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Abstract In this paper, the effect of nitrogen
addition on the aerobic bioremediation of a diesel-
contaminated soil was studied. Soil was artificially
contaminated with diesel at an initial 2% concen-
tration (on a dry soil basis). Nitrogen was added as
NH4CI in a single load at the start of the experiment
at concentration levels of 0, 100, 250, 500, 1,000,
and 2,000 mg N/dry kg soil, and uncontaminated and
unamended soil O, consumptions were studied.
Diesel degradation was indirectly studied via meas-
urements of O, consumption and CO, production,
using manometric respirometers. Results showed
that the 250 mg N/dry kg concentration resulted in
the highest O, consumption among all runs, whereas
O, consumption was reduced by N additions greater
than 500 mg N/dry kg. Zero to 0.6 order degradation
kinetics appeared to prevail, as was calculated via
the oxygen consumption rates. A theoretical bio-
chemical reaction for diesel degradation was devel-
oped, based on measurement of the final diesel
concentration in one of the runs. According to the
stoichiometry, the optimal N requirements to allow
complete diesel degradation should be approximately
0.15 g N/g diesel degraded or 1,400 mg N/dry kg of
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soil, based on the initial diesel concentration used in
this study. This implies that N should be added in
incremental loads.
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1 Introduction

Diesel fuel is a complex mixture of normal, branched,
and cyclic alkanes and aromatic compounds. Diesel
leaks from underground storage tanks are a well-
documented source of pollution of soils and
groundwater. Several bioremediation techniques exist
in order to treat soils contaminated with petroleum
hydrocarbons, which are relatively easily biodegradable
compounds, although not biogenic in origin. These
techniques can be in situ or on-site, with the former
being usually less expensive, since excavation is
commonly required in the latter option. Land farming
has been a common technique to aerobically bioremedi-
ate soils contaminated with diesel or other organic
pollutants (Atlas 1991; Bartha 1986; Leahy and
Colwell 1990; Marquez-Rocha et al. 2001; Morgan
and Watkinson 1989; Shen and Bartha 1994). Soil
bioremediation is dependent upon several factors that
commonly affect biodegradation processes, such as
moisture content, N and P levels, temperature, oxygen
content, micronutrients etc. A characteristic of diesel-
contaminated soils is its high concentration in carbon
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compared to the concentration of nutrients, such as N
and P. Nitrogen is particularly expected to affect
degradation rates and extents, since soils commonly
lose nitrogen due to nitrogen leaching and/or due to
denitrification processes (Brook et al. 2001). Therefore,
N is, usually, the limiting nutrient in soils and several
studies have focused on the effect of N on bioreme-
diation of contaminated soils (Atlas 1991; Brook et al.
2001; Dibble and Bartha 1979; Gallego et al. 2001;
Walecka-Hutchison and Walworth 2006; Zhou and
Crawford 1995). Even in arctic regions, soil bioreme-
diation can be an effective technique to decontaminate
hydrocarbon contaminated soils, as long as there is
addition of nutrients (Aislabie et al. 2006; Margesin
and Schinner 2001). Therefore, the addition of
nutrients has become a common practice, which is
accounted for even in relevant life cycle inventory
studies (Toffoletto et al. 2005).

The interest on the biodegradation of diesel in soils
has appeared since the 1970s (Dibble and Bartha
1979; Jobson et al., 1972; Raymond et al. 1976).
Dibble and Bartha (1979) were among the first that
performed a thoroughly controlled laboratory study of
the effect of various parameters (i.e., moisture
content, temperature, treatment frequency, oil sludge
loading rates, pH, C/N ratio, C/P ratio, C/K ratio,
trace element, and organic supplements concentra-
tion) onto the degradation of total petroleum hydro-
carbons (TPH) in soil. Various other studies have,
since, studied the effect of nutrient addition or other
factors to the biodegradation of petroleum products in
contaminated soils. Tables 1 and 2 include selected
relevant work from the 1970s up to date. According
to Tables 1 and 2, it appears that the N addition has
been expressed either as N content achieved (in mg/
dry kg soil) and/or as initial C:N ratio achieved. The
C:N ratios have been extensively used to express soil
N levels. However, there are large variations regard-
ing the optimum C:N levels in the literature, as shown
in Tables 1 and 2. Optimum C/N ratios range from
2.9:1 to up to approximately 80:1. According to
Walworth et al. (1997), the variability of the optimal
C:N ratios reported by the individual researchers may
be attributed to the variable initial contaminant levels.
That is, the reported optimal C:N ratios observe a
wide range due to the fact that various initial diesel
concentrations have been applied in relevant research
works. Walecka-Hutchison and Walworth (2006)
clearly showed that the optimal N content was
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constantly the 250 mg N/kg soil level at three
different initial diesel concentrations, namely 5,000,
10,000, and 20,000 mg TPH/kg soil. Therefore, the
three resulting optimal C:N ratios were 17:1, 34:1, and
68:1. The other N contents that the above authors
studied were 0, 500, and 1,000 mg N/kg soil. Aspray et
al. (2008) found three different optimum N contents—
from 47 to 373 mg N/dry kg soil—depending on the
initial TPH concentration and the type of soil.

As a result of the above, Walworth et al. (1997)
and Walworth et al. (2007) have particularly focused
on the expression of N levels and the relation of the N
levels to the resulting soil water potential. Walworth
et al. (1997) introduced an alternative way to express
N levels, namely on a per kilogram of soil water basis
(Ni20)- For the same amount of N added, the lower
the moisture content of the soil, the higher the N salt
concentration in the soil pore water and the lower the
resulting soil water potential due to increased osmotic
potential. The above expression of N, according to the
authors, is more accurate compared to per dry
kilogram of soil basis, since the nitrogen salts will
eventually dissolve in the soil pore water. Walworth et
al. (1997) proposed an upper limit of approximately
2,500 mg N/kg soil H,O, above which inhibition of
the microbial activity starts to occur. They clearly
showed a relationship between soil water potential
and oxygen consumption in petroleum-contaminated
soils. As the osmotic stresses increase from the
addition of salts, and the soil water potential eventu-
ally becomes more negative, the microbial O,
consumption decreases. The same authors also
showed that microbial activity is inhibited by osmotic
stresses, regardless of whether the soil water potential
is decreased through application of a fertilizer salt
(e.g. NH4NOj3) or of a non-nitrogenous salt (e.g.,
NaCl). Walworth et al. (2007) showed a clear negative
correlation between the added N (in mg/kg soil) and
the soil water potential. As the former increased, the
latter became more negative and the O, consumption
decreased.

Tables 1 and 2 also include the type of contaminant
and contaminant levels, as well as the optimum N level
found in each study. Contaminant levels also appear to
range from as low as 1,780 mg TPH/kg soil to up to
60,000 mg TPH/kg soil, which, as discussed above,
justifies the variability in the optimal C:N ratios.

According to Tables 1 and 2, a preferred form of
adding N is inorganic nitrogen, mostly as ammonium
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salts; however, other N sources have been used, such
are urea and nitrate salts (Brook et al. 2001).
According to Jin and Fallgren (2007), not only NH4CI
enhanced the biodegradation of TPHs more than urea,
when added at similar levels, but actually urea
inhibited TPH biodegradation. In general, ammonium
nitrogen is the form of nitrogen that is most easily
utilized by microorganisms, compared to other nitro-
gen forms, such as nitrates. Nitrogen in ammonium is
in a reduced stage, as is in the amino acids, which
makes the former energetically more favorable for
amino acid formation and other metabolic processes,
compared to nitrates (Walworth and Reynolds 1995).
According to Shewfelt et al. (2005), ammonium
nitrogen enhances degradation rates and results in a
shorter lag time before degradation, compared to
nitrates.

Tables | and 2 show a variability in optimal C:N
ratios and N contents. Thus, despite the amount of
research, there are questions on issues related to optimal
N levels during the aerobic bioremediation of
petroleum-contaminated soils. The objective of this
research was to investigate the effect of six initial
nitrogen contents—and therefore six initial C/N ratios—
on the biodegradation of an artificially contaminated
soil with diesel. This simulates a scenario of soil
contaminated after a recent diesel release. The initial
diesel concentration was kept constant for all treatments
and the duration of the experiments was more than
200 days for most of the runs, in order to approach the
extent of biodegradation. Based on the literature review,
the N levels in this study were expressed in all three
forms, namely as C/N ratio as well as in units of
milligrams of N per kilogram of dry soil and milligrams
of N per kilogram of soil H,O. The work also focused
on calculating degradation kinetics (order and kinetic
constant). The kinetics of degradation of hydrocarbons
in soil have been occasionally studied in the literature,
with the first order kinetic approach being the most
common to model the pertinent degradation processes
(Roncevi¢ et al. 2005). The research work presented
here tested several other kinetic models to describe the
degradation process. In addition, the kinetic analysis
was applied to two different experimental durations to
investigate their effect on kinetic parameter estimation.
Finally, a stoichiometric biodegradation equation was
developed based on the results of the experiment. The
degradation process was followed by monitoring the
overall oxygen consumption and CO, production with

the use of 1-L bench scale manometric respirometers.
The final TPH concentration was measured in one of
the treatments, which allowed the estimation of overall
TPH loss in that run.

2 Materials and Methods

Approximately 2 kg of soil were collected from the
university area and were screened through a 3 mm
screen to remove large particles. Undersized material
was then air-dried for 7 days. Sieve analysis was
performed using a sieve shaker (Retsch, Model AS
200 Basic) and nine sieves of different mesh sizes.
The air-dried material was then spiked with automo-
bile diesel purchased from a local gasoline station at
an initial content of 2% (20,000 mg/kg dry soil). The
artificially contaminated soil was air-dried under a
hood for an additional 3-day period to remove the
readily volatile compounds contained in the diesel.
The diesel content in the soil was quantified as TPHs
using a four-step sequential extraction with dichloro-
methane followed by GC/FID analysis (Karamalidis
and Voudrias 2007). The GC column was a capillary
HP-5 (30 mx0.32 mm i.d.), while temperature
programming comprised an initial 50°C oven temper-
ature, kept constant for 1 min, ramping to 250°C at a
rate of 15°C/min and a final bake out at 280°C for
5 min. Injector and detector temperatures were 300°C
and 290°C, respectively. Helium was the carrier gas at
a constant flow of 1.2 ml/min. One microliter of
sample was injected into the GC in a splitless mode.
A four-point calibration was performed by preparing
standards of diesel in dichloromethane at concentra-
tions equal to 10 mg/L, 50 mg/L, 100 mg/L, and
200 mg/L. A linear fit was performed that passed
through the origin and resulted in a coefficient of
determination (R*) equal to at least 0.95 (significant at
p=0.05) for all runs. The wet weights of the soil
samples used during TPH analysis ranged from 1 g,
for the initial analysis, to 1.7 g, for the final analysis.
TPHs were quantified via integration of the total
hump area above the baseline (Karamalidis and
Voudrias 2007).

Moisture content was measured by weight differ-
ence at 75°C till constant weight and was expressed
on a wet weight basis (ww). Organic matter was
measured in a muffle furnace through the loss on
ignition at 550°C for 2 h and was expressed on a dry
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weight (dw) basis. Total C and total N contents were
measured using an elemental analyzer (CE Instru-
ments, CHNS-O Model EA-1110). The water holding
capacity (WHC) of the soil was measured based on
weight difference following systematic saturations of
dry soil samples (approximately 75 g) and a drainage
period of 24 h. The particle density of the soil solids
was measured via water displacement of a known
mass of dry soil. The pH was measured using a glass
electrode and a WTW InoLab® pH meter on a 5:1
ratio of water to air-dried soil. All above measure-
ments were performed in duplicates.

Three hundred grams of the artificially contami-
nated (air-dried) soil, which contained 291 g of dry
soil, were placed into each of the twelve 1 L
respirometers equipped with Oxi-Top® manometric
heads from WTW®. The respirometers (also referred
to as vessels) were placed and kept in a dark incubator
(WTW® TS 606/2-1), at a constant 22°C temperature,
for more than 200 days for most runs. Relatively long
experimental times were used, since common field
bioremediation times for soil contaminated with
petroleum vary between 6 months to 2 years, using
biopiles or bioventing (Khan et al. 2004). In addition,
the relatively long experimental period allows a better
calculation of process kinetics compared to shorter
experimental times (Roncevi¢ et al. 2005). Note that
not all runs were prepared with the same batch of
artificially contaminated soil. Approximately half of
the runs were prepared with a different batch of the
same soil that was spiked with the same technique
and at the same initial diesel concentration (2% dw)
at a different time. According to Coles et al. (2009),
who performed a similar type of work by measuring
TPH losses only, an abiotic control is expected to
quantify potential TPH losses mostly due to volatil-
ization and photodegradation. In the current research
work, no direct measurements of volatilization of
TPHs were performed. However, most of the volatil-
ization must have occurred during the 3 days in which
the diesel-contaminated soil was kept in the hood,
prior to the beginning of the experiment. Based on the
FID chromatograms, the most volatile components
detected were n-decane and n-undecane, with boilings
points 174°C and 196°C, respectively. These are
much higher than the temperatures of 22°C of the
experiment. In addition, the experiments were con-
ducted in closed vessels, which were opened for
aeration only when the pressure drop was higher than
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100 mbar. Therefore, it is expected that volatilization
must not have been significant. In addition, photo-
degradation was not expected to affect the experi-
ment, since all runs were performed in a dark type
incubator. Although oxygen consumption due to
abiotic processes, such as oxidation of metallic
elements in soil, was considered very small, oxygen
consumption cannot be considered the same as
microbial respiration. As a result, the term “oxygen
consumption” is used throughout the text instead of
the term “microbial respiration”.

The operation principle of the respirometers is
based on quantifying oxygen consumption via pres-
sure drop measurements. The cumulative mass of O,
consumed in each vessel is therefore calculated based
on the ideal gas law and the pressure drops that are
recorded and logged at regular time intervals sepa-
rately for each vessel. The headspace in all respir-
ometers used after placement of the soil and after
adding the necessary water to reach a close to optimal
moisture water content was 688+3 ml. Oxygen
consumption was finally expressed in milligrams of
O, per kilogram of dry soil. The 50 ml 1 N KOH trap
that was placed in each vessel to trap CO, was
periodically titrated to quantify CO, production,
which was expressed in milligrams of C-CO, per
kilogram of dry soil, on a cumulative basis. The
amount of C—CO, produced was calculated according
to Komilis and Ham (2000). The remaining diesel
content was measured in only one of the runs (run
100 _2), after 138 days, through extraction with
dichloromethane and further analysis in the GC/FID,
as described above. Respirometers were regularly
opened so as to maintain aerobic conditions.

2.1 Experimental Design

The experimental design is included in Table 3. One
respirometer contained uncontaminated soil, without
diesel or nitrogen addition, to quantify its oxygen
consumption; all remaining respirometers contained
diesel-contaminated soils. Nitrogen was added as
ammonium chloride (NH4Cl) in a single load at the
start of the experiments; no N was added in two of the
treatments (controls). Ammonium chloride was se-
lected as N source, since, it is energetically favorable
for utilization by microorganisms (Walworth and
Reynolds 1995), as was discussed in the Section®1”.
Ammonium chloride was dissolved into 53 ml of
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deionized water, which were then added once into
each vessel, so as to reach 55% of the water holding
capacity of the soil. According to USEPA (1991), a
suggested range of soil moisture contents that
achieves optimal aerobic bioremediation is from
25% to 85% of the WHC of the soil. The achieved
final nitrogen concentrations after N addition were
0 mg N/kg dw (dry soil), 100 mg N/kg dw, 250 mg
N/kg dw, 500 mg N/kg dw, 1,000 mg N/kg dw, and
2,000 mg N/kg dw. The corresponding Nypo levels
(based on a 20%, on a dry weight basis, initially
achieved moisture content) were 0, 500, 1,250, 2,500,
5,000, and 10,000 mg N/kg soil H,O. Approximate
corresponding total C/total N ratios varied from 100
to 5, based on the assumption that diesel, the major
contributor of carbon, is represented by hexadecane
(HXD or C;¢Hs4). Note that HXD has been used as a
representative compound for diesel in other studies
too (Volke-Sepulveda et al. 2006; Walecka-Hutchison
and Walworth 2006). Duplicate runs were performed
for all nitrogen levels except for the runs at the 250
and 500 mg N/dry kg dw levels and for the
uncontaminated soil run. Runs were terminated when
O, consumption rates approached and remained close
to zero for at least 2 days. Therefore, experiment
duration varied for each respirometer and run, as
shown in Table 3.

3 Results and Discussion
3.1 Soil Properties

Results of the sieve analysis showed that the soil
contained 12% by weight of particles with diameters
larger than 2 mm (gravel), 86% with diameters
between 2 and 0.063 mm (sand), and approximately
2% with diameters smaller than 0.063 mm (silt and
clay). The uniformity coefficient (Dgo/D;) of the soil
was approximately 6.0. The particle density of the
(dry) soil solids was 2.3 g/em’. The pH of the soil
was 6.7. The gravimetric water content (moisture
content) and the organic matter content were 1.9%+
0.022% (ww) and 2.6%=+0.056% (dw), respectively.
The WHC of the soil was 0.36 ml/g dry soil. Total
carbon content of the soil was approximately 0.2%
(dw), while total (organic and inorganic) N was below
the quantification limit (50 mg/dry kg) of the
instrument. Based on the TPH analysis of duplicate
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samples, the initial average diesel concentration of the
soil after the 3-day air-drying period, i.e., prior to
their introduction into the respirometers, was 0.95%
(dw) or 9,500 mg diesel/dry kg of soil based on n=2
(9,030 mg/kg dw and 9,900 mg/kg dw for each
sample, with a coefficient of variation of 7%).

3.2 O, Consumption and CO, Production

Table 3 includes the respirometric results and Fig. |
illustrates the cumulative gross oxygen consumptions
for all runs. The gross oxygen consumption includes
all O, consumed from the respiration of the soil;
however, abiotic O, consumption was not measured
and cannot be omitted as a mechanism of O,
consumption. Due to the sandy nature of the soil, it
is believed that abiotic O, consumption must not have
been significant (in relative terms).

According to Table 3, gross O, consumption varied
from approximately 3,400 mg O,/kg dw, for run 0_2
that contained no nitrogen, to 11,700 mg O,/dry kg
dw for the run at the 250 mg N/kg dw level (C:N ratio
40:1). Oxygen consumption from uncontaminated soil
was 1,280 mg Oy/kg dw after 243 days. It is noted
that due to the absence of an abiotic control, it is not
possible to attribute oxygen consumption to respira-
tion with certainty. Walecka-Hutchison and Walworth
(2006) recorded oxygen consumptions that varied
from approximately 2,000 mg/dry kg of soil to up to
17,000 mg/dry kg of soil, depending on the initial
diesel content in the soil.

Table 3 also includes the net O, consumption at the
end of each experimental run. The net O, consumption
is defined as the gross O, consumption minus the
corresponding O, consumed from the run with soil
only, and is attributed to degradation of diesel. Net O,
consumption values ranged from 2,120 mg/dry kg, for
the 0 2 run to 10,350 mg/dry kg, for the 250 run. The
net O, consumption rates calculated by dividing the net
0O, consumption by the overall experimental duration of
each run (in hours), varied from 0.36 mg/dry kg-h, for
the 0 2 run, to 1.6 mg/dry kg-h, for the 250 run with a
C:N ratio of 40:1. The average O, consumption rate
from the run with soil only was 0.22 mg/dry kg-h. Note
that mixing, which may have affected microbial
activity, was not performed in all runs, but only for
run 100 2 on the 138th day during a sampling event.
Therefore, for consistency purposes, the cumulative net
0, consumptions, were calculated on the 80th, 137th,
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and 205th day from the initiation of all treatments. The
205th day was selected, because runs 1000 2, 2000 1
and 2000 2 lasted 205 days; all other runs, except from
the 100 1 run, lasted more than 205 days. Figure 2
shows the net O, consumptions at the aforementioned
times. The net O, consumption at the 250 mg N/dry kg
concentration was greatest at all time periods.

The optimal N content that enhanced diesel
degradation was at the 250 mg N/kg dw, which
resulted in the highest net (cumulative) O, consump-
tion of approximately 9,450 mg O,/dry kg dw at
205 days. The corresponding optimum C/N ratio was

40:1. The above N level (as mg N/kg soil) was also
found to be optimum in Walworth et al. (1997) and
Walecka-Hutchison and Walworth (2006), regardless
of initial diesel concentrations. In addition, Walworth
et al. (2007) found that optimal N levels were the 125
and 250 mg N/dry kg. According to Walworth et al.
(1997), it is more accurate to express N levels on a
per kilogram of soil pore water basis. The
corresponding optimum N level in these units was
1,250 mg N/kg soil H,O, compared to a suggested
optimum level of 2,000 to 2,500 mg N/kg soil H,O
(Walworth et al. 1997). The 250 run had, also, the
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Fig. 2 Net O, consump-
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highest net average O, consumption rate among all
runs (1.6 mg Oy/dry kg-h). The 100 2 (C:N ratio
100:1) and 500 runs had the next highest net O,
consumptions, approximately 7,300 mg O,/dry kg and
7,100 mg O,/dry kg at 205 days, respectively. The net
average O, consumption rates for these treatments
were 1.4 mg O,/dry kg-h. As the nitrogen concentra-
tion increased, however, oxygen consumption was
reduced. N levels above 500 mg N/dry kg soil (or
2,500 mg N/kg soil H,O) apparently inhibited micro-
bial activity, as has been also shown by Walworth et al.
(1997). Inhibition was evident from the relatively low
oxygen consumptions recorded for the 1,000 and
2,000 mg N/dry kg soil levels (or 5,000 and
10,000 mg N/kg soil H,O, respectively). As earlier
discussed, the oxygen consumption reduction at the
high N levels is likely attributed to the increase of the
osmotic stresses, following the nitrogenous salt addi-
tion, and the reduction of the soil water potential of the
soil. According to Walworth et al. (1997), a soil water
potential reduction of 0.50 MPa, which can be a result
of any inorganic salt addition, can reduce microbial
petroleum degradation by 50%. The negative effect of
the reduced soil water potential on the oxygen
consumption of petroleum-contaminated soils has been
also discussed in Walecka-Hutchison and Walworth
(2006). The precision in cumulative gross O, con-
sumption of the experiments (expressed as the coeffi-
cient of variation) was less than 26% at the four
nitrogen levels.
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Gross cumulative CO, measurements were made
at various intermediate times during each run. As
shown in Table 3, the average net CO, production
rates (gross CO, production rates in contaminated
soil minus that in uncontaminated soil) ranged from
0.13 mg C—CO,/dry kg-h, for the 0 2 run, to 1.0 mg
C-COy/dry kg-h, for the 250 run. The net CO,
production rate in uncontaminated soil was
0.049 mg C-CO,/dry kg-h, which was the lowest
among all runs. The intermediate net CO, produc-
tion measurements also aided in the calculation of
the ratio of net CO, mol produced to net O, mol
consumed (see Table 3), a ratio commonly known as
the respiratory quotient (RQ). The RQ can provide
an indication of the state of the degradation
intensity; usually, higher RQ values characterize a
high microbial activity compared to lower RQ values
(Gea et al. 2004). The RQ values for contaminated
soil ranged from 0.74 to 1.1 in this study. The lowest
RQ (0.74) was recorded for the 0 1 run and the
highest RQ (1.1) for the 0 2, 1000 2, and 2000 2
runs. The RQ of the uncontaminated and unamended
soil was 0.55. It is not easy to draw any clear
conclusions regarding a potential relation between
the magnitude of the RQ value and the gross or net
O, consumption of the treatments. Aspray et al.
(2008) measured RQs that ranged from 0.5 to
approximately 3.0. However, the RQs measured for
the sandy soils of that study ranged from 0.5 to
approximately 1.3 (Aspray et al. 2008).
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3.3 Degradation Kinetics

A general kinetic model that can describe the
biodegradation process is the following:
dD

—r =D (0] (1)

with:

D the diesel concentration (mg/kg dry soil),

O,  the O, headspace concentration (mg/kg of dry
soil),

n,m orders of the reaction, and

kp the diesel degradation constant (with variable
units, according to the values of n, m).

However, since the diesel concentration (D) is
relatively large—and therefore not limiting—the
oxygen concentration eventually becomes rate-
limiting. Therefore, only the kinetics of oxygen
consumption were studied.

The difference between the gross final oxygen
consumption (FOC) at the end of each experiment
and the gross actual oxygen consumption (AOC))
measured at different experimental times is defined as
the (gross) remaining oxygen consumption (ROC,), as
shown in Eq. 2. All variables have units in milligrams
of O, consumed per kilogram of dry soil.

ROC, = FOC — AOC, (2)

The differential equation to describe the kinetics of
the degradation process is shown below:

d[ROC]
dt
with:

— k- [ROC]" (3)

ROC  the remaining oxygen consumption (mg O,/dry
kg soil), as defined above. For example, at time
t=0 the ROC equals the final oxygen
consumption, as this was determined for each
run at the end of the corresponding experimen-
tal period. As time ¢ increases, ROC reduces
and eventually becomes zero at the end of the
experimental period.

k the ROC rate constant (with variable units
according to n).

According to Brook et al. (2001), the rates of diesel
degradation and the rates of oxygen consumption rate

are not necessarily similar. The above authors
calculated TPH loss constants based on first order
kinetics, which were 8 to 60 times higher than the
corresponding oxygen consumption rate constants. In
addition, the same authors showed that the CO,
production first order rate constants were also much
lower than the TPH loss rate constants. The differ-
ences in the rates were explained by the incomplete
mineralization of TPHs that may result in humified
stable by-products that may not be easily extracted
during the extraction procedure. That is, the extraction
may not measure all metabolic TPH by-products
formed. Although this may be true, one has to
account for the extraction procedure used. For
example, Brook et al. (2001) measured TPHs using
a single extraction with dichloromethane; on the other
hand, a four-step sequential extraction with dichloro-
methane was used here. In addition, the incorporation
of part of the diesel into biomass, which is normal
during organics biodegradation, may lead to non-
readily extractable TPHs. Therefore, TPH losses
measured through extraction may be much larger
than the amounts of TPH actually mineralized during
the experimental period. Eventually, all, or most of
the intermediate metabolic by-products may be
mineralized. Still, the amount of oxygen consumed
during the period of the experiment is expected to be
smaller than the theoretical oxygen amount computed
through stoichiometry.

The gross oxygen consumption data were fitted to
the model described in Eq. 3 for each treatment
separately. Variable n values were tried that ranged
from 0.0 to 2.0 using a 0.1 step. The best fit was the
one that resulted in the highest coefficient of
determination (R?) after linearization of the kinetic
equations. The linearized zero order, first order, and
second order equations are described in detail in
Chapra (1997). The linearized equation for all cases
with n>0 and n#1 is (Chapra 1997):

1 1

= +n—-1)-k-t 4
rRoc T —roor T T 1) )

Therefore, the kinetic constant & is calculated by the
optimal value of » and the slope of the line described
by Eq. 4. The n values, as well as the kinetic constants
(k) for all fits, are included in Table 4.

The results of the modeling show that the orders
(n) of all kinetic equations range from 0, for the 0 1
and 0 2 runs, to up to 0.6, for the 100 and 250 runs.
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Table 4 Order (n) and kinetic constants (k) based on Eq. 3 using different times for model fitting

Till the 50th day (approximately 450 data points)

Till the end of the run (more than 2,000 data points)

Run title Order of Kinetic Units of k& R*® Order of Kinetic Units of k& R®
equation (n) constant (k) equation (n) constant (k)

01 0.0 10.6 mg kg ' day ! 0.995 0.0 20.6 mg kg ! day ! 0.983
02 0.1 5.8 (kg mg )" day ! 0.997 0.0 15.4 mg kg ! day ! 0.987
100 1 0.2 15.1 (kg mg ) *® day ' 0.994 0.6° 0.50 (kg mg ) " day ' 0.996
100 2 0.0 70.1 mg kg ! day ! 0.999 0.6° 0.41 (kg mg ) ** day ' 0.996
250 0.0 85.1 mg kg' day™! 0.996 0.6 0.41 (kg mg ) ** day™"  0.998
500 0.0 55.9 mg kg ' day! 0.999 0.3° 3.9 (kg mg ) "7 day ' 0.998
1000 _1 0.3 6.7 (kg mg ) "7 day ' 0.997 0.4 15 (kg mg )¢ day ' 0.998
1000 2 0.0 37.5 mg kg~' day™! 0.989 0.3 3.4 (kg mg )™*7 day™"  0.996
2000_1 0.0 10.5 mg kg ! day ! 0.735 0.5 0.67 (kg mg )" day ' 0.982
2000 2 0.0 27.8 mg kg~ day”! 0.998 0.2 5.1 (kg mg )" day ' 0.999
Uncont.Soil 0.7 0.24 (kg mg %3 day'  0.988 0.1 2.7 (kg mg ™y " day ' 0.996

2 All coefficients of determination (R?) were significant at p<0.005

® Fitting performed till day 170, right prior to the mixing event
“Fitting performed till day 208, right prior to the mixing event
4 Fitting performed till day 243, right prior to the mixing event
°Fitting performed till day 207, right prior to the mixing event

Several researchers in the past have modeled petro-
leum degradation using first order kinetics (Brook et
al. 2001; Naziruddin et al. 1995; Paudyn et al. 2008;
Roncevic et al. 2005; Shewfelt et al. 2005). Zhou and
Crawford (1995) used Michaelis—Menten type kinet-
ics to describe the degradation of diesel and the effect
of various factors onto biodegradation. Ronéevic et al.
(2005) used a first order kinetic model as well as
another empirical kinetic model to simulate the
degradation of TPHs in the soil. According to the
authors, both models described adequately the exper-
imental data. They suggested, however, that other,
more complex, models could be tried.

All replicate runs have the same or similar orders
(n£0.1) in the kinetic equations, except in the case of
the 2000 1 and 2000 2 runs, in which the n values
are 0.5 and 0.2, respectively. This is a rather large
difference for replicate runs, which may be attributed
to the presence of a temporary steep rise in the
oxygen consumption profile of the 2000 1 run; this
rise was not observed in the 2000 2 run.

The relatively long duration of the experiments and
the use of many experimental data points (more than
2,000 per run) led to a very accurate calculation of the
appropriate kinetics. Short-term degradation experi-
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ments may not be sufficient to discern the appropriate
kinetics (Roncevi¢ et al. 2005). In this case, the
different than 1 reaction order was computed, accord-
ing to the procedure described in this chapter. Despite
the long experimental duration, a plateau was not
reached in some of the experiments.

A kinetic analysis is dependent not only on the
duration of the experiment but also on the number of
data points. Therefore, we analyzed the data of the
first 50 days (450 data points) of the experiment and
compared the results with those of the whole experi-
ments (more than 200 days and more than 2,000 data
points). The comparison indicates that the reaction
orders in the 50-day analysis are, in general, lower
than the respective orders of the long-term experi-
ments and most of them approach zero (Table 4). The
only exception is the uncontaminated soil (7=0.7) and
run 0 2 (n=0.1). Direct comparison of the kinetic
constants (k) for the two kinds of analysis is possible,
provided that the reaction orders are the same. The R?
values are very high in both cases. As indicated in
Table 4, although both analyses resulted in good fits,
there was a difference in the reaction orders. It
therefore appears that short-term experiments will
not provide the same kinetic information as the long-
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term experiments, despite the good data fits in both
cases. Kinetic analysis of the first 50 days of the
same experiments resulted in lower reaction orders,
compared to the respective from the whole experi-
ments. This is important for field applications, when
short-term (<2 months) experiments are used to
predict the performance of bioremediation in the
field. Other investigators reported that relatively long
experimental periods allow a better calculation of
process kinetics compared to shorter experimental
times (Roncevi¢ et al. 2005).

Figure 3 illustrates the fit of the model to the
experimental data of the 500 mg/kg treatment. The fit
of the model to the data of this run was typical for all
other runs.

Mixing events that took place near the comple-
tion of runs 100 _1, 100_2, 250, and 500 resulted in
small increases of the biodegradation rates that
lasted from 8 to 10 days. The increased degradation
rates are attributed to the aeration and mixing, as
has been shown by pertinent unpublished work in
our laboratory

3.4 Theoretical Diesel Degradation Reactions

To estimate the TPH loss, two soil samples were
randomly taken from respirometer 100 2 after
138 days. The wet weights of the samples were
1.6 g and 1.7 g; a separate sample (approximately
20 g) was collected to estimate the moisture content,
which was measured at 14% (ww) or approximately

16% (dw). It is noted that the initial moisture content
at the start of the experiments was fixed at the 55% of
the WHC (i.e. 0.36 ml/dry g). The above value
corresponds to a gravimetric water content of approx-
imately 17% (ww) or 20% (dw). Therefore, it appears
that the losses of H,O during the experiment were
small; although no other moisture contents were
measured during this experiment, the small water
losses in the respirometers over long periods of time
has been verified by similar studies in our laboratory
(unpublished data). Based on the analysis of TPHs of
the duplicate soil samples in run 100_2, the remaining
concentration of diesel in the soil after 138 days was
1,660 mg/kg dw and 3,480 mg/kg dw for the two
replicates, respectively. The average value was
2,600 mg/kg dw+50%. Therefore, an average of
6,900 mg of diesel (TPH)/dry kg of soil were
degraded during a period of 138 days, which
corresponds to a 73% loss of the initial diesel content.
The corresponding cumulative (net) amount of oxy-
gen that was consumed up to day 138 in run 100 2
was approximately 6,300 mg O,/dry kg soil. An
estimate of the amount of TPH mineralized was based
on the amount of TPH lost, as this was measured via
the extraction procedures. Therefore, assuming that
measured TPH losses equal the amount of TPH
mineralized, stoichiometric reactions can be devel-
oped. Based on the above, a theoretical diesel
degradation approach can be used based on the
assumption that diesel is represented by HXD. Note
that HXD has been often used as a model compound

Fig. 3 Modeling results and
experimental data of the 500
run (gross remaining O,
consumption is shown)
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for diesel (Geerdink et al. 1996; Shewfelt et al. 2005;
Walecka-Hutchison and Walworth 2006).

A simplistic diesel aerobic degradation equation is
the following:

CieHz4 +24.5 0, — 16 CO, + 17 H,0 (5)

The above equation does not include biomass
generation and, therefore, does not involve nitro-
gen. The ratio of CO, mol to O, mol, based on
Eq. 5, is 0.65, which is much lower than the RQ of
1.0 measured for run 100_2 (see Table 3). According
to Eq. 5, 1 mol of hexadecane would require
24.5 mol of O,; that is, theoretical oxygen require-
ments would approximately be 3,500 mg O, per g
of diesel (hexadecane) consumed. Therefore, if
all diesel contained in the artificially diesel-
contaminated soil prior to the initiation of the runs
(=9,500 mg/kg dw) was totally degradable, then
(maximum) oxygen requirements would approxi-
mately reach 33,000 mg O,/dry kg of soil in the
system described here. The above value is far higher
than the net O, consumptions recorded for all runs in
this study, which were all less than approximately
10,350 mg O,/dry kg of soil (Table 3); this indicates
that either not all diesel was degraded, or that the
stoichiometric Eq. 5 is over-simplified, and thus not
representative. For example, Eq. 5 has not accounted
for biomass generation; therefore, N requirements
are not shown and some O, consumption is not
accounted for. Additionally, other biotic reactions,
such as nitrification or oxidation of mineral soil
constituents may have consumed O».

It is more reasonable to develop a generic
theoretical biochemical reaction, which will include
biomass (CsH,NO,) generation and the potential
nitrification of nitrogen. This generic reaction is
represented by Eq. 6.

aCigH3a +b Oy +¢ NHI — d CsH,NO, (6)
+eCO, +f NO; +gH,O+hH"

Using the average amount of diesel reduced (or
degraded) in run 100 _2 (6,900 mg TPH/kg dw) and
the corresponding net O, consumption up to day 138
(6,300 mg O,/kg dw) for the same run, then 1 mol of
diesel (hexadecane) would approximately require
6.4 mol of O, when degraded. Based on that, oxygen
requirements for complete diesel degradation in the
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contaminated soil used here should be approximately
8,600 mg O,/dry kg soil; the latter value is close to
the maximum net O, consumption recorded for run
100 2 (8,120 mg O,/dry kg soil) after 236 days and
close to the corresponding values recorded for the
other runs too. The maximum net oxygen consump-
tion recorded in this study is approximately
10,350 mg O,/dry kg of soil for the 250 run after
271 days. In addition, the net CO,/net O, ratio for run
100 _2 was 1.0. Therefore, by keeping a=1, b=6.4,
e/b<1.0, and by keeping all the coefficients positive,
the optimal stoichiometric coefficients calculated are
c=2.4, d=2.4, ¢=4.0, /=0, g=0, and h=27. This
calculation was performed by setting equal to zero the
difference between the total mass of the elements in
the left-hand side of Eq. 6 and the mass of the same
elements in the right-hand side of Eq. 6. In addition,
the mass of each element in the left-hand side should
equal its mass on the right-hand side. Solver®, by
Microsoft’s Excel®, was used in the above calcu-
lations. Finally, the best reduced theoretical equation
that was developed to satisfy all above constraints
was as follows:

CigH34 + 6.4 Oy + 2.4 NH;

According to Eq. 7, the RQ (i.e. fraction e/b) is
0.63, which is much lower than the RQ of 1.0
measured for run 100 2. This may be attributed to
the fact that Eq. 7 may still not be representative of
the specific biodegradation process. According to
Eq. 7, all ammonia-nitrogen consumed is incorporated
into biomass; the formation of NO; is considered
very small and is not included in the products of the
reaction. Based on Eq. 7, 1 mol of diesel (hexade-
cane) requires 2.4 mol of N-NH, ", while an excess of
hydrogen cations is present in the right-hand side of
the equation to balance hydrogen. Apparently, the pH
of the system is expected to reduce, if not adequately
buffered.

It is interesting to note that if the coefficients of
Eq. 6 are not forced to be positive numbers, then the
optimal stoichiometric equation that would satisfy all
constraints would have H,O present in the left-hand
side of the equation and hydrogen cations, still, in the
right-hand side of the equation. Nitrates would, still,
not be formed. In this case, 1 mol of diesel
(hexadecane) would require 1.9 mol of N-NH,". In
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addition, fraction e/b (RQ) would equal 1.0, which
fully agrees with the experimental findings.

Based on Eq. 7, if all diesel contained in the soil
(9,500 mg TPH/kg dw) was degraded, then (maxi-
mum) N requirements would have been approximately
0.15 g N/g TPH degraded. Based on this, at the initial
levels of diesel used in the system described here,
optimal N concentration would be approximately
1,400 mg N-NH, /kg dw. This theoretical value is
far greater than the optimal value found in this study,
namely 250 mg N/kg dw. However, even if the amount
of 1,400 mg N/kg dw was the optimal nitrogen
concentration to allow complete diesel degradation,
its addition to the system in a single load from the start
of the treatment process would probably lead to
inhibition of the biodegradation. This was clearly
shown in this study, since additions of N beyond the
concentration of 500 mg N/kg dw led to reduced
oxygen consumptions. Still, it is noted that caution is
required when using Eq. 7, due to its being based on a
single measurement of the final concentration of TPHs.

According to the above discussion, a future
research goal might be the verification of Eq. 7, using
incremental loads of N during the remediation process
as well as additional measurements of final TPH
concentrations.

4 Conclusions

From the results of the study, it appears that:

e The optimum N content that led to the highest net
O, consumption was 250 mg N/kg dw, followed
by the 100 mg N/kg dw and 500 mg N/kg dw
contents. The corresponding optimum C:N ratios
were 40:1 followed by 100:1 and 20:1, respec-
tively. As the concentration of added nitrogen
increased beyond 500 mg N/dry kg (or a reduction
of the C:N ratio below 20:1), diesel biodegrada-
tion was reduced.

¢ The optimum Ny,o content was approximately
1,250 mg N/kg soil H,O. N values greater than
approximately 2,500 mg N/kg soil H,O inhibited
the degradation process.

* The oxygen consumption rates followed zero to
0.6 order kinetics based on an experimental
duration of more than 200 days. Kinetic
analysis of the first 50 days of the same

experiments resulted in lower reaction orders,
compared to the respective from the whole
experiments. This is important for field appli-
cations, when short-term (<2 months) experi-
ments are used to predict the performance of
bioremediation in the field.

e According to a theoretical diesel biodegradation
equation developed in this study, the theoretical
optimal N concentration to allow complete
degradation of all diesel contained in the soil
used here was 0.15 g N/g TPH degraded or
approximately 1,400 mg N/dry kg of soil.
However, the addition of N in a single load
at such levels at the initiation of the experi-
ment led to inhibition of the biodegradation
processes. It is, therefore, implied that N
should be added in incremental loads.
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