrate or sulfate. The inhibition of methanogenesis slightly decreases rates

but inhibiting sulfate reduction by adding molybdate increase: biodegradation rates — dramatically

in some cases. These sites are characterized by a low flux of water and nutrients. The microbial

community is stimulated to higher biodegradation rates only by inhibiting the sulfate·rcduction

pathway, possibly due to the elimination of competition with methanogenesis. Addition of nitrate

inhibits biodegradation of organics due, at least in some cases, to a toxic accumulation of nitrite.

Addition of high levels of nitrite inhibits biodegradation in virtually all soils tested.

Measurements of electron acceptor disappearance and methane production indicate that

sulfate-reduction and methanogenesis were among the metabolic capabilitie: of the microbial

community of nearly all soils tested. Sulfate was reduced to a similar extent, with respect to the

quantity of organic removed, in soils accomplishing both relatively fast and relatively slow

biodegradation. Nevertheless, inhibition of the sulfate·reduction pathway by adding molybdate had

a greater stimulatory effect on “slow" than on "fast" soils.
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In contrast, biodcgradation of organic contaminants coupled with nitrate

respiration/denitriiication generally occurs in "fast°' but not "slow" soils. Accumulation of nitrite

during substrate conversion does not deter biodegradation in "fast" soils — even those with low pH
— while inhibiting biodegradation oforganics in "slow" soils. The existence of an active denitrifying

population seems to infer the capability for rapid biodegradation. Quantilication of the density of

different metabolic bacterial populations tend to support the observed intersite variations in

biodegradation rates and electron acceptor use, but not in every case.
_ 'The results of this study demonstrate the neoessity for understanding the nature of the

microbial community and the important metabolic pathways when conducting risk assessments,

formulating remedial actions, or attempting to stimulate biodegradation in contaminated subsurface

systems.
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Appendix

Biodegradation/Electron Acceptor/Inhibitor Data
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Table A.I . NN I·I .8/methanol/unamended

Time Concentration (mg!L)
(days)

V Methanol NO;-N NO;-N SO} '

l IO ·· ·· ·-
79.9 nd nd 44.0
nd nd 0.2 66.9

2 1 3



Table A.2. NN 1-I .8/methanol/nitrate amended

Time Concentration (mg/L)
(days)

Methanol NO;·N NO;·N SO} ‘

110 ·· 70.0 ·-
1.5 18.0 27.1 75.2

nd 16.5 28.5 93.3

121ls



_ Table A.3 NNl·1.8/methanol/nitrite arhended

Time Concentration (mg/L)(days)

Methanol NO;·N NO;·N SO} ‘

1 18 -· ·· ·-
1 18 57.4 0.4 66.9
5.0 4.0 nd 78.0

2 1 5



Table A.4. NNI-] .8/methanol/unamended

Time Conccntration (mg!L)
(days)

Methanol NO;·N NO;·N SO} '

].5 96.2 nd 0.5 29.]

3.0 86.5 nd nd 45.0

4.5 75.8 nd 0.02 47.2

6.5 63.9 nd 0.06 48.8

8.5 53.2 nd 0.02 50.3
l

I2 43.0 nd nd 49.9

l7 nd nd 0.09 48.7

2 1 6



Table A.5. NN l·I .8/methanol/nitrate unemled

Time Concentration (mg!L)
(days)

MCXÄBHO11.5

90.5 0.8 61.1 62.9

3.0 74.7 1.8 63.9 75.7

4.5 10.2 16.5 30.4 79.3

6.5 0.3 18.9 24.4 82.6

8.5 nd 17.9 23.3 84.2

21 7



Table A.6. NN1-1.8/methanol/nitrite amended

Time Concentration (mg/L)(days)

Methanol NO;·N NO;·N so.= °

1.5 94.3 77.0 0.3 38.6

3.0 86.9 85.9 0.9 48.1

4.5 73.5 83.0 nd 47.6

6.5 43.7 69.8 nd 53.1

8.5 1.5 54.2 nd 52.2

12 nd 52.7 0.05 51.4

2 1 8



1
Table A.7. NN!-I.8/methanol/sulfate amended/ + meehanel/Na„S0, redose

Time Concentration (mg/L)(days)

Methanol NO;-N N0;·N SO} '

1.5 85.3 nd nd —·

3.0 78.2 nd nd 323

5.0 70.4 nd nd 338

7.0 64.5 nd nd 294

13 40.9 nd nd 264

19 nd nd nd ·~
20 119 nd nd 298

26 111 ·· ·· ··
36 108 ·· ·· ·~
52 79 nd nd 337

60 8.4 nd nd 288

2 1 9



. Table A.8. NNI-I .8/methanol/nitrate amendedj + metbanol redoses

Time Concentration (mg!L)
(days)

Methanol NO;·N NO,~N $0/ '

1.5 86.7 nd 49.1 36.9

3.0 56.3 8.4 32.4 41.4

5.0 5.0 25.9 3.4 44.5

7.0 nd 24.9 2.3 45.0
1

13 nd 22.8 1.2 46.0

13 320 -~ ·· ·-
19 209 nd nd 58. I

26 157 nd 0.1 57.6

33 129 nd nd 58. I

40 80.3 nd nd 46.6

53 1.0 nd nd 33.2

S4 110 nd nd 37.0

60 106 ·· ··
•-

65 98 ·· ·· ··
70 48.0 nd nd 33.2

74 nd nd nd 30.7

‘
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Table A.9. NN l-l.8/TBA/unamemiedTime

Concentration (mg!L)
(days)

TBA NO;-NNO;—N2.0

107 nd 0.3 34.6

· 15 96.3 ·· ·•
··

23 78.1 nd nd 52.9

29 70.8 ·•
-- ·-

39 63.0 ·•
·· ··

56 52.5 ·· ·-
•·

84 49.3 •·
··

·•

1 1 1 44.8 •• •· ••

162 37.0 •· ~· -·
193 36.7 nd nd 55.0

229 31.1 ·· -· ~·
249 24.6 ·•

·- ··

22 1



Table A.l0. NN!-1.8/TBA/nitrate amended

Time Conccntration (mg!L)
(days)

TBA NO;·N

NO;·N2.0105 nd ·· 37.7

7.0 102 ·· ·~ ·· V
15 83.9 1.3 63.1 70.7

23 61.1 ·· ·· ·•

26 54.5 -•
·· ·-

29 49.6 9.3 48.4 72.7

39 38.2 9.3 40.8 70.6

56 24.0 3.3 41.5 74.5

72 17.4 ·· V ·· ·-
84 14.2 ·· -· ·-
1 1 1 6.1 nd 30.5 78.5

162 nd nd 20.2 65.5
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Table A.! !. NN!-I.8/TBA/nitrite amended

Time Concentration (mg!L)
(days)

TBA
A
NO;-NNO;-N2.0

106 74.9 0.6 43.4

15 106 ·· -· -·29 98.4 ·- ~~ --
43 98.6 ·•

·· ··
56 98.2 ·• •—

-·
I 1 1 96.4 •· · ·· -·
162 94.4 •- ~- ·-
193 96.7 ·· ·· -~
229 95.6 •• ••

-·
249 90.5 ·•

·· -·
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Table A.12. NNl·l.8/TBA/sulfate amended

Time _ Concentration (mg/L)(days)

TBA NO;·N NO;·N SOß’

2.0 105 nd 0.3 314

15 86.2 nd 0.1 339

23 58.4 nd nd 373

29 41.0 -· •· ··
34 27.6 ••

·· 324

39 11.6 -·
•· 256

43 nd ·· ·· 254
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Table AJ3. BB4-l.0/methanol/unamended

Time Concentration (mglL)
(days)‘

Methanol NO;-N NO;-N S04: "

1.5 91.0 nd 0.04 1.4

3.0 87.9 nd nd 1.9

6.5 86.6 nd nd 1.4

12 87.2 nd 0.07 1.5

17 84.7 nd 0.3 1.5

25 82.6 nd nd nd

so 79.5 im nd nd
37 70.3 nd nd 1.7

52 45.4 ·· ·· ~·66 12.7 ·- ·· ~·
72 5.6 ·· -· ··

22 S



Table A.l4. 884-1.0/methanol/nitrate amended

Time Concentration (mg/L)
(days)

Methanol NO;-N NO;·N 60.* '

1.5 90.9 nd 59.6 2.1

3.0 86.4 nd 59.4 1.5

6.5 86.0 nd 59.5 1.5

12 84.5 nd 57.1 2.0

17 82.6 nd 55.3 1.9
25 74.7 nd 48.4 nd

30 63.5 1.2 40.1 nd

37 45.2 nd 31.3 7.0

42 37.4 nd 23.1 -·
52 18.3 nd 12.6 13.9

66 6.5 nd 4.6 15.0

72 nd nd 3.9 16.7
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Table A.lS. B84-l.0/methanol/nitrite amended

Time Concentration (mg/L)(days)

Methanol NO;-N NO;·N SO} '

1.5 91.2 75.7 1.0 1.7

4.5 86.8 74.4 1.6 2.0

8.5 86.6 69.6 2.3 2.0

12 85.4 68.2 2.8 2.4

17 83.2 66.1 3.9 2.1 _

25 82.3 60.0 6.3 ··
38 79.9 57.7 10.0 2.7

37 45.2 nd 31.3 7.0

42 79.8 59.3 1 1.7 ·-
52 79.9 56.4 1 1.9 3.4

143 79.0 46.6 14.4 4.2
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Table A.16. BB4-1.0/methnnol/sulfnte unended

Time Concentration (mg!L)(days)

Methanol NO;·N NO;·N SOe' '

1.5 88.3 nd nd 123

3.0 87.5 ·· ·- --5.0 84.7 ·· -- -·
7.0 83.6 nd nd 98.6

19 75.4 nd nd 104

26 64.8 nd nd 102

· 33 51.9 nd nd 109

40 43.9 nd nd 109

53 21.4 nd nd 81.1

65 nd nd nd 80.1
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Table A.l7. 884-1.0/'l‘BA/unameneled

Time Concentratiou (mg!L)(days)

TBA NO;·N NO;-N SO} '
2.0 107 ·· -· -·15 105 •• ·• ·-43 105 ·· ~• ·-
56 106 •· ·- ··' 84 106 -• -· --162 104 ·· -· ··249 104 •- •· -· ‘
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Table A.l8. BB4·l.0/TBA/nilrate amended
l

Time Concentration (mglL)(days)

TBA NO;·NNO;·N2.0
100 nd 64.5 2.1

15 99.4 ·• -· ··23 97.8 •~ •— ··56 98.3 ·- ·· -~
85 99.4 ·~

·•.
~-

, 162 95.5 ·· ·· ·•

193 96.2 -· -• •~
229 93.5 nd 65.2 2.0249 90.7 ·· ~· ··
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Table A.l9. BB4·I.0/TBA/sulfatc amcndcd

Timc Conccntration (mg/L)
(days)

TBA NO;•N NO;-N S04:
”

2.0 108 nd nd 253
15 108 ·— -· ·-
29 108 ·-

—·
··

56 108 ·• -• -·
85 104 ·- -- ··
162 92.5 ~- ·· ·-
193 92.0 •• -- --
229 86.4 nd nd 198
249 81.7 ·· ·· ·•

23 1



Table A.20. BB4-1.0/TBA/nltrate redose ol' Table A.l4 system

Time Conccntration (mglL)(days)

TBA NO;·N NO;·N SO} '

2.0 110 nd 73.7 6.3
15 107 •· ·· ··
56 104 ·- ·· ••
84 104 ·· ·· ·•
162 98.6 ·- ~• ··
193 98.2 ·- -· ··
229 93.7 nd 66.6 6.1
249 86.6 •~ -· ·-
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Table A.2l. BBI-4.6/methanol/unamended + metbanol/Na;S0, redose

Time Concentration (mglL)
(days)

Methanol NO;·N NO;-N $042 '

1.5 89.6 nd 0.6 nd

3.0 88.8 nd 0.4 nd

5.0 85.2 ·· -· ··
7.0 82.9 ·· ·· ··
13 74.4 ••

·~ ~-
19 69.8 ·· ·- -·
26 62.9 ·· ·• ··
40 48.5 ·• ·· ·~
53 34.9 nd nd nd

65 29.2 •• •-
·-

80 1.2 nd nd nd '

81 111 nd nd 34.9

84 108 •• -· ·~
101 106 ·· -- ~·

107 105 ·· ·· —·
115 98.9 •·

·· -·

162 89.3 -•
-· ··

213 78.4 ·· ·· ·-
244 68.6 ·· -· ·-
280 56.7 nd nd 68.1

299 51.7 -· ·· -·
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Table A.22. BBI-4.6/methanol/nitrate amended

Time Concentration (mg/1..)(days)

Methanol NO;·N NO;·N so.= '

1.5 89.0 nd 35.3 nd

3.0 87.8 ·- ·· ··
5.0 86.5 ·· ~· --
7.0 83.8 nd 31.0 nd

13 78.5 ·· ·· ··
26 75.9 0.6 34.6 nd

40 72.7 ·• •·
··

53 66.9 ·· ·- ·•

80 62.9 1.4 30.9 nd

107 63.6 1.0 30.4 nd

129 64.9 nd nd

143 63.1 ·- ·· -·

211 21.6 1.8 28.6 nd

262 nd ·•
·· -·
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Table A.23. BBI-4.6/methanol/nitrite amended

Time Concentration (mglL)(days)

Methanol NO;·N NO;·N SO} '

1.5 89.2 64.5 2.1 nd

3.0 89.3 •·
·· ·-

7.0 84.9 62.3 4.6 nd

19 84.7 ·· ·· ··
26 82.7 54.9 6.9 nd

53 84.6 53.0 12.8 nd

107 89.4 ·· ·~ ~·
211 92.8 •·

·· ··
329 90.1 ••

··
-•
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Table A.24. BBI-4.6/methanol/sulfate amended + methanol redose

Time Concentration (mg}L)(days)

Methanol NO;·N NO,·N S0} '

1.5 88.1 nd 1.0 97.7

3.0 88.0 ·• _ ·· ~·
5.0 80.2 ·· ·· -·
7.0 80.2 nd 1.0 79.2

13 75.2 ··
•·

··
26 67.9 nd nd 77.8

40 58.6 nd nd 76.8

53 52.4 nd nd 72.3

l 80 28.4 nd nd 71.0
107 nd nd nd 70.9

108 108 nd nd 48.9

1 1 1 105 •·
·· •·

1 14 101 •• ·· ·-
119 99.6 ·- ·•

··
128 94.8 ·· ·~ ~•

134 84.8 nd nd 49.7

142 62.8 nd nd 54.4

151 10.5 nd nd 27.3

163 nd nd nd 25.3
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Table A.2S. BB2-I.5/metbanol/unamended

Time Concentration (mg/1..)
(days)1

Methanol NO;-N NO;·N $042 "

1.5 91.6 nd 2.7 nd
3.0 91.2 ·· ·· •·
5.0 85.5 ·· ·· ·-
7.0 80.8 •- -· --
13 72.7 •• •· ·—

‘ 19 63.0 -· ·- ··
26 52.5 ·· ·· --
33 38.9 ·· ~· --
53 17.9 ·· -· -·
65 3.4 ·• -·
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Table A.26. BB2·I.5/metlunol/nitrate nmcnded

_ Time Conccntration (mg/L)(days)

Methanol1.5

93.1 nd 42.5 nd

3.0 91.6 •• ~•
··5.0 86.7 ·- -· ·-

7.0 81.8 nd 51.5 nd

13 46.1 6.0 32.7 nd

19 26.2 9.0 17.7 nd °

26 3.8 12.0 11.0 nd

33 nd 12.6 9.4 nd
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Table A.27. BB2·l.S/methanol/nitrite amended

Time Conccntration (mg/1..) _
(days)

Methanol NO;•N NÜ3·N$0421.5

91.7 81.6 5.0 nd

3.0 89.8 ·• ·~ ··
5.0 89.0 ·• -· ··
7.0 88.6 74.3 10.9 nd

19 83.9 •·
·· ··

26 80.0 ·· ·· ·-
53 77.4 61.6 21.6 nd

117 7.9 31.2 27.5 nd
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·Tab|e A.28. 882-1.5/metlumol/sulfate amended

Time Conoentration (mglL)
(days)

Methanol NO;·N NO;-N SOÄ °

1.5 92.5 nd 2.2 180

3.0 90.5 ·- ·· ·-
5.0 8 1.3 2. 1 nd 20 l

7.0 77.7 1.1 nd 160

13 67.8 nd nd l 50

19 $6.6 -·
-•

··
26 39.3 nd nd 186

33 21.0 nd nd 197

40 3.4 nd nd 19 1
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Table A.29. NN2-5.0/methanol/unamended + methanol/Na;SO• redose
V

Time Concentration (mg!L)
(days)

Methanol NO;·N NO;·N SOÄ'

1.5 85.8 nd nd 6.7

3.0 73.4 nd nd nd

5.0 51.4 nd nd nd

7.0 28.7 ·~ ·- --
13 nd ··

·
-· ··

14 114 nd nd 91.6

20 112 ·• ·— ·-
25 1 I2 •• ·· ·•
34 106 ·· ·· ··
46 91.5 ·• ••

··
52 84.9 ··

·• •·

61 80.9 ·• ·• •·
100 nd nd nd 218
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Table A.30. NN2·5.0/metbanol/niaraee amended + methanol/NO; redose .

Time Concentration (mg!L)(days)

Methanol NO;·N NO;-N so.= '

1.5 86.3 nd 46.0 2.1

3.0 83.9 ·• ·· ~-
5.0 76.9 ·- 41.7 nd

7.0 64.7 nd 43.7 1.6

13 nd 8.3 9.6 2.4

14 123 nd 77.8 6.0

17 lll •· -• · ··
20 63.7 ·· ·· ~-
25 nd 25.0 30.2 3.8
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Table A.3l. NN2·5.0/methanol/nitrite amended

Time Concentration (mg!L)
(days)

Methanol NOz·N NO,-N SO} ‘

1.5 86.4 77.3 5.6 2.2

3.0 85.6 ·· ·- ~·
5.0 84.2 ·- ~•

··
7.0 80.0 72.2 9.0 nd

13 79.4 ·· -· ··
19 78.0 ·· ·- ··
26 80.5 63.7 13.2 2.2

53 76.5 50.7 20.2 nd

80 85.3 61.4 21.0 3.0

117 85.9 ·· ·· ·-
221 85.8 ·•

-· --
272 91.8 ·· ~- ··
339 88.3 ·~ ·· ··
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Table A.32. NN2-5.0/methanol/sulfate amemied + melbanol redose

Time Concentration (mg]L)(days)

Methanol NO;·N NO,·N SO} ‘

1.5 87.0 nd nd 191

3.0 86.1 ·· ·· ··
5.0 81.5 nd nd 212

7.0 78.1 nd nd 220

13 67.6 nd nd 249

19 63.7 -- ·· --
' 26 58.9 nd nd 224

33 57.6 nd nd 221

53 57.1 nd nd 275

80 53.8 nd nd 271

117 nd nd nd 266

118 110 nd nd 187

121 107 -· ·· ··
124 106 -· ·- ·-
129 101 ·· - --
138 nd nd 0.1 198
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Table A33. NN2·5.0/TBA/ununended

Time Concentration (mg}L)
(days)

TBA NO;~N NO;-N SO•2'

2.0 105 ·• ·· ·~
7 104 ·- -· ·-
15 103 ·•

·· ~·
23 102 ·- ·- -·

43 98.2 -- ·· ··
56 87.0 ··

•~
··

63 79.1 ·· ·· ·-
72 70.1 ·• •~

··
84 60.9 ·• •- •·

1 1 1 27.0 •~ -•
··

162 nd ·· -- -·

n
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Table A.34. NN2-5.0/TBA/nitiate amended _

Time Concentration (mg!L)
(days)

TBA NO;·N NO;·N SO} '

2.0 100 nd 63.3 2.3

15 99.8 •· •-
··

23 98.6 ·· ·· -·
43 98.3 ·- -· ··
56 93.5 ··

·•
·~

63 89.9 ~•
-· ··

84 79.0 0.2 65.7 2.7

1 1 1 69.9 ·- -· -·
162 25.0 nd 66.4 2.3
193 nd nd 64.8 1.8

l
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Table A.35. NN2·S.0/TBA/sulfate amended
I

Time Concentration (mg/L)
(days)

TBA N0;·N l NO;-N S04! ”

2.0 102 nd nd 207

15 102 ·· · •·
--

23 99.4 ·· ·· ··
56 95.5 •-

-· ··
63 93.6 ·- ~· ··
84 88.2 nd 4.3 240

1 1 1 71.5 0.01 5.4 234

162 62.6 0.2 3.2 236

193 59.5 ··
•·

·-
229 52.7 nd 1.6 244

249 47.9 ·· ·~ ~·
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Table A.36. PAl·5.0/methanol/unamended + methanol redose

Time Concentration (mg/L)
_ (days)

Methanol NO;-N NO;·N S04: '

2.0 94.9 nd nd 19.7

4.0 74.1 —·
·· ··

7.0 52.5 -- -•
··

13 24.6 nd nd 16.8

15 13.3 ·• ~· ·-
u

19 nd ··
-•

-·
20 109 ••

·- --
23 96.4 •· ·•

·-
26 83.3 ··

•-
·· _

3l 68.0 ·• •·
-·

36 53.5 ·• ·· ·-
40 46.5 ·•

··
·•

52 20.6 ••
··

·•

60 nd nd nd 17.6
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Table A.37. PAl·5.0/methanol/nitrate amended + methanol redose

- Time Concentration (mg/L)
(days)

M¢1113H012.0

91.5 nd 69.3 22.7

4.0 71.9 nd 68.1 23.3

7.0 51.7 nd 64.9 20.6

13 24.6 nd 66.5 19.3

15 12.0 nd 66.6 20.9

19 nd ·· ·· ··
1

20 121 0.1 62.7 22.0

23 98.2 2.4 46.2 19.9

26 71.4 1.3 41.4 22.8

31 41.7 0.1 26.4 20.6

36 20.3 0.1 21.1 19.7

40 7.8 0.1 15.3 20.3

33 nd nd 14.6 21.8
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Table A.38. PA1·5.0/methenol/nitrite amended + methanol redose

Time Concentration (mg!L) _
(days)

Methanol N0;~N NO;-N S04: '

2.0 92.6 74.4 nd 19.6

4.0 80.1 74.1 0.3 18.7

7.0 67.7 74.5 0.3 17.0

13 36.7 71.5 0.1 17.5

15 15.7 71.8 0.2 19.6

19 nd 60.7 0.2 15.0

20 114 64.2 nd 16.6

23 98.4 61.5 0.1 18.2

26 78.9 53.9 0.1 17.8

31 58.7 42.4 nd 18.2

36 47.0 •• •-
··

40 39.1 23.2 nd ··
52 25.6 20.3 nd 18.6

60 16.5 •• ·•
··

69 4.8 5.2 nd 19.2

81 nd 2.5 nd 18.8
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Table A.39. PAl•5.0/methanol/sulfate amended

Time Concentration (mg]L)
(days)

Methanol NO;·N NO;·N so.=·

2.0 95.8 nd nd 353

4.0 91.8 ·•
·· ··

7.0 89.5 ·· ·· ··
13 87.4 nd 0.3 394

_ 15 85.2 ·· -· ·•

23 81.4 nd nd 388

29 75.5 •· —•
··

43 67.6 •• •• ·•

56 55.5 nd nd 394

63 56.6 •· -• ••
84 47.0 nd nd 353

1 1 1 37.4 ·•
·- ··

162 nd nd nd 346

Z5 1



Table AAO. PAI-5.0/TBA/unamcnded

Timc Conccntration (mg!L)(days)

TBA NO;-N NO;-N so.=·

2.0 106 nd nd 20.8

15 107 ·- ·· ·~
43 105 ·· ·· ·•

56 105 —· •· •·

78 105 ••
·- . •·

156 101 -· --
•·

187 104 -• •• •-

223 102 ··
••

··
243 98.1 ·· ··

••
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Table AAI. PAI-5.0/TBA/nitratc amcnded

Time Concentration (mglL)
(days)

TBA NO;·NNO;·N2.0

100 nd 47.8 17.7

15 102 ··
~•

-·
23 100 --

·• •~

43 100 ··
•·

·-
56 99.4 -· ·-

•·

78 100 ·· ·· -·
156 101 ·•

·· ··
a 187 100 ••

·- ··
223 99.2 ud 62.3 33.9

243 96.5 ••
·- ··

2 5 3



Table AA2. PAI-5.0/TBA/nitrite emended

Time Conceutration (mg}L)
(days)

TBA NOz·N NO;•N SO}'

2.0 102 70.8 0.2 21.8
15 104 ·• ·· -·
29 103 ·· ·· -·
56 103 ·· ·· ··

78 103 ~• ~· •·

156 105 -• ·· ·-
187 106 ·· ‘ ·• ·-
223 104 •· ·· _ ·•
243 103 -· ·· ··

2 Sie



Table A.43. PAI-5.0/TBA/sulfate amended

Time Conccntration (mg/L)
(days)

TBA NO;·N NO;-N S04: '

2.0 l 10 nd nd 280
1 5 1 12 ·· ·- ··
29 1 12 ·· •• ··
S6 1 1 1 ·• ·- ~~
78

”
1 12 ·- -- •-

156 111 ·• ·- ··
187 114 ·- ·· -·
223 1 13 ·· ·· --

243 1 10 ~· ·- ·~
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Table .4.44. WP·2.4/methanol/unamended + methauol redose

Time Concentration (mg}L)
(days)

Methanol N0;·N NO;-N S042 '

2.0 93.2 nd nd 9.1

4.0 82.2 ·· ·•
--

7.0 67.4 •• ·•
··

13 42.7 nd nd 6.4

15 28.8 •·
-· ··

”

19 11.3 •· ~· ·-
20 109 ·· ·· ··
23 105 ··

·•
·-

26 101 ··
•·

··
31 96.4 •· ·· -·
40 91.0 ·•

~·
•·

52 76.6 ·•
-· ··

60 60.2 ··
•· •·

69 47.8 ·•
··

••

81 38.4 ·· •• ··
108 4.1 ··

••
·-
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Table AAS. WP·2A/methanol/nitrate amended + methanol redose

Time Concentration (mg/L)
(days)

Methanol NO;—N NO;·N $042 '

2.0 96.1 nd 45.2 2.8

4.0 83.8 nd 65.0 4.4

7.0 72.7 0.1 -- 4.1

13 57.7 0.5 65.1 4.6

15 50.3 0.4 65.0 5.1

19 38.9 0.8 66.0 4.9

20 140 0.8 55.2 4.1

23 137 ·· ·· ··A
26 134 •· ~· ·•

31 125 ·• ·· •·
40 63.7 1.3 34.1 8.0

52 nd 3.1 9.7 1.7

2 5 7



Table A.46. WP·2.4/methanol/nitrite amended

Time Concentration (mg!L)
(days)

Methanol NO;·N NO;·N so.= '

2.0 96.2 73.8 2.4 7.9

4.0 95.1 ·•
·· ~·

7.0 93.3 ·· ·· ··
13 95.5 ·· ·· ·-
15 94.7 ·· ·· •-
23 101 ·· ·· ··
29 98.9 ·~ ·- ~·
34 97.4 -- ~· ··
43 99.3 ·- ·- ··
56 94.2 ··

•· ·~
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Table A.47. WP·2.4/methanol/sulfate amended + methanol redose

Time Conoentration (mg!L)
(days)

Methanol NO;·N NO;-N SO} "

2.0 94.6 nd nd 198

4.0 82.8 nd nd 278

7.0 68.7 nd nd 282

I3 39.5 nd nd 276

IS 34. I ·•
·- ~·

19 I6.7 nd nd 266

20 I12 nd nd 272

23 I06 ·• •·
--

26 I03 ·~ -- ··
31 I00 nd nd 270

40 95.4 •• -· -·
52 63.3 nd nd 23 I

60 I4. I nd nd 168

69 nd nd nd 143

2 59



~ Table A.48. WP·2.4/TBA/unamended

Time Concentration (mg/1..)
(days)

TBA NO;-N N0;·N SO42°

2.0 104 ·· -· --
7.0 104 ··

·•
··

15 102 •· ·· ·~
23 97.4 ·~ ·· --
43 95.2 •·

·· ··
56 92.5 ·• ·· ··
84 81.7 ·~ ·· -~

111 68.8 ·· -· ··
162 50.1 -· -- --
193 47.5 ·· -- ··
229 37.3 ·•

·· ··
249 32.5 ·•

-- ··

‘
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Table A.49. WP-2.4/TBA/nitrate unended ~

Time Concentration (mg/L)
(days)

TBA NO;·N NO;·N SO} "

2.0 101 nd 64.9 5.2

U 15 94.1 •· ·•
··

23 88.6 0.4 ·• 4.2

29 90.4 ·- -· ·-34 90.7 ·· ·- ·-
43 87.7 ·· •• ··

. 56 75.9 ·- ·· ··
63 67.1 -· ·· ~•

72 55.6 nd 63.6 5.5

84 42.2 nd 64.1 5.6

l 1 l 10.0 nd 64.2 5.4

162 nd nd 63.8 5.2

26 1
A



Table A.50. WP·2.4/TBA/nitrite amended

Time Concentratiou (mglL)
(days)

TBA NO;-N NO;-N S04: '

2.0 102 73.1 3.5 6.0
23 100 •-

·· ·· ·
43 102 ••

·· ·-
56 100 ·· ·· ··
84 101 ·· ·· ~·

162 101 •• -· ··
193 101 •• ·· -·
229 101 ·· ·· ·-
249 100 •- •· ··
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Table A.5l. WP·2.4/TBA/sulfate amended

Time Concemration (mglL)
(days)

TBA NO;·N NO;·N $042 ‘

2.0 I03 nd
1

0.2 29l

15 89.9 nd nd 27 l

23 74.0 ••
~· -·

29 67.8 nd nd 268

34 61.4 ·•
··

•·

43 45.4 nd — nd 265

56 26.0 nd nd 275

63 l5.9 ·~ ·~ ··
72 5.5 nd nd 258

84 nd nd nd 261

26 3



Table A.52. BBl·2.4/TBA/unamended

Time Conceutration (mg!L)
(days) ‘

TBA NO;-N NO;-N SO2z'

3.5 117 nd 1.4 0.3
23 l 16 •· •·

·-
46 l 16 ••

·· ··
61 1 16 ~· ·· ··
92 1 19 ·· -- ~·
128 1 16 ·- •• --
147 1 15 ·· •~ ~·

26l+



Table A.53. BBI-2.4/TBA/nitrate amended

Time Conccntration (mg!L)
(days)

TBA NO;-N NO;~N SO}“

3.5 1 17 nd 53.8 nd
23 1 17 ·· ·· ··
45 1 16 •-

-· ··
61 1 16 —- •· ·•
92 l 16 ·· -• ·•
128 1 16 •• •· ··
148 1 15 ·· ·~ •·
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Table A.S4. BB I -2.4/methanol/nitrate amended/pl-! 4.0

Time Concentration (mglL)
(days)

SO4z3.51 15 nd 52.6 0.7

10 108 •· ·• •·

23 98.9 0.5 ·- ··
46 76.6 0.4 51.7 0.2

61 63.8 0.2 50.1 1.1

92 37.1 ud 50.1 nd

128 nd nd 50.3 nd
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Table A55. BBl—2.4/methanol/nitrate amended/pH 65

Time Conccntration (mg!L)
(days)

Methanol NO;-N NO;·N SO} '

3.5 120 0.04 63.2 0.8

10 109 ··
·•

··
23 76.8 4.8 38.4 0.5

45 68.5 ·• ·• -·
61 39.0 0.9 27.6 0.5

92 nd nd 13.6 0.6
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Table A.56. 881-2.4/TBA/unamended

Time Concentration (mg/L)
(days)

TBA NO;•N NO;-N 60.* '

3.5 100 nd nd nd
23 99.7 ·· •· ··
46 99.7 ·· -· ·-
61 100 •· -• ·-
92 99.9 ·· -- --
128 99.2 ·· -- -·
·l48 98.3 ·· —· ··
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Table A57. 881-2.4/TBA/molybdate

Time Couccntration (mglL)
(days)

TBA3.5

97.9 nd ud ud

23 97.5 •· ••
··

46 95.8 ·-
·—

··

61 96.1 ·· -· ··”
· 92 96.2 ·•

-· ··
128 93.6 ·· ·· --
148 91.5 ·· ·· ·- ‘
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Table A.58. BBI·2.4/TBA/molybdate + BESA °

Time Coucemration (mg!L)
(days)

TBA NO;-NNO;-N3.5

97.7 nd 0.1 3.6
23 97.5 ~• ~· ·—
46 97.9 ·· ~• ··
61 96.6 ·· -• ··
92 96.3 ·· ~• ”

-·
128 94.7 ·· ·• -·
148 93.1 ·• •· ··
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Table A.S9. BBI—2.4/TBA/Hz

Timc Conccmration (mg!L)
(days)

TBA NO;·N NO;·N SO} '

3.5 102 nd nd nd

23 101 •• •· ~~
46 99.6 ··

•- ·~
61 98.8 •·

··
•·

92 98.6 ·- -· ··

128 97.9 ·· -·
·•

1
148 95.1 ·· ·• --

27 1



Table A.60. NN l·I.8/TBA/unamended

Time Concemration (mg!L)
(days)

TBA NO;·N NO;-N SO} '

3.5 102 nd 0.2 57.8
23 86.4 ·· ·- ··
46 74.4 nd nd 46.7

61 65.9 ··
·•

··
92 55.9 nd nd 60.0
128 44.3 nd nd 51.9
148 35.9 ·· ~• •·
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Table A.6l. NN|•1.8/TBA/molybdate

Time Conccntration (mg]L)
(dw)

TBA NO;-N NO;•N SO} °

3.5 102 nd 0.8 61.8

23 65.5 nd 0.1 58.6

46 47.8 nd 0.04 62.2

61 39.7 ·· ·· ·•
92 28.6 0.06 nd 62.2

128 17.4 nd nd 59.8

148 10.6 •-
·· ·-
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Table A.62. NN l·l.8/TBA/BESA

Time Conoentration (mglL)
(days)

TBA NO;·N NO;·N SO} '°

3.5 101 nd 0.2 71.7
23 90.0 ·•

·· ·-

46 82.3 ¤d 0.2 58.4
61 79.1 ud 0.3 73.5
92 72.7 -- ·· ··
128 57.4 nd 0.6 75.2
148 44.9 •• ·· ··
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Table A.63. NNl·l.8/TBA/molybdatc +. BESA

Time Conoentration (mg!L)
(days)

TBA NO;·N NO;·N S04: '

3.5 98.1 nd 0.1 63.4
23 92.6 ·· ·- -·
46 89.8 •· ·· ··
61 84.3 ·· -- ·~
92 78.3 nd 0.4 66.6
128 69.9 nd 0.4 70.3148 64.7 •- ·· ··

A Z 7 5



Table .4.64. NNI-1.8/TBA/Hz

Time Conccntration (mglL)
(days)

TBA NO;•N NO;·N SO} °'

3.5 102 nd nd 64.5
23 101 ·· j- ·-
46 96.9 ·· ·- ··
61 91.4 ·· ·· ··
92 80.6 nd nd 66.8
128 59.3 nd nd 64.9
148 46.8 ·· -· -·
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Table A.6S. NN 1-1 .8/TBA/acetate

Time Coucentration (mg!L)
(days)

l
TBA NO;-N NO;-N SO} °

3.5 97.6 nd 0.01 57.4
23 97.1 ·· -· ·-
46 98.0 ·· ·· •·

61 96.6 ·· ~- --
92 99.5 •· -· ··
128- 97.1 nd nd 0.5
148 96.8 ·· ·· ··
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