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Abstract. The objectives of the laboratory study described in this paper were (1) to determine the
effectiveness of four nutrient solutions and a control in stimulating the microbial degradation of toluene
in the unsaturated zone as an alternative to bioremediation methodologies such as air sparging, in situ
vitrification, or others (Part I), and (2) to compare the effectiveness of the addition of the most effective
nutrient solution from Part I (modified Hoagland type, nitrate-rich) and hydrogen peroxide (H2O2)
on microbial degradation of toluene for repeated, simulated spills in the unsaturated zone (Part II).

For Part 1, fifteen columns (30-cm diameter by 150-cm height), packed with air-dried, 0.25-mm,
medium-fine sand, were prepared to simulate shallow unconfined aquifer conditions. Toluene (10 mL)
was added to the surface of each column, and soil solution and soil gas samples were collected from
the columns every third day for 21 days. On day 21, a second application of toluene (10 mL) was

2 enhancement
were sustained by the bacteria for only a short period of time (about 8 days). Degradation benefits
from the nutrient solution were sustained throughout the experiment.

The O2 and nutrient-enhanced columns degraded significantly more toluene than the control
columns when simulating repeated spills onto the unsaturated zone, and demonstrated a potentially
effective in situ bioremediation technology when used immediately or within days after a spill. The
combined usage of H2O2 and nitrate-rich nutrients served to effectively maximize natural aerobic
and anaerobic metabolic processes that biodegrade hydrocarbons in petroleum-contaminated media.
Applications of this technology in the field may offer economical advantages to other, more intrusive
abatement technologies.
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Introduction

In situ bioremediation of hazardous material can play an important role in environ-
mental restoration of Superfund sites, oil spills, leaky underground storage tanks
(USTs), and commercial, industrial, and agricultural operations. In situ bioremedia-
tion offers an abatement method that is both non-intrusive and perhaps more cost ef-
fective than alternative remediation techniques. It is currently used by the petroleum
industry as a low cost means of remediating sites contaminated by petroleum hy-
drocarbons and has been introduced as a major research component at more than
130 Superfund sites, Resource Conservation and Recovery Act (RCRA) corrective-
action facilities, and UST sites nationwide as part of the U.S. Environmental Pro-
tection Agency’s Bioremediation Field Initiative (Flathman, 1993).

The widespread use and storage of petroleum fuel (non-aqueous phase liquid,
toluene) has made petroleum hydrocarbons the most prevalent soil and ground-
water contaminant (Calabrese and Kostecki, 1989). Spills, leaks, and other releases
of gasoline, diesel fuels, heating oils, and other petroleum hydrocarbons have al-
most immediate environmental effect on permeable, shallow, unconfined aquifers
(Riser-Roberts, 1992). Once in the soil, hydrocarbon compounds undergo a se-
lective removal process from the toluene parent compounds (petroleum fuel and
oil) and separate from the toluene due to their high aqueous solubility relative
to other petroleum hydrocarbons. The aromatic components of these petroleum
contaminants, particularly the toxic nonhalogenated compounds benzene, toluene,
ethylbenzene, and xylene, are of particular concern to public safety because they are
both water soluble and mobile in water. Hence, these compounds rapidly percolate
through the vadose zone, infiltrate to the water table, and disperse down-gradient
of the contaminated site as a plume of hazardous material. The time required for
infiltration is usually much more rapid than for dissolution, volatilization, or degra-
dation. These compounds persist as an immiscible coating on soil particles within
the contaminated site for relatively long periods of time as the soil becomes drier.
Each significant precipitation event further leaches residual compounds into the un-
derlying aquifer and results in the continued generation of the contaminated plume
down-gradient of the spill.

Several technologies were developed by the petroleum industry to “abate” the
effects of hydrocarbons at fuel-contaminated sites including air sparging, pump and
treat, shallow-aquifer dewatering, and excavation and removal of contaminated soils
to landfills (Hutchins et al., 1991). In situ bioremediation provides a potentially cost
effective and less destructive alternative to these intrusive technologies. Bioreme-
diation of hazardous organic substances generally results in either 1) the aerobic
decomposition by mineralization to carbon dioxide (CO2), water (H2O), and other
inorganic compounds; 2) the aerobic and anaerobic bio-transformation to inter-
mediary compounds; or 3) the anaerobic decomposition to CO2, CH4, and other
inorganic compounds (Kobayashi and Rittmann, 1982). Enhanced bioremediation
is the systematic stimulation of these naturally occurring metabolic processes to
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effectively degrade or transform toxic contaminants to safer, non-toxic, reaction
byproducts (King et al., 1992).

Enhanced bioremediation of petroleum hydrocarbons works best under aerobic
conditions (Pardieck et al., 1992; Kota et al., 2004). However, the low aqueous sol-
ubility of oxygen often limits the rate of bioremediation because molecular oxygen
is necessary as an electron acceptor for the process to proceed (Cookson, 1995).
Previous investigations (Pardieck et al., 1992; Huling et al., 1990) have shown that
addition of hydrogen peroxide (H2O2) to petroleum- contaminated aquifers can
augment aerobic respiration of microorganisms by increasing the oxidant capacity
of the media. King et al. (1992), Hutchins et al. (1991) and Kota et al. (2004) also
noted that aerobic bioremediation can be further enhanced by the delivery of impor-
tant mineral nutrients directly to the contaminated media to stimulate the growth
of hydrocarbon-consuming microbes.

Numerous microorganisms capable of biodegradation of aromatic hydrocarbon
compounds reside in the vadose zone (Chapelle, 1993). These microbes can be most
effectively utilized when several conditions in the media are optimal for microbial
growth, including adequate mineral nutrient availability, acceptable pH (6–8) and
temperature (20–50 ◦C), contaminant (substrate) availability at nontoxic levels, and
the presence of electron acceptors in the media such as oxygen, nitrate, sulphate,
and/or bicarbonate. Other optimal hydraulic parameters include conductivity of
the contaminated soil that is greater than 10−4 cm sec−1 (30.5 m/yr) and a soil
moisture content between 15 and 20 percent by weight (King et al., 1992). When
these conditions exist, enhanced bioremediation of non-halogenated, monoaromatic
compounds proceeds rapidly. Some chemical companies such as Alken Murray
Corporation have developed gasoline degrading bacteria (Alken Clear-Flo 7038,
2003), but the problem still remains of a food source that will help increase the
applied bacterial population so that it can degrade the contaminant.

Most studies associated with degradation of hydrocarbon compounds involve
historic spills operating under quasi steady-state conditions in which residual
toluene above the capillary fringe is depleted. Generally in these studies, rates
of biodegradation are highest in the capillary fringe (Lahvis et al., 1999) and con-
centration of both toluene compounds and CO2 decrease dramatically as distance
from the water-table increases (Baehr and Baker, 1995; Lahvis et al., 1999). New
studies have investigated both the types of microorganisms, how to cultivate these
microbes, and the effects of spatial heterogeneity of the microbial population (Kota,
et al., 2004).

The purpose of this paper is to describe a laboratory study designed to evaluate
the effects of repeated toluene spills in an unsaturated (vadose) environment that
adjoined a shallow, unconfined aquifer and how to increase microbial populations
through nutrition. Toluene is a clear colorless liquid; specific properties for toluene
are listed in Table I. The primary objectives of this study were to determine the
effectiveness of four different nutrient solutions in stimulating the microbial degra-
dation of toluene in the unsaturated zone (Part I), and to compare the effectiveness
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TABLE I

Properties of toluene

Property Value

Molecular Weight (g) 92.14

Freezing Point ◦C −94.965

Boiling Point ◦C 110.629

Density (g cm−3)

At 25 ◦C 0.8623

At 20 ◦C 0.8667

Solubility in H2O (mg L−1)

At 25 ◦C 524

At 20 ◦C 515

Saturated Vapor Density (g L−1)

At 25 ◦C 3.77

Vapor Pressure (mm Hg – kPa)

At 25 ◦C 36.7 4.88

At 20 ◦C 21.9 2.91

Henry’s Law Constant 0.228

Free-Air Diffusivity (cm2s−1)

At 25 ◦C 0.091

At 20 ◦C 0.088

of the addition of the most effective nutrient solution from Part I (consisting of
nutrients favorable to both aerobes and anaerobes) and H2O2 on microbial degra-
dation of toluene for repeated simulated spills of toluene in the unsaturated zone
(Part II). Stationary soil columns from Part I were redesigned for Part II to replicate
the vadose zone of a shallow, unconfined aquifer during periods of rainfall. Toluene
was pulsed, at 3- and 7-day intervals, into the soil columns over a period of 21 days.
Gas and solution samples were extracted and analyzed for toluene (C7H8), carbon
dioxide (CO2), nitrous oxide (N2O), nitrate (NO−

3 ), and bromide (Br−). The results
of these gas and solution analyses were used to evaluate the nutrient’s overall effec-
tiveness in stimulating aerobic bioremediation of the substrate at different column
depths under optimal conditions.

Results from previous studies suggest that microbial degradation of hydrocar-
bons near the water table inhibits the migration of hydrocarbon solutes in ground
water and prevents hydrocarbon volatilization into the unsaturated zone, and the
rates of degradation kinetics are approximately first order (Lahvis and Baehr, 1996).
However, these and other studies were performed on sites where spills occurred a
decade or more earlier, which precludes speculation on the fate of toluene com-
pounds if remediation techniques are applied directly after the spill occurs. Lahvis
and Baehr (1996), Lahvis et al. (1999) and Ostendorf and Kampbell (1991) all cited
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that in situ bioremediation rates were limited by the rate at which oxygen could
diffuse through the unsaturated zone and spatial heterogeneity (Kota et al., 2004).
Thus, this study examined the nutrient’s continual effectiveness in stimulating aero-
bic, microbial degradation of toluene under decreasing oxygenated conditions. This
was accomplished by applying a single 30 mL/L slug of H2O2 to the soil columns
at the onset of the experiment in Part II and 1.0 mL/L thereafter. This application
served to initially raise the oxidant capacity of the media then allowed it to decline
with each subsequent toluene injection. Over the duration of the experiment, the
nutrient solution role of the stimulation of microbial degradation of the substrate
could be evaluated separately from the role of H2O2 in the continued bioremediation
of the aromatic hydrocarbon contaminant.

Materials and Methods

PART I

The objective of Part I was to determine the effectiveness of four nutrient solutions
and a control on the microbial degradation of toluene. Three replications of the
solutions were used, each consisting of four separate nutrient solutions and a control
solution.

The experiment used 15 packed soil columns (30-cm diameter by 150-cm height)
constructed of PVC, as illustrated in Figure 1. This size column was used to more
accurately simulate field conditions as suggested by Bouma (1979) and Bouma
et al. (1979). A drainage port was inserted about 2.5 cm from the bottom for
removal of excess water. The bottom of each column was affixed with an end cap
and sealed with poly-vinyl chloride (PVC) cement. Although toluene can disrupt
the molecular structure of PVC, this occurrence was unlikely due to the short
duration of these experiments and large column size. Even though PVC cement
emits vapors, the vapors were undetectable after about 3 weeks from assembly of
the columns and the experiment was initiated after this point. After assembly, the
columns were washed with laboratory grade soap to remove residual organics from
the manufacturing process and any other residues that may have accumulated on
them. Suction lysimeters and gas probes were placed in sampling ports at depths of
30, 60, 90, 120, and 150 cm. The suction lysimeters (Figure 2) were constructed of
a 1-bar high flow, tapered neck, round bottom, porous ceramic cup attached to the
end of schedule 80 PVC pipe (1.5-cm i.d.). These were inserted from the outside
of the column on about a 15 degree downward decline and sealed to the column
with silicon cement. The gas probes were stainless steel tubes (18-cm length by
0.32-cm o.d.) inserted horizontally into the columns (to vertical column center).
Each gas sampling tube was perforated near the end with five slots about 0.1-
mm wide (Figure 2) and the extraction end fitted with a small length of Tygon
tubing to connect a two-way Luer lock valve. Cotton wadding was inserted into the
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Figure 1. Laboratory column design.

Tygon tubing prior to fitting the valve to prevent sand from entering the sampling
devices.

All columns were prepared by packing successive increments of air-dried, sterile
sand to ensure homogenous conditions (Chiang et al., 1993). The grade of sand used
was 50/120, classed as medium-fine in separate sizes of 37 percent 50-mesh, 21
percent 60-mesh, 25 percent 180-mesh, and 17 percent 120-mesh (mesh is American
Society for Testing and Materials) standard number with micron size ranging from
125 µm at 120-mesh to 300 µm at 50-mesh). The respective average porosity, bulk
density, and hydraulic conductivity were determined to be 0.36, 1.5 g/cm3, and 0.65
to 0.74 cm d−1. Soil porosity was determined by placing a known volume of soil
in each column, allowing it to settle, and subtracting the known volume from the
total volume to obtain air filled porosity. This yielded the required amount of water
necessary to maintain a desired 70 percent of saturation. This degree saturation is
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Figure 2. Soil-gas probe and suction lysimeter design.

optimal for microbial growth and required approximately 27L per column at initial
application.

Prior to solution application, formaldehyde (0.025 M) was added to kill existing
bacteria present in the columns (Cooper and Zepp, 1990; de Marsily et al., 1992).
By killing the existing bacterial population we hoped to create a case in which any
bacteria present would likely be far fewer in number than those present within a real
spill site. Therefore, any degradation that occurred during the experiment could be
attributed to experimental methods; also, because existing spill sites would have
large(r) numbers of bacteria already present, the results of this study should be more
significant in a natural setting. The short half-life of formaldehyde (1–7 days) in soil
(Howard et al., 1991) ensured that its interference would be minimal within several
days of application. Because formaldehyde is biodegradable, it eventually becomes
a food source for the bacteria. Each replication of the experiment consisted of a con-
trol solution, to which only water, formaldehyde, and toluene were added. Solutions
and nutrient concentrations, modified after Hess (1993), for the five applications are
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listed in Table II. Solution 1, the control, included only distilled water with added
formaldehyde and toluene and was used to observe remediation without nutrients,
i.e., the return of microbes from kill off and subsequent biodegradation. Solution 2
was chosen to provide basic nutrients and trace elements to promote growth of aer-
obic bacteria, that is, during drier soil conditions. Nutrients in Solution 3 and their
ratios promote bacterial growth under anaerobic conditions (denitrifying bacteria)
during wetter soil phases. The nutrient mix in Solution 4 supports aerobic and
anaerobic bacterial growth and was used to examine effects in case of fluctuation
between wet and dry soil conditions. Because lack of micro nutrients affects the
growth of certain bacteria, Solution 5 was used to test microbial growth without
these nutrients.

Calcium nitrate and calcium chloride were used to provide calcium, which is
important in cell- wall construction of microorganisms. Yeast extract was used
instead of trace elements because it contains essential nutrients for microorganisms
such as copper and molybdenum, but in undefined amounts (Chapelle, 1993). No
known denitrifiers or toluene degraders were added to the columns, nor were the
columns inoculated with microbes. For this experiment, bacteria populations were
not measured or identified. Because O2 has a low solubility in water (8–10 mg L−1),
H2O2 was used to provide necessary oxygen for aerobic bacteria and to promote
their growth. Low concentrations of H2O2 were used (1.003 mL L−1) in daily
application of 140 mL of water to replenish what had been evaporated. This level
of H2O2 was used to reduce the risk of toxic levels to microbial growth (Huling
and Bledsoe, 1990). The H2O2 used had a mole fraction of 1.00. At the initial
application, 10 mL (0.094 moles) of toluene were added per column in 27L of
drip-irrigation water (described in this section).

The 15 columns were randomized and separated into five treatments, each con-
sisting of three columns. Five solutions of differing nutrient concentrations were
used for each replication (see Table II). Solution 1 (control) was applied to columns
3, 7, and 14; solution 2 was applied to columns 4, 10, and 15; solution 3 was applied
to columns 5, 6, and 13; solution 4 was applied to columns 1, 9, and 11; and solution
5 was applied to columns 2, 8, and 12.

The columns were maintained approximately at 25 percent moisture content
(70 percent saturation), which is analogous to capillary fringe water content for the
soil used. Moisture content was determined by Time-domain reflectometry (TDR).
It was difficult to maintain the content within the top 15 cm of each column. The
TDR data (not shown) indicated that the soil profile was at about 24 percent moisture
content. Water was applied (27 L/column; H2O2 and nutrients were mixed into this
water) through a drip irrigation system that evenly distributed water across the top
of the column at a rate per column of 1.9 L/hr. The drain port at the base of each
column was open during the application of nutrient solutions. Once water drained
through the columns, a capillary fringe developed above the water table and would
include entrapped air; average grain diameter indicates a height of 15 cm for this
fringe above the water table (Tindall and Kunkel, 1999).
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TABLE III

Material additions to all columns prior to second application of toluene

Solution Solution Solution Solution Solution
Material Added Column 1 Column 2 Column 3 Column 4 Column 5

Top Soila – 1 1 2/3 –

Composta – – – 1/3 –

Vermiculitea – – – – 1

Bloodmealb (12-0-0) in N-P-K – – 3 3 –

Compost Starterb – 5 5 5 5

Commercial Fertilizerb (6-10-4) – – – – 5
in N-P-K

aParts; bGrams.

The amount of H2O2 initially applied was 1.15 moles. Prior to bringing the
columns to 25 percent moisture content, a geotextile fabric, cut to size, was applied
to the top of each column and covered with a 2.5-cm layer of vermiculite to minimize
evaporation and mixing of the vermiculite with sand in the column. Tap water,
tagged with 1 mL/L of H2O2 was added each day after experiment initiation at
a rate equal to estimated daily evaporation (0.23 cm day−1–140 ml/day/column).
Thus, sufficient H2O2 was present for degradation.

Ten mL (0.094 mol) of toluene was added to each column again on day 21.
Immediately prior to this second application, the top 5 cm of sand was removed from
each column and replaced with the various components listed in Table III. These
components were well-mixed with the next 10 cm layer in each column, resulting
in a sand/material mix of the upper 15 cm. During this application, toluene was
placed in the middle of the column directly below this mix, using a large syringe
without a hypodermic needle, to prevent adsorption of toluene to the mix.

Because toluene and the nutrient solution moves through soil by different trans-
port processes, potassium bromide (KBr) was included as a tracer in the mix and
nitrate was applied as a marker for the activity of microorganisms, as they are de-
tectable through N2O generation. Solution samples for bromide and nitrate were
extracted every 3 days by applying a negative pressure (−60 kPa) to the suction
lysimeters with a hand pump. The established pressure gradient pulled solution
through the porous ceramic cup into the lysimeter body. Suction was reestablished
to the lysimeters immediately after each fluid extraction and allowed to collect for
48 hrs between extractions.

Analysis Equipment

Every 3 days, duplicate 3.0-mL vapor samples were extracted for toluene analy-
sis from gas probes a, b, c, and d in each of the 15 columns by using a sterile
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5-cc plastic syringe, and immediately transferred via a hypodermic needle to two
3-mL Becton and DickinsonTM Vacutainer blood collection tubes. Prior to ex-
tracting the gas samples, three volumes (4.3 mL) of the gas probe were purged
to ensure that the sample consisted of only soil gas and not products of reaction
with the probe or outside air that may have leaked into the system. Immediately
after transfer, the vapor samples were stored inverted in a laboratory refrigerator
and only removed 30 min prior to gas chromatograph analysis to stabilize at room
temperature.

Soil gases were analyzed for toluene on a digital gas chromatograph (GC)
equipped with a photo ionizing detector (PID) using research grade helium car-
rier gas supplied at 280 kPa (40 psi) at a rate of 20 mL/min. The Photovac GC
was calibrated by standards prior to the start of each analysis session. A toluene
stock-standard solution was prepared at the USGS National Water Quality Labo-
ratory that consisted of 60 mL toluene per mL methanol in a Teflon-sealed 1-mL
amber V vial and stored at 0 ◦C. Working stock-standard solutions were prepared
for each analysis by transferring 5 ml of the standard-stock solution to 20 mL of
organic-free water (i.e. deionized water that has been boiled 30 min) in a 40-mL
volatile organic analysis vial (VOA). Utilizing the headspace above the aqueous
standard, 150 mL of toluene gas was extracted from the VOA vial with a 250-mL
syringe and injected into the Photovac through a septum. The photovac’s internal
integrator automatically matched the retention times of the toluene standard and
detected peaks against those stored in its internal library. Detection limit was ap-
proximately 0.1–0.2 mg/L. Once calibrated, the toluene concentrations for 150-mL
syringe injections of the sample gases were read directly from the Photovac. Dis-
solved oxygen was not measured due to the small fluid volume extracted from the
suction lysimeters. Blanks and standards were run at blind intervals throughout the
experiment to assure quality control for all components measured.

Analysis for nitrate and bromide was accomplished using a ion chromatograph
(IC) equipped with an anion separator column operating at a flow rate of approxi-
mately 1.60 mL/min. Sample time for individual sample analysis runs was 21 min.
Nitrate and bromide standards of 10, 50, and 100 ppm were used to calibrate the
IC; concentrations for NO−

3 and Br− were determined through regression anal-
ysis. The detection limit for the analysis of the inorganic ions lies in the range
of 100–300 mg/L (Shpigun and Zolotov, 1988). Samples were collected in sterile
10-mL sample vials and were frozen until ready for filtration and IC analysis. Ap-
proximately 12–15 hours prior to analysis, samples were removed from the freezer
and placed in the refrigerator to thaw overnight. Samples were filtered with What-
man 0.45-micrometer cellulose nitrate membrane filters and placed in sterile 1-mL
sample vials prior to the analysis.

Gas samples collected to determine N2O concentrations were analyzed im-
mediately after extraction from the columns using a GC. Carrier gas was sup-
plied at 500 kPa (72 psi) at a rate of 40 mL/min. Sampling time was set at
3.0 min. Gas analysis was initiated by 3 mL syringe injections of the samples
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TABLE IV

Nutrient feed solution

Nutrient
Nutrients Concentrations (g L−1)

Ca (NO3)2 � 4H2O 2.36

CaCl2 0.66

FeNH4 (citrate) 0.005

KBr 1.80

KH2PO4 1.59

MgSO4 � 7H2O 0.17

Na2HPO4 4.00

NH4(Cl)4 0.30

Amberex 695 Yeast Extract 0.50

Amberex 1003 Yeast Extract 0.50

Formaldehyde (mL/L) 1.003

into an inlet port of the gas chromatograph. Nitrous oxide air standards of 3.11,
50.7, and 301 ppm were used to calibrate each series of GC measurements. Ac-
tual N2O concentrations (ppm) were calculated through regression analysis. De-
tection limits were approximately 1.5 percent of the concentration of the lowest
standard.

PART II

Nutrient feed-solution 4 was reevaluated from Part I under modified conditions to
determine its role in effectively stimulating toluene biodegradation in a controlled
oxygenated environment because it; (1) performed well during the controlled aero-
bic stage of the previous experiment; (2) contained calcium nitrate that allowed for
monitoring denitrification in the capillary fringe and shallow saturated zone of the
columns; and (3) it was favorable to facultative anaerobes capable of both anaerobic
respiration under oxygen-rich conditions and denitrification under deoxygenated
conditions.

Several changes were made for Part II of these experiments. During a 28-day
period, eight sand-packed columns were randomly selected from a U-shaped array
of fifteen soil columns, numbered 7–14. Other changes included providing a shal-
lower water table that fluctuated with the addition of precipitation followed by a
declining water table during evaporation. Toluene was added in pure phase in all
cases. Columns 7 and 8 were designated control columns and received no nutri-
ent supplementation. Columns 9, 10, and 11 were designated nutrient-rich, 3-day
toluene columns (i.e. toluene injections occurred once every 3 days). Columns 12,
13, and 14 were designated nutrient-rich, 7-day columns.
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The soil columns (Figure 1) were as described in Part I, with the following mod-
ifications. A surface probe was assembled for each column to monitor near-surface
CO2 and N2O generation, as well as toluene volatilization near the point of in-
jection. Each probe was constructed of a stainless steel ring (3-cm in length ×
3.5-cm in diameter) draped with laboratory-grade Parafilm. They were positioned
10 cm from the walls of the individual columns and submerged approximately 1 cm
beneath the sand surface.

To simulate a shallow unconfined aquifer with an overlying capillary fringe,
the 110–150 cm depth of each column was saturated (bottom-to-top) with tap
water. Manometers were added to monitor the height of the standing water column
(160-cm-length), constructed of 1.3-cm-diameter Tygon flexible tubing. They were
attached to the drain valve and clipped to the sides of the columns.

On the basis of a uniform porosity of 36 percent and an antecedent, volumetric
moisture content of 18 percent, 5 L of water was needed to raise the saturated zone
and capillary fringe approximately 40 cm, enough to maintain the 110-cm saturation
level. Delivery of the water volume was through a 1.27-cm inner-diameter Tygon
tube connecting basal drain valves with a graduated 20-L carboy. The carboy was
filled, then elevated 20 cm from the floor and allowed to drain downward into the
column until 5 L of tap water was transferred to each soil column.

Prior to experiment initiation, the top 15 cm of sand, previously mixed in the
top of the columns, was replaced with a fresh supply of sand. Each soil column was
then flushed (top-to-bottom) with 20L of tap water and allowed to drain through
the drainage port to a moisture volume of approximately 25 percent. Background
samples for various nutrients also were obtained; levels of nitrate, phosphorous,
and other nutrients were not detectable.

Toluene was pulsed at 3- and 7-day intervals into the columns over a period of
21 days. Gas and solution samples were systematically extracted and analyzed
for toluene (C7H8), CO2, N2O, NO−

3 and bromide. The results of these anal-
yses were used to evaluate the overall effectiveness of nutrients in stimulating
aerobic bioremediation of the substrate at different column depths under optimal
conditions.

Two commercial-brand yeast extract powders were combined and added to the
feed mix to provide valuable trace metals and micro nutrients to the soil columns,
albeit in unspecified amounts. The brewers yeast extract, provided by Red StarTM

Specialty Products, was reported to break open cell walls that served to deactivate
living yeast cultures. The nutrient-feed mixture was added to 13L of tap water per
column and applied through the drip irrigation system to all but the control columns.
An equivalent volume of water was drained from the columns to maintain the water
table at its original position. On the basis of piston displacement and a saturation of
70 percent, the nutrients (and formaldehyde) would occupy approximately the top
75 cm of the soil columns up until the time that H2O2 was added. After the addition
of H2O2, this 75-cm layer would be primarily filled with water that was mostly
free of nutrients but rich in H2O2, as the nutrient solution would have displaced the
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original flush water to well below the top of the water table. The TDR data (not
shown) tend to support this scenario.

The nutrient-enriched aqueous solution of 13 L per column was applied to
soil columns 9 thru 14 through a drip irrigation system at a rate of 1.9 L/hr for
approximately 1 week prior to experiment initiation to allow formaldehyde to break
down before beginning the experiment. The control columns had formaldehyde but
no nutrients added to the tap water. Twenty-four hours prior to experiment initiation,
a 30 mL/L aqueous solution of H2O2 was applied directly to all soil columns in
13L of water as described above.

On day 1, the first 10 mL pulses of toluene were injected into the six nutrient-rich
and two nutrient-free soil columns with a 10-cc glass syringe. The 3-day columns
(7, 9, 10, and 11) were then immediately flushed with 0.5 L of tap water, while the
7-day columns (8, 12, 13, and 14) were flushed with 1 L of tap water. To keep the
water balance equal, the 3-day columns only had half the amount of water applied
compared to the 7-day columns. Starting with the second 3-day application, all
flushes were mixed with 1.0 mL/L of H2O2 to enhance their dissolved-oxygen con-
centration. Subsequent injections of toluene proceeded in 3- and 7-day increments
for 21 days. On day 21, the final application of toluene and oxygenated water was
applied to all columns.

Simulated rainwater was uniformly sprayed across the surface of the soil
columns via a 7.5-cm diameter perforated spout. The water added was approxi-
mately equal to the mean estimated weekly evaporation flux (−950 mL), which
was modified from the rate used in Part I of the experiment. Manometers were
installed and used to monitor the designed saturated levels at 110 cm. Subsequent
rainfall simulations were adjusted by 50 percent to 0.25 L for the 3-day columns,
and 0.5 L for the 7-day columns.

Three samples, one each for toluene, N2O, and CO2 were collected from each
of four collection ports (30–120 cm) for each column through the gas sampling
probes and suction lysimeters. Samples were commenced and collected each 48
hours after the initial injections of toluene and ensued for an additional 8 days
(16 days for N2O) after the last application. Toluene was analyzed as described in
Part I. Soil gas samples for carbon dioxide (CO2) were analyzed using a Hewlett
PackardTM HP 5890 Series II GC equipped with a thermal capture detector (TCD),
using research grade P5 (95 percent argon and 5 percent methane) as a carrier gas.
Samples (500 mL) were injected into the GC column inlet through a septum using a
500 mL syringe. Sampling time was 3.2 min. Retention times and peak integration
information were processed internally using the system’s HP 3365 ChemStation
software package that generated digital peak reports. Carbon dioxide standards of
350, 2030, and 5940 ppm were used to calibrate gas chromatograph measurements,
and CO2 concentrations were calculated through regression analysis. Detection
limits were approximately 1–2% of the lowest standard. Gas samples for N2O and
anions were measured as described for Part I.
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Results and Discussion

PART I: TOLUENE DEGRADATION

Toluene was added in solution; however, its concentration was measured in the gas
phase. Therefore, because toluene must first exsolve from solution into the soil gas,
the gas-phase toluene concentration will slowly increase as the compound diffuses
through the solution into the soil-gas interface. Concurrently, toluene that is in
solution is degraded, possibly resulting in a soil-gas concentration decrease once
the solution concentration declines to less than that supporting the Henry’s Law
concentration in the gas phase. The presence of a small volume of air in equilibrium
with a 3.4 × 10−3 molar concentration of toluene (10 mL in 27L of water) would
result in a gas-phase toluene concentration of about 22,000 ppm. With 30 percent
of the pore space occupied by air, a final equilibration of non-degrading toluene in
a closed column would be about 20,000 ppm.

The average soil-gas toluene concentrations for all three replications for each of
the five solutions in Part I were about 200,000 ppb the first 6 days of the experiment,
but by day 9, however, concentrations had dropped to about 300 ppb, indicating that
more than 97 percent of the dissolved toluene had been consumed or converted. The
initial rise and fall of the peak concentrations corresponds well with the population
dynamics of microorganisms modeled as, A(t) = A0ekt where A is the number of
microorganisms at any time t , Ao is the initial number of microorganisms, and k
is a first-order growth constant. The length of time required for degradation of the
toluene is mainly dependent on the microorganism population acclimatizing to the
toluene. Also, because the columns were initially treated with formaldehyde to kill
existing bacteria, it was expected that the lag time for decomposition from peak to
low concentrations would be longer than the 9 days observed.

All nutrient solutions were somewhat effective in degradation of toluene. Re-
gardless of the longer lag time for the control columns, by day 9 the control columns
also showed efficient degradation of toluene (data not shown). However, the trend
showed the control to be less efficient than the remaining four solutions, espe-
cially after day 21 when control concentrations were 4 times higher than the
other solutions that averaged about 200 ppb. By day 38, all toluene concentra-
tions had decreased to near zero. During this time period, the microorganisms were
likely experiencing a decreased energy supply due to decreased toluene concen-
tration within the control columns. These findings compare well with those of
Lahvis et al. (1999) who found near-zero concentrations from 88–120 cm above
a water table. By averaging toluene concentrations within the various levels of
the columns by day 6, there was about a 15 to 40 percent decrease relative to
depth. These numbers presuppose that toluene mixed thoroughly with water in
the columns, that concentrations of toluene throughout the column were the same,
and that there was little variation in either water content or porosity within the
column.
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To verify that toluene loss was the result of biodegradation and not other physi-
cal effects, the water balance for the columns was examined. It was concluded that
toluene would have either been lost through collection of drainage water and/or by
evaporative losses. Possible loss due to drainage was examined first. Any drainage
loss would be due to loss through sample collection to determine toluene concen-
tration passing through the column, that is, in water sampled by the lysimeters and
some drainage water. However, the water extracted from the lysimeters and from
drainage accounted for only 0.1 percent of the total fluid volume. Also, the inner
walls of the PVC columns were tested for toluene adherence and only near zero
concentrations were found.

Loss through evaporation was by using a combination of Dalton’s law of partial
pressure and Henry’s law, relating pressure to gas solubility, and the amount of
toluene lost in the total amount of water evaporated was calculated. The evapo-
ration rate values ranged from 6.8 × 10−3 to 2.9 × 10−4 g of toluene per day. In
the 10 mL (0.094 mol) of toluene added to the columns, this loss accounted for
about 0.01 to 0.2 percent during a 3-day period, which also is in the same range as
that found by Lahvis et al. (1999). The high concentrations measured at all depths
within the columns, particularly day 6, indicate that toluene was well distributed
and not subject to high volatilization from the column surface. Even if poor or
incomplete mixing of toluene with water in the columns is assumed, the amount of
toluene lost through evaporation would have been less than 1% for the 3-day period.
Because the combination of loss due to the evaporation rate with thoroughly mixed
toluene, water content, and loss of water through sampling cannot account for over-
all toluene loss, the most likely cause of toluene loss was degradation by microbial
activity.

On day 21, toluene was again applied. This time, the toluene was injected with
a syringe into the sand approximately 1 cm below the landscaping material. This
was done to minimize surface volatilization and also to avoid contact with the
vermiculite. After injection, 0.7 L of water was added to simulate about 1 cm
of rainfall. With this method of application, for toluene to be detected, it must
first evaporate or dissolve into the water from one of the “blobs” as discussed
in Powers et al. (1991) that could form following injections and then enter the
gas phase by exsolution, according to Henry’s Law. By day 21, it was assumed
that the microbial population within each column was at its peak due to cyclic
decrease in toluene concentrations and standard behavior of microbial population
dynamics. This is evidenced by over two orders of magnitude smaller peak toluene
concentrations for all treatments during the second application, with an average
of about 50 ppb, compared to peak concentrations in the first application of about
15,000 ppb.

The concentrations in toluene levels in all columns between days 21–24 indicate
that the microbial population was at its peak and degradation occurred rapidly.
Initially toluene should exist in three phases: a toluene phase, dissolved aqueous
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phase, and a vapor phase. Thus, due to application method, there was the possibility
that toluene resided in the column as isolated “blobs”. This would prevent the
toluene from mixing thoroughly with the rest of the column moisture. Because
the calculated effective diffusion coefficient (De) is 4 × 10−3 cm2/s (based upon
no soil organic matter) and toluene prefers water to air, the De with retardation
is about 5 × 10−4 cm2/s. Assuming that evaporation of toluene into soil air and
then diffusion to the gas probes as the transport mechanism, the toluene injected on
day 21 would require a few days to reach the gas probes. While there was a slight
rise in concentration on day 24, data suggests that neither occurred since toluene
was rapidly degraded. During the second application, the control had the least
amount of degradation and was significantly different (p = 0.01) than the other
solutions except for day 30 where concentrations were near zero, likely due to a
decrease in energy supply for the microorganisms within these columns as discussed
earlier.

Initially, it was believed that columns treated with solution 4 would have the
lowest concentrations of toluene compared to the other solutions because of a
balanced nutrient supply for aerobic and anaerobic bacteria. However, early in the
experiment, the toluene vapor concentration buildup was larger for solution 4 (day 6,
Figure 3A), and the rate of toluene degradation presumably less, than for the other
nutrient treatments. For days 9–21 (Figure 3B) and the second application of toluene
on day 21, solution 4 appeared to perform as well as and often better than the other
treatments, especially on days 33–38 (Figure 3B) where it was least in concentration.
Solution 4 had a lower concentration on day 9 and degradation appeared more
rapid. This is seen when comparing days 21–30 to the control columns (average
shown in Figure 3B). During the first application on day 1, the difference is slight
between the control and solution 4. However, after the second application on day
21, the effectiveness of microbial degradation of toluene using nutrient solution 4
is pronounced. Solution 4 (Figure 3B) was significantly better (p = 0.01) than the
control (Figure 4B) and by the end of the experiment was also significantly better
than the other treatments. The control was much less effective during the second
application beginning day 21 (Figure 3B) and nutrient solutions were significantly
more effective in degradation throughout the experiment compared to the controls.
The data indicate that degradation during the first application was generally most
complete in solutions 5, 2, 4, and 3 (best to worst), followed by the control. During
the second application, solution 4 was best, followed by 2, 3, and 5. However, these
are general trends; an actual ranking between the solutions was not possible except
for the last days (34–38) for solution 4 and then all solutions were significantly better
than the controls. There was no significant difference in toluene concentration by
depth among either the controls or other solution columns (data not shown). This
indicates that toluene was being degraded at a rate equal to or greater than the rate
that it could move down through the column. It also suggests the effect was due to
biodegradation rather than to sorption.
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Figure 3. (A and B): Average toluene concentrations for all columns (days 0–39) Part I.

N2O CONCENTRATIONS

When nitrate is applied to soils, it can undergo denitrification where it is converted
from NO3− to N2 and N2O. Denitrification in the unsaturated zone is difficult to
quantify without applying techniques such as acetylene blockage for partitioning
the flux differences between N2 and N2O as a result to the application of nitrate
(Tindall et al., 1995). Additionally, the emission of N2O can be both the result of
conversion of nitrate due to denitrifying bacteria, and also the result of the activity
of microorganisms that consume a different food source such as the toluene used
in this experiment. For these reasons, no effort was made to report a mass balance
between the decline in nitrate and the increase in N2O.

Background concentrations of N2O at the initiation of the experiment were
about 0.4 ppm, approximately equal to atmospheric concentrations. The average
N2O concentrations for the experiment were near zero for all columns during the
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first 21 days. Major buildup of N2O occurred during the second application on day
21 for all solutions, but was short lived (data not shown). However, for solution 4, a
major N2O increase began on day 18. Average N2O concentrations increased from
about 1.2 ppm on day 21 for all solutions (except solution 4) to about 11 ppm on
day 24. For solution 4, the increase in N2O was about 42 ppm. This increase in gas
concentration is consistent with microorganism population dynamics of bacterial
growth and also indicates that denitrifying microorganisms required an inoculation
period of about 18 days. The trend in concentration reveal that solution column 4A
(data not shown) was the first to develop the denitrifying population. The solutions
that generated the greatest concentrations were 3 and 4, followed by solution 5.
The control columns generated less than 1 ppm.

Nitrous oxide concentrations varied slightly during the first 21 days, but after
the second application concentrations initially decreased and then slowly increased.
This slow increase in concentrations was consistent with the other solutions that
contained nitrate, except that it occurred at the end of the second application. Be-
cause the column remained aerobic (estimated by constituent concentrations in the
volume of water extracted from the suction lysimeters) until late in the experiment,
even in the presence of nitrate, this suggests that micronutrients are important to
denitrifying organisms. However, micronutrients would not be as important to aer-
obic microorganisms. The concentrations of N2O observed do not account for the
amount that may be present dissolved in water within the columns due to its high
solubility (Moraghan and Buresh, 1977), only what was present in soil gas. Henry’s
Law constant for N2O is about 1.65 (Weiss and Price, 1980). Thus, because there is
about twice as much volume of water as air in the column, the total N2O produced
is about three times the number of moles of N2O in the gas phase, assuming equi-
librium between the phases. However, a mass balance and estimate of total N2O
in the columns was not attempted because it is a general measure of denitrifica-
tion. The data were collected to determine which columns experienced the largest
populations of denitrifiers.

NITRATE CONCENTRATIONS

Analysis of nutrient uptake would have been beneficial if both the aerobic and
anaerobic populations could be monitored. However, at the time Part I began, no
method was available to us for measuring CO2. It was therefore, not possible to
determine the activity of the aerobic population by CO2 production. Without this
information one must ask, “Was the greatest amount of CO2generated when the
most toluene disappeared or was there a lag period?”

The average nitrate concentrations slowly declined until the addition of new
materials (Table III) at the time of the second application (day 21). The initial
concentrations of about 800 ppm agree with the concentrations added. The decrease
in nitrate concentration was likely due to utilization by microorganisms as an initial
source of energy. Nitrate concentration generally increased after day 27, six days
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after the second toluene application, probably due to inclusion of the topsoil added
to these columns. Nitrogen sources in the materials added prior to the second
application of toluene included top soil (0.11 percent nitrate, 0.10 percent nitrite),
compost (0.31 percent nitrate, 0.14 percent nitrite), bloodmeal (12 percent nitrogen
in the form of 12-0-0 - NPK), and commercial fertilizer (6 percent nitrogen in the
form of 6-10-4 - NPK) (see Table III). There was also higher concentrations (about
900 ppm) of nitrate at deeper depths (150 cm), which likely reflect lower (but not
zero) consumption rates than at shallower depths.

Between days 0 to 15 and days 18 to 27, nitrate losses were 10.7 to 27.3 ppm
per day respectively. The largest rate of nitrate loss corresponded to the period
of greatest N2O accumulations in the columns. Nitrate concentrations in solution
extraction from the lysimeters were minimal (about 0.3 ppm), suggesting that nitrate
was undergoing denitrification (i.e., reduction of nitrate to nitrogenous gases, likely
N2O in this instance). Given soil conditions, a 100 percent conversion of nitrate
to N2O would be unlikely. According to Mengel and Kirkby (1982), a reasonable
assumption for this conversion would be about 30 percent; thus, a nitrate loss of
27.3 ppm/day indicates that about 0.74 g of nitrate per day/column transformed.
Approximately 0.2 g would be nitrogen, which would result in about 0.08 g of N2O
generation. Assuming average volumetric air content and air density, this would
result in a concentration of about 43 ppm N2O in the soil gas, which is on the same
order of magnitude as that generated by solution 4 columns (averaging 30,000 ppb).
Using the lower rate of 10.7 ppm per day produces a concentration of 16 ppm of
N2O in soil air; again, an order of magnitude only seen for solution columns 4A
and 4B.

A final method of checking the rate of decrease in nitrate levels was ni-
trate/bromide ratios (not shown). A comparison of nitrate to bromide (used as a
tracer) ratios from day 1 to day 21 of the experiment indicated a range in decreases
in nitrate concentrations of 12.2 percent in solution 4 columns to 0.8 percent in
solution 5 columns. For solutions 3 and 4, the NO3:Br−ratio compares very well
with the build up in N2O concentration. At the completion of the experiment, five
samples were removed from randomly selected columns at various depths. Two
grams of sample were mixed with 20 mL of deionized water, which was filtered,
diluted, and then measured on the Wescan IC. The nitrate levels obtained were the
same order of magnitude obtained from the solution measurements. Consequently,
Part I of the experiment showed that solution 4 was the best solution for overall
in-situ degradation of toluene and this solution was therefore, used in Part II of the
experiment.

PART II

Because organic hydrocarbon degradation is a function of all aerobic heterotrophic
bacteria (Alexander, 1961), microbial bioremediation of toluene was monitored by
directly measuring CO2 evolution and the relative decline in toluene concentration.
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To account for the aerobic component, the effects of additions of H2O2 (oxygen
source) to solution 4 was measured. To account for the anaerobic component, N2O
evolution also was measured and compared to nitrate and bromide concentration
losses.

TOLUENE DEGRADATION AND CARBON DIOXIDE EVOLUTION

The Role of H2 O2 Addition in Enhanced Aerobic Biodegradation of Toluene
It was anticipated that the oxygenated, nutrient-enriched soil columns would ex-
hibit more thorough biodegradation of the substrate toluene than the nutrient-free
controls. However, the role of the H2O2 component relative to the nutrients was not
completely understood. To better evaluate the contribution of hydrogen peroxide to
the biodegradation process, a 30 mL slug of H2O2 was added to both the nutrient-
rich columns (9–14) and the nutrient-free control columns (7–8) at the onset of the
experiment in Part II. To completely oxidize 0.094 mole of toluene (the amount
added to the columns) requires about 2 moles of hydrogen peroxide or 1 mole of O2.
The amount of H2O2 added (30 mL/L in water) was 11.47 moles, which is adequate
to completely oxidize the toluene. This amount does not include the 1.003 mL of
H2O2 added during subsequent irrigations in Part I.

Average toluene concentrations versus control for the 3-day columns are shown
in Figure 4A; data for 7-day columns is shown in Figure 4B. Because toluene is only
slightly soluble in water (0.5 g/L at 16 ◦C, Perry and Chilton, 1973), the toluene
should migrate down the column, separating the water and gas phases within the
capillary fringe where it will then float atop the fringe due to its lower density
than water. According to Powers et al. (1991), as the toluene migrates downward,
interfacial forces acting between the water phase or air phase and toluene could
cause residual “blobs” of the organic phase to be retained in the unsaturated zone.
The method of toluene introduction to the columns likely precluded a complete
solution mixture, particularly in the first few days when isolated “blobs” could
have formed and likely evaporated into the soil gas and dissolved into soil water.
If we assume the presence of a nonwetting-toluene phase in the form of a residual
blob in the unsaturated zone, the soil gas should have been saturated toluene-vapor,
at least in the vicinity of the blob, and thereby able to reside at random distances
from the gas sampling ports, resulting in variable times of buildup, and allowing
more degradation for “blobs” that were more distant from the sampling probes. The
partial pressure of toluene at 20 ◦C is about 0.04 atm and the gas phase concentration
in equilibrium with toluene free product would thus be about 40,000 ppmv, which
is about 100 times larger than the concentrations measured in the experiment.
These numbers are compatible with those of Ostendorf and Kampbell (1991) and
Lahvis et al. (1999), who found an upward gradient in hydrocarbon vapors and a
downward gradient of O2 in the unsaturated zone. However, our research contradicts
the findings of Lahvis and Baehr (1996) who observed no toluene compounds within
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Figure 4. (A and B): Toluene average concentrations for 3- and 7-day columns (Part II).

the unsaturated zone above a body of trapped toluene. Mills and Randall (1991)
reported a significant upward CO2 and downward O2 gradient, as well as a large
colony of aerobic bacteria. It is possible that repeated irrigations for the study
described in this paper resulted in the main toluene body becoming immersed as
interfacial tension effects held it in place in lieu of floating upward, which would
prevent gas-phase toluene from persisting (i.e., toluene is being sequestered in some
way that prevents free product gas exchange).

Average CO2concentrations for week-1 in the 3-day columns (Figure 5A) in-
dicate a considerable amount of CO2 evolution in all nutrient columns (column
11 shown as representative). Concentrations within the 7-day columns (Figure 5B)
were significantly higher. Compared to the controls, significantly more CO2 was
generated in the solution treatments for both 3-day and 7-day solution columns,
which suggests that biodegradation of toluene was occurring during the first few
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Figure 5. (A and B): CO2 average concentrations for 3- and 7-day columns (Part II).

days of the experiment. The CO2 generated in control column 8 (7-day column,
Figure 5B) further suggests that H2O2 had the leading role in enhanced aerobic
biodegradation since no nutrients had been added. Although control column 7
(Figure 5A) generated the least amount of CO2 during the first week of sampling,
average toluene concentration on day 10 was not substantially different than the
other biologically active 3-day columns (Figure 4A – column 11 shown as repre-
sentative); but it was substantially lower than the toluene concentration recorded
in the 7-day control (column 8, Figure 4B) that generated as much as 8400 ppm of
CO2 on day 6 (Figure 5B).

It was anticipated based on findings from Part I that application of formalde-
hyde to the soil columns would be toxic to the indigenous bacteria and would delay
microbial biodegradation by 3 to 6 days, the time needed for the microbial commu-
nity to become acclimated to the toxic additives (including toluene and hydrogen
peroxide). However, a significant lag time between the O2 and nutrient-enhanced
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columns did not occur during the first week of this experiment. This may be due
to the addition of H2O2 as a separate component in the experimental design, or
may be solely due to the benefits of nutrient supplementation, or a combined ben-
efit of both additions. It also could be due to formaldehyde bypassing existing
colonies of bacteria through preferential flow, allowing them to take full advantage
of formaldehyde as a food source. However, the best possibility is that the 13 L
of H2O2 containing water applied one day before toluene injection displaced the
nutrient water; thus, approximately the top 70 cm of the columns would be nearly
formaldehyde free.

A better assessment of the role of hydrogen peroxide may be determined from
the 3-day toluene concentration curves (Figure 4A and B) relative to the 3-day
average CO2 concentration curves (Figure 5A and B) over the full 28 days of the
experiment. The curves illustrate that the rise and fall of toluene concentrations are
proportional to CO2 concentrations in appearance, and that the cumulative effects
of depleting molecular oxygen concentrations seems to reduce the extent of this
proportionality. This appears to be especially true in the 3-day columns (Figure 5A),
which received twice as much substrate as the 7-day columns (Figure 5B). In
addition, examination of CO2 concentrations (control column 8: 7-day; Figure 5B)
shows that the majority of the H2O2 added molecular oxygen likely exhausted the
meager supply of nutrients available in the control columns, which led to the decline
in microbial activity. Afterwards, biological activity in the 7-day control column
stabilized then slowly began to decline as the experiment progressed.

Generally, soil-gas CO2 peaks occur simultaneously with those for gas-phase
toluene peaks. If the reservoir of toluene being degraded is in the gas phase, the CO2

peaks should lag the toluene peaks. However, it is possible that both the gas-phase
toluene and the CO2 are being supplied by isolated sources or “blobs” of free-
product toluene left behind as the main body of toluene migrates down the column.
The toluene “blobs” would dissolve into the water and likely evaporate with a por-
tion being converted to dissolved CO2 by microbes. Part of the dissolved CO2 would
move into the gas phase as described by Henry’s Law. Once the “blob” volume is
exhausted, the remaining dissolved toluene is quickly exhausted by the microbes,
and the gas-phase toluene and CO2 concentrations decline as these constituents dif-
fuse from the column into the atmosphere and, presumably in the case of toluene,
re-dissolve into soil water. From this point of view, we can discuss results for con-
trol columns in Figures 4–5. In Figure 4, the toluene concentration declines by tens
of ppm. In Figure 5B, the CO2 concentration increases by thousands of ppm which
is far in excess of the seven-fold greater CO2 concentration that would be inferred
by stoichiometry. As the toluene concentration begins to decline in all samples
from all sampling ports, CO2 concentration generally declines; therefore, toluene
likely occurred as isolated “blobs” in the unsaturated zone in this study. The rapid
decline of toluene concentrations (Figures 4A and B) and high CO2 concentrations
(about 5000 ppm compared to 360 ppmv atmosphere – Figure 5A and somewhat
comparable results in Figure 5B) indicate a large viable population of bacteria.
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THE ROLE OF NUTRITIONAL ADDITIVES IN EXTENDED TOLUENE

BIODEGRADATION

In the nutrient-rich columns 11 and 12 (Figure 4B – representative) there is a
consistent pattern of abrupt toluene concentration reductions, but not in the nutrient-
free control columns (Figure 4 A and B). In addition, toluene degradation appears
to occur uniformly at all column levels in each of the nutrient-enriched columns.
This suggests that the heterotrophic bacteria are utilizing the nutrients only as they
need them rather than consuming them all at the onset of first stress.

Comparison of toluene concentrations in the 7-day nutrient columns (Figure 4B)
to those in the 7-day control column indicates that a clear lag time of 24–48 hours
existed before the nutrient-limited control heterotrophs biodegraded toluene in the
control column. This is most clearly illustrated on the last week of the experiment;
after the final injection of toluene on day 21. The nutrient columns (data typical of
Figure 4B), showed that respiration of the substrate was completed within 4 days of
injection. The gas-phase toluene in the control column, however, is not completely
depleted even after 72 hours. A nearly identical 72-hour lag exists with the 3-day
control column (Figure 4A) relative to the nutrient enriched 3-day columns on the
final week of sampling. This lag is consistent with the findings of Part I.

Biological activity in the soil columns is illustrated by the evolution of CO2.
Carbon dioxide gas generation is indicative of both aerobic respiration and anaero-
bic denitrification in the contaminated media. Figure 5B (representative) illustrates
CO2evolution along the vertical array of sampling ports in the 7-day nutrient-rich
columns, which is quite different when compared to the 7-day control. A min-
imal amount of CO2 was generated by the 3-day control column (Figure 5A);
although a very gradual, steady rise is apparent throughout the full extent of sam-
pling. In contrast, the 7-day control column (Figure 5B) shows a sharp peak
(representative of all subsurface levels) on day 4, and pronounced decline of
CO2from a maximum concentration of approximately 6,000 ppm, to a somewhat
stable concentration of 2,600 ppm. This CO2peak is not duplicated on the sec-
ond injection of toluene on day 6, which suggests that the additions of H2O2 are
activating dormant microbial populations. Furthermore, comparisons of CO2 con-
centrations from control column 8 (Figure 5B) with those from a nutrient-rich col-
umn, indicates that initial oxygen induced biological activity of column 8 microbes
could not be sustained under conditions of declining oxidant capacity and nutrient
depletion.

Comparison of CO2 concentrations for representative 3-day nutrient rich
columns to the 3-day control (column 7; Figure 5A) further illustrates the sus-
tainability of the biological community when nutrients are available as an energy
source for microbes. The initial girth of the 7-day peaks also reflects the important
role of the H2O2 as an oxygen source for microbes. It should also be noted that the
sharp decline in the initial peak CO2 concentrations in column 12 (Figure 5B, rep-
resentative) roughly parallels the 6-day decline exhibited in control column 8 (days
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4–10), which again emphasizes the importance of H2O2 additions in stimulating
bacterial metabolism.

CALCULATING THE 120-HOUR DEGRADATION RATES OF COLUMNS 8 AND 12

The previous toluene and CO2 plots illustrate trends in the bioremediation process.
Only limited quantitative analysis could be performed with these data sets. To
compensate for these limitations, a 7-day nutrient-enriched column (column 12)
and the 7-day control (column 8) were isolated and sampled every 12 hours for a
total of 120 hrs (5 days) after the last toluene injection on day 21.

It is generally assumed that a plot of the logarithm of substrate concentration
and time will follow three segments. An early flat segment represents the lag time
after the substrate becomes available and before the microbial population becomes
acclimated to the food source. This is followed by a straight-line declining segment
during which the population grows exponentially, and the food source concentration
decline can be represented as a decay function. Hence, the concentration C of
toluene at any given time (t) should approximate the decay function

C(t) = C0e−Rt (1)

where C0 is the initial toluene vapor concentration and R is the biodegradation rate
(Cozzarelli et al., 1991; Lahvis and Baehr, 1996; Lahvis et al., 1999; Ostendorf
and Kampbell, 1991). Equation (1) can be rewritten as

R8 = −[ln (C) − ln(C0)]/t (2)

and

R12 = −[ln (C) − ln(C0)]/t (3)

to calculate the biodegradation rates, R8 and R12, in columns 8 and 12 respectively.
First-order equations plot as a straight line on semilog paper. However, the dynamics
of toluene degradation will likely occur in phases beginning with a lag time, as
the microbial population becomes acclimated to the toluene, and ending with a
stationary phase. The stationary phase is the point at which the microbial population
will eventually reach a peak population. This occurs due to nutrients becoming a
limiting factor or a toxic level of waste build-up from the substrate concentration.
Either scenario will limit growth such that microbial death rate equals reproduction
rate.

Figure 6 illustrates the fate of the toluene in the soil column after injection. The
control column 8 has a longer lag time (48 hrs.) than column 12 (24 hours) and a
shallower exponential phase. Column 8 also appears to exhibit little or no stationary
phase during the 120-hour test.
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Figure 6. Toluene 120-hr average concentrations.

Figure 7. CO2 120-hr average concentrations.

The corresponding 120-hour CO2 curves are illustrated in Figure 7. During its
initial “lag phase,” CO2 concentrations in the nutrient-rich column (column 12)
were approximately equivalent to those in the nutrient-free control (column 8). The
CO2 curves appear to contradict the 24-hour lag time, on the basis of the toluene
concentrations (Figure 6), for bacterial action to begin. From 12 to 24 hours, the
bacteria likely consumed toluene as quickly as it could be transported to them
by evaporation, diffusion, and dissolution, while maintaining a steady gas-phase
toluene concentration, but rapidly increasing CO2 concentration. After about 36
hours, this steady source seems to cease, possibly due to the pure-phase toluene
being submerged as it fingers downward, and the toluene in gas-phase storage was
depleted at an exponentially declining rate. Control column 8 (Figure 6) showed
little response to the last toluene injection, but toluene appeared to be consumed at a
steady rate, as described by the approximately steady vertical upward CO2 gradient
(Figure 7).

During the onset of column-12 exponential phase (approx. 36 h; Figure 7) CO2

concentrations escalated by about 6,000 ppm in the lower portion of the column
as the substrate-utilizing microbial community rapidly multiplied. Growth was
sustained approximately 60 hours before the onset of the stationary phase, at which
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time the CO2 concentrations return to their lower levels. In contrast, levels of CO2

in control column 8 remained relatively unchanged (if not declining) the first 72
hrs of the experiment, and increased only modestly (about 500 ppm) thereafter. It
appears that the bacterial population was in a nearly stationary phase due to limited
nutrients, and extra food did not influence growth. A relatively stable CO2 gradient
of about 500 ppmv/0.3 m between 30 to 60 cm was used to estimate the CO2 flux
produced by this stationary phase, using Fick’s First Law, q = T θa DA−B ·�c/�z.
Assuming a 500-ppmv gradient for a distance of 0.3 m, a DA−B for CO2 into air of
0.16 cm2/s (Bird, et al., 1960), a porosity of 0.36, and an air-filled porosity of 0.12,
T is from Millington (1959), 0.055. The flux thus becomes 0.15 mole/d/m2, and,
for the area of the column of 0.07 m2, the flux of CO2 is about 0.01 mol/d.

The first-order degradation rates during the declining concentration phase were
determined for both columns from plots of the logarithm of toluene concentration
versus time on an arithmetic axis and the decay constants were determined by
selecting the best-fitting straight line through the data, and determining the decay
constant, k in hr−1, as

−k = 2.303 log
(C2

C1

)

t2 − t1
(4)

where C1 is concentration at t1 (time 1) and C2 is concentration at t2 (time 2).
Figure 6 illustrates the average toluene concentration of both columns (8 and 12)

over the same 120-hr period. To determine the rate of toluene concentration decline
in the two columns, the semi-log plots were used to produce a straight line and
the degradation rates were calculated from the slope of the semi-log plots by using
Equation (4), resulting in calculated values of 0.0375/hr and 0.0802/hr (Figure 8).
These values are higher than those found by Baehr and Baker (1995) and Lahvis
et al. (1999), but the conditions in this experiment were very different from theirs.
Presumably, if the microbes were using dissolved toluene from free-source product
that was just depleted, a large colony of microbes would be in place to consume
any remaining toluene quickly and would explain these values. These values may

Figure 8. Toluene biodegradation rate.
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be as reflective of soil conditions in the columns as they are of microbial activity
alone.

Diffusion theory shows a recession of concentration with time in a column sealed
at one end and open to the atmosphere at the other. After cessation of input, the
recession follows a straight line (after an initial period) when log of concentration is
plotted versus time. In the absence of decay, we can also use it to estimate a diffusion
coefficient. The analogous diffusion-equation solution for the recession of water
levels is given by Brown (1963). The slope of head or discharge on the log axis
versus time is commonly used in hydrology to determine the hydraulic diffusivity
of aquifers bounded by streams or by a stream and bedrock. This equation, adapted
to gaseous diffusion is

κ = 0.933L2 log C1
C2

t2 − t1
= 0.933L2

�t10
(5)

where κ is diffusivity τθa DA−B

θa+ θ1
H

– (θ1 represents liquid filled porosity), L is column

length, �t10 is the time required for a decade decrease in C , and H is the dimen-
sionless Henry’s law constant.

When Equation (5) is applied to the data, we obtain an effective diffusivity
for gas-phase transport of toluene of about 0.1 cm2/s for column 12 and about
0.05 cm2 s−1 for column 8. The values compare to the value of about 5×10−4 cm2/s
computed from the known diffusion coefficient for toluene in air of 0.08 cm2/s (Perry
and Chilton, 1973). Because the effective diffusion coefficient needed to allow the
observed rate of decline to occur by diffusion alone is about 2000 times larger
than the value computed from the known toluene diffusivity in air, an appropriate
tortuosity value indicates that the toluene indeed decayed, rather than diffused
through the top of the column.

Nitrate Reductions and Nitrous Oxide Flux

To determine if CO2 was produced by reaction with O2 and/or H2O2 the effects
of denitrification were monitored; GC data were obtained on N2O generation and
IC data were obtained on the added nitrate and the bromide tracer. Most N2O
was generated during the first week of sampling when the columns were saturated
to a shallow depth (about 125 ppm, data not shown). After the first week N2O
concentrations remained stable at about 15 ppm. Periodic N2O generation in column
12 was related to episodic rise in the saturated zone or capillary fringe of the columns
following water flushing of the toluene injectant. Most N2O generation was from
the lower gas ports (90–120 cm), where anaerobic conditions are most likely. Also,
it is likely that high N2O concentrations measured early during Part II resulted from
dropping the water table, allowing N2O previously in solution to escape into the
vadose-zone gas phase. However, all N2O concentrations are small compared to



PART 1: VADOSE-ZONE COLUMN STUDIES OF TOLUENE 355

7-day increments then was immediately flushed with a volume of water to simulate
rainfall. Both H2O2 and nutrient additives were applied to soil columns prior to
the first toluene injection. We hypothesized that indigenous microorganisms would
initially benefit from both additives, but that the benefits from the nutrient-feed so-
lution would be sustained longer. We also predicted that the application of nutrients
favorable to both aerobes and anaerobes would boost the biodegradation process
during both saturated and unsaturated soil conditions.

The increase in the oxidant capacity generated by the 30 mL H2O2 applications
was favorable to the aerobic bacteria in the nutrient-enriched columns, as well as to
one of the two control populations. The initial benefits from the O2 enhancement
were only sustained by the bacteria for a short period of time (approximately 8 days).
Most importantly, the benefits of the nutrient solution were sustained throughout
the length of the experiment. The N2O measurements indicated that anaerobic
degradation was occurring. The N2O concentrations were very small relative to the
CO2 concentrations, suggesting that most of the CO2 was produced by reaction
with O2 and/or H2O2.

The O2 and nutrient-enhanced columns degraded significantly more toluene
than the control columns. The combined usage of H2O2 and nitrate-rich nutrients
served to effectively maximize natural aerobic and anaerobic metabolic processes
that biodegrade hydrocarbons in petroleum contaminated media. The addition of
nitrate to the nutrient-feed solution may have contributed to the initial success in
biodegrading toluene when the normally well drained soils became saturated. How-
ever, it was not possible to completely separate this component of bioremediation
from the aerobic component by using the available nitrate data. Additionally, toluene
gas-phase concentration shows higher, longer, more persistent peaks in the control
column than in the nutrient-rich columns. Moreover, on the basis of mass balance
consideration and toluene transport phenomenon, it appears that the experiment is
mainly relevant to biodegradation of residual toluene. Over the full extent of the
experiment, the O2 and nutrient-enhanced soil columns performed better than the
control columns. One of the two bacterial control populations outperformed some
of the nutrient-rich columns at the onset of the experiment, but could not sustain
this advantage with repeated substrate additions.

This experiment demonstrated an effective in situ bioremediation technology in
which a nutrient-feed solution is first applied to a contaminated area immediately
after a spill, then followed by weekly controlled applications of nontoxic concentra-
tions of H2O2 as an oxidant enhancer. The combined usage of H2O2 and nitrate-rich
nutrients served to effectively maximize the natural aerobic and anaerobic metabolic
processes that biodegrade hydrocarbons in petroleum contaminated media. If this
experiment can be duplicated in the field (see Part 2), it may offer a low cost and less
destructive alternative to other more intrusive abatement technologies such as air
sparging, excavate and fill, or in situ vitrification. To that end, the data and methods
used herein were transferred for field investigations. The field investigations are
reported in the Part 2 article submitted simultaneously with this one.
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