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EXECUTIVE SUMMARY 

 

The results presented within are a summary of research activities from November 2000 

until the end of April 2001 between the Gas Technology Institute (GTI), formerly known as 

Institute of Gas Technology, Department of Energy (DOE), and Federal Energy Regulatory 

Commission (FERC) funds managed by the Gas Research Institute (now a component of GTI).  

This report incorporates the data presented not in the first semiannual report or first annual 

report.  Chemically Accelerated Biotreatment (CAB) processes have been proven successful for 

the treatment of Manufactured Gas Plant (MGP) site wastes; therefore the technology is being 

investigated for application to wastes associated with petroleum/natural gas exploration and 

production (E&P) sites.  In addition, the application of CAB is being evaluated using risk-based 

analysis, along with traditional analytical chemistry testing, for endpoint determinations.  These 

results will be applied to the development of environmentally acceptable endpoints (EAE) in 

comparison to strictly analytical assessments.   

 

During this first 6 months of the second year, work was conducted in five major areas of 

the project:  

• Determining the nutrient limitations which constrain the abilities of indigenous 

bacteria in two crude oil-contaminated soils to degrade and mineralize aliphatic 

hydrocarbons (e.g. hexadecane) representative of crude oil 

• Applying these findings to solid-state (soil flask and soil column) experiments to 

attempt to increase oil degradation through use of nutrient amendments 

(especially gaseous N and/or P sources) 

• Establishing the Microtox® solid-phase assay as a suitable tool for monitoring 

toxicity reductions in oil-impacted soils during remediation experiments. 

• Determining the ability of individual strains of PAH-degrading bacteria to use 

triethylphosphate (TEP) as a phosphorus source, and assessing the possible effect 

of carbon source on this ability. 

• Documenting the ability of a strain of Mycobacterium austroafricanum to grow on 

and/or degrade a range of highly-recalcitrant 5- and 6-ring PAHs.  
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RESEARCH SUMMARY 

 Title Application of chemically accelerated biotreatment to reduce risk in oil-
impacted soils 

 Contractors U.S. Department of Energy 
DOE Contract No.  

  Institute of Gas Technology 
GRI Contract No. 8054 

 Principal 
 Investigator J. Robert Paterek 

Report Period November 2000 through April 2001 

 Objective The overall program objective is to develop and evaluate integrated 
biological/physical/chemical co-treatment strategies for the remediation of 
wastes associated with the exploration and production of fossil energy. The 
specific objectives of this project are: chemical accelerated biotreatment (CAB) 
technology development for enhanced site remediation, application of the risk 
based analyses to define and support the rationale for environmental acceptable 
endpoints (EAE) for exploration and production wastes, and evaluate both the 
technological technologies in conjugation for effective remediation of 
hydrocarbon contaminated soils from E&P sites in the USA.  

 Technical  
Approach  This project is part of the program of IGT/GRI in an effort to develop and 

enhance the microbiological approach to the degradation of wastes present at 
natural gas/petroleum production and exploration sites.  It is of primary 
importance to this program to develop the capability to biologically degrade all 
the mobile or available fraction of the toxic or hazardous hydrocarbons present 
at these sites, including the �recalcitrant� aromatic moieties, which include 
those compounds containing elements other than carbon in the rings.  To 
achieve this goal, research efforts focuses on enhancing the growth of microbial 
cultures with capabilities for biodegrading these compounds, aiding microbial 
activities by sequential or concurrent chemical oxidation of recalcitrant 
hydrocarbon moieties, determining the mobility and toxicity of the various 
hydrocarbon components in E&P wastes, in the conducting parametric studies to 
maximize detoxification of soils to meet �environmentally acceptable 
endpoints,� and providing scientific and engineering supports for future 
application of in-situ,  landfarming, and bioslurry reactor treatment 
technologies.  Research efforts under the GRI project focused on evaluating the 
performance of selected cultures under a variety of bioremediation conditions in 
simulated �real world� and field conditions found at representative E&P sites. 
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 Activities Experiments were conducted during this reporting period to extend the 
application of gaseous nutrient (particularly phosphorus) sources to support 
bioremediation of crude oil (i.e. aliphatic hydrocarbon)-contaminated soils.  
Toxicological experiments have been used to verify that suitable assays are in 
place for monitoring the detoxification of these soils during solid-phase 
bioremediation experiments, which will be run during the next six-month 
period.     
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RESEARCH ACTIVITIES 

DETERMINATION OF NUTRIENT LIMITATIONS IN E&P SOILS 

As a first step towards determining the ability of gaseous nutrient sources to 

support degradation of oil-derived aliphatic hydrocarbons in petroleum-contaminated 

E&P soils, it was necessary to first identify a candidate soil which was suitably nutrient-

limited.  This was accomplished through the use of slurry-phase cultures, as we have used 

throughout this project to assess nutrient effects on contaminant degradation under 

�ideal� conditions (i.e. in systems where issues such as nutrient and contaminant 

bioavailability were minimized). 

 

Homogenized soil samples (500 mg) were mixed with 50 ml sterile media (0.1ml 

Wolfe�s Vitamins (2 mg·l-1 biotin, 2 mg·l-1 folic acid, 10 mg·l-1 pyridoxine HCl, 5 mg·l-

1thiamine HCl, 5 mg·l-1 riboflavin, 5 mg·l-1 nicotinic acid, 5 mg·l-1 pantothenic acid, 0.1 

mg·l-1 cyanocobalamine, 5 mg·l-1 p-aminobenzoic acid, 5 mg·l-1 thioctic acid), 0.1ml 

Trace Minerals (100 mg·l-1 ZnSO4, 300 mg·l-1 H3BO3, 300 mg·l-1 CoCl, 10 mg·l-1 CuCl) 

and 0.8 ml N- & P-free (pH 7.2) Winogradsky medium (62.5 g·l-1 MgSO4·7H2O, 31.25 

g·l-1 NaCl, 1.25 g·l-1 FeSO4, 1.25 g·l-1 MnSO4) per 100 ml of sterile deionized water) in 

125-ml serum bottles.  Cultures were incubated at room temperature (approx. 25 ºC), with 

constant shaking at 170 rpm. 

  

In order to assess the degree of N- and P-limitation on PAH degradation inherent 

in each soil, 14C-hexadecane mineralization was measured in cultures of each of two 

crude oil-contaminated wellhead soils which received no supplemental N or P, N only (as 

NH4Cl), P only (as KH2PO4), or both N and P.  CO2 traps were made by wrapping 

stainless steel wire around the necks of 12 x 32 mm borosilicate glass autosampler vials 

and pushing the wire through 20-mm Teflon silicone-lined septa.  These assemblies were 

placed in the serum bottles, which were then crimped with aluminum seals.  Syringes 

were used to inject 1 ml of 0.5M NaOH into each CO2 trap.  Periodically, the CO2-

containing NaOH solution was withdrawn from the traps, mixed with 5 ml of Ultima 

Gold® high-flashpoint LSC cocktail solution (Packard, Meriden, CT), and counted in a 
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liquid scintillation counter (Packard Model 2200CA Tri-Carb).  Fresh NaOH was then 

added to the CO2 traps.  Cultures containing 14C- hexadecane typically received ca. 

60,000-80,000 dpm of labeled hexadecane in 20 µl of methanol. 

 

Six combinations were then investigated for nitrogen (N) and phosphorus (P) 

supplementation: NH4Cl/KH2PO4; N2O/KH2PO4; NH4Cl/TEP; NH4Cl/TBP; N2O/TEP 

and N2O/TBP.  Within each condition, duplicate cultures were employed.  In all cases, 

addition of N and P sources was normalized on a molar basis to provide 9.2 mM N and 

3.7 mM P.  When N2O was used, it was added by injection to sealed bottles.   

 

SOLID-STATE REMEDIATION OF E&P SOILS 

The preferred configuration for evaluation of gaseous nutrient compounds in 

solid-phase systems is shown in Figure 1 (in practice, an air inlet line is generally hooked 

to a bubbler or airstone in the flask, such that air is flushed through the system to 

facilitate volatilization of the nutrient).  Soil is sampled (top and bottom of the column) 

before and after TEP addition to verify (by analyzing total P) that all supplemented P was 

captured by the soil column.  Periodic sampling can then be done of soil at both ends of 

the column to assess degradation of TPH and/or PAH, and total bacterial populations 

(both total heterotrophs and alkane- and/or PAH-degraders) and activity.   
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Figure 1 – System used for evaluating effectiveness of gasifiable nutrients (such as 

triethylphosphate) in solid-phase systems (vadose-zone soils). 

 

 

 

Because the first experiments of this nature, in which N and P (as ammonium 

nitrate and either TEP or KH2PO4, respectively) showed very low bacterial populations 

after one week (4 to 5 orders of magnitude lower than water-only controls), we have 

switched to an initial evaluation of nutrient-amendment systems prior to initiating column 

studies.  These are being conducted in stoppered flasks, with sidearm reservoirs 

containing NaOH as a CO2 trap.  Radiolabeled hexadecane (as a model aliphatic 

hydrocarbon is added to the soil, and evolution of 14CO2 over time is taken as a measure 

of the performance of the system under various supplementation conditions.  Once 

nutrient-amendment conditions can be defined which appear to support contaminant 

degradation in this screening system, they will then be applied in the column system 

shown above to fully study the effects of gaseous nutrients on hydrocarbon degradation 

and its underlying microbiology. 
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TOXICITY DETERMINATIONS WITH MICROTOX  SOLID-PHASE TEST 

In order to determine whether the Microtox solid-phase test would be suitable for 

assessing the potential toxicity of the E&P soils to be used in solid-state remediation 

experiments and in determinations of environmentally acceptable endpoints, this assay 

was run on one of the oil-contaminated soils (AB).  All procedures were followed 

according to manufacturer�s instructions, and clean coarse sand (the same sand used to 

dilute the soil for column experiments) was used as a control.   

 

USE OF TEP BY INDIVIDUAL BACTERIAL STRAINS 

The abilities of individual PAH-degrading isolates to utilize TEP as a phosphorus 

source were assessed by generating growth curves in 96-well microplates.  Four parallel 

sets of cultures were run: One set contained glucose as the sole C source and TEP as the 

sole P source; other sets contained glucose/KH2PO4, phenanthrene/TEP, and 

phenanthrene/KH2PO4.  All conditions were tested in triplicate.  Absorbance 

measurements were taken periodically, until it could be determined that the stationary 

growth phase was reached for each culture under each condition.  Thus, the data collected 

in this experiment represents the maximal growth (biomass) attainable under each 

condition. 

  

PAH GROWTH RANGE OF MYCOBACTERIUM AUSTROAFRICANUM 

In experiments which we have reported previously, we attempted to determine the 

range of PAH compounds which could be degraded by M. austroafricanum by conducting 

growth experiments in 96-well microplates.  Under a fume hood, individual PAHs are 

dissolved in solvents and added to the wells, and solvent is allowed to evaporate 

overnight.  The amount of PAH actually deposited into the wells ranged from 0.2 µg to 

17.2 µg.  A small amount of bacteria (one small colony from a phenanthrene-sublimated 

gel plate) was added to approximately 20 ml of mineral salts medium and vortexed; 180-

µl aliquots of the resultant bacterial suspension were then added to each PAH-containing 

well.  Iodonitrotetrazolium violet (INT) was added to each well at the start of the 

experiment at a concentration of 0.2 mg·ml-1.  In the presence of active respiring bacteria, 
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INT forms a reddish-purple precipitate when reduced to insoluble formazan.  Plates were 

thus observed visually; wells with red or purple precipitate were scored as positive.  

Separate wells containing media, INT and bacteria were used as negative controls.  

During incubation, microplates were sealed in zip-lock bags, to reduce any evaporation 

loss, and stored at room temperature.   

 

We have also employed several other methods to corroborate the results which we 

obtained in INT experiments.  In the first of these, high-molecular-weight PAHs which 

emerged from this experiment as probable growth substrates were sublimated onto plates 

(either noble gel agar or a yeast extract/peptone/starch agar) which had been spread-plated 

with M. austroafricanum.  These were then observed over a period of several weeks to 

detect clearing zones.   

 

An additional experiment was conducted which used the same approach as the 

INT microplate experiment described above, except that INT was omitted, and growth of 

the bacterium (assessed as absorbance at λ = 600 nm) was monitored periodically over a 

period of approximately 10 days. 
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RESULTS 

 

DETERMINATION OF NUTRIENT LIMITATIONS IN E&P SOILS 

The extents of hexadecane mineralization in slurry microcosms containing 

indigenous microbes from the two oil-contaminated E&P soils are shown in Figure 2 

below.  Both of the two soils tested evidenced very significant limitations for nitrogen; 

this was most notable in soil AB, in which the amount of 14CO2 released through 

hexadecane mineralization was approximately 17-fold higher in N-supplemented 

conditions versus those with no nutrient addition.  Similar patterns were seen in soil C, 

although the degree of stimulation by supplemental N was not as high as in soil AB.  The 

other notable difference between the two soils was in the significance of the phosphorus 

limitation: While soil AB supported significantly higher mineralization when both N and 

P were added (vs. N only), the two conditions behaved virtually identically in soil C.   

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2 – Effects of N and P addition on mineralization of hexadecane by microbes indigenous to oil-

contaminated E&P soils.  Graph A = Soil AB; Graph B = Soil C 
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Thus, it can be concluded that, in terms of degradation of oil-related 

hydrocarbons, the microbes in soil AB are strongly limited by their available N supply, 

and, when N is added in sufficient levels, a significant P limitation also becomes 

apparent.  In contrast, soil C contained sufficient P supplies that N alone was the limiting 

factor for hydrocarbon degradation.  Given that the goal of the experiments undertaken 

here was to evaluate potential gaseous N and P sources for their effects on hydrocarbon 

remediation, soil AB was selected for further work, due to the fact that it was found to be 

limited for both nutrients. 

 

The ability of the indigenous microbes in soil AB to mineralize hexadecane was 

then investigated under different conditions of nitrogen and phosphorus supplementation.  

The results of this experiment are shown in Figure 3 below. 
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Figure 3 – Ability of gaseous N and P compounds to overcome nutrient limitations and support 

hexadecane mineralization by indigenous microbes in soil AB. 

 

 

These results clearly show that use of TEP as an alternative to inorganic 

phosphate to support remediation of aliphatic hydrocarbons is quite feasible in this soil; 

mineralization of hexadecane with TEP as a phosphorus source was nearly equal to that 

with KH2PO4.  TBP supported considerably less hexadecane mineralization, and use of 
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N2O as a source of N was found to be extremely deleterious to the performance of the 

system. 

 

 

SOLID-STATE REMEDIATION OF E&P SOILS 

Thus far, none of the nutrient-amendment regimes tested in solid-phase systems 

(soil flasks) has had any stimulatory effect on hexadecane mineralization.  In fact, all 

nutrient additions (including either ammonium nitrate or ammonium chloride as N 

sources) completely abolished the release of 14CO2 from cultures grown with radiolabeled 

hexadecane.  Solid-state cultures which received water only did mineralize hexadecane, 

albeit at a considerably slower rate than in slurry-phase systems.  This is true despite the 

fact that, on a per-soil-mass basis, the amount of N added to the solid-state cultures is 

very similar to that added to the slurry cultures in earlier experiments.   

 

TOXICITY DETERMINATIONS WITH MICROTOX SOLID-PHASE TEST 

The crude oil-contaminated soil which is to be used in the solid-state remediation 

experiments (Mt. Vernon AB) has been subjected to toxicity testing by the Microtox 

solid-phase assay system.  When the AB soil, diluted 1:1 with clean coarse sand (see 

above) was subjected to analysis, an EC50 value of 4200 mg/l (± 700 mg/l, n=2) was 

obtained.  For purposes of comparison, the corresponding value derived for the sand itself 

was 80,000 (± 10,000) mg/l.  Thus, the oil-contaminated soil does demonstrate very 

significant toxicity through the Microtox assay (almost 20-fold more toxic than a 

comparable clean soil), and this assay is judged suitable for tracking toxicity reductions 

during treatment of the soil.   

 

USE OF TEP BY INDIVIDUAL BACTERIAL STRAINS 

The abilities of various bacterial strains to grow (on either glucose or 

phenanthrene as a sole source of carbon and energy) were compared with potassium 

phosphate (KH2PO4) or TEP serving as the source of phosphorus.  Results for this 

experiment were as follows (all data are absorbance readings at λ = 600 nm during 
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stationary phase of culture, and represent averages and standard deviations of triplicate 

determinations). 

 

 

 Glucose Phenanthrene 

 KH2PO4 TEP KH2PO4 TEP 

Acidovorax 1.041± 0.11 0.63 ± 0.12 0.20 ± 0.01 0.23 ± 0.02 

Burkholderia 1 0.80 ± 0.05 0.86 ± 0.21 0.74 ± 0.01 0.49 ± 0.03 

Burkholderia 2 0.57 ± 0.16 0.63 ± 0.18 0.54 ± 0.09 0.11 ± 0.01 

Burkholderia 3 0.54 ± 0.09 0.49 ± 0.01   

Pseudomonas 1 0.19 ± 0.02 0.13 ± 0.01 0.18 ± 0.02 0.13 ± 0.01 

Pseudomonas 2 0.20 ± 0.02 0.25 ± 0.02 0.15 ± 0.07 0.19 ± 0.16 

Pseudomonas 4 0.73 ± 0.02 0.93 ± 0.07 0.72 ± 0.23 0.52 ± 0.19 

Pseudomonas 6  0.18 ± 0.02 0.11 ± 0.02 0.11 ± 0.01 0.06 ± 0.02 

Sphingomonas 1 0.71 ± 0.08 0.49 ± 0.02 0.36 ± 0.12 0.24 ± 0.02 

Sphingomonas 3 0.74 ± 0.01 0.58 ± 0.04   

 

 

Thus, several bacterial strains show marked preferences for KH2PO4 over TEP. 

The most notable examples of these include Acidovorax (when growing on glucose) and 

Pseudomonas strain #6 and Burkholderia strain #2 on phenanthrene; the latter is 

particularly significant, with nearly 5-fold better growth occurring on inorganic phosphate 

than on TEP.   
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PAH GROWTH RANGE OF MYCOBACTERIUM AUSTROAFRICANUM 

A strain of Mycobacterium austroafricanum was isolated for its ability to degrade 

phenanthrene (producing clearing zones on phenanthrene-sublimated gel plates), and was 

found to also degrade the four-ring PAHs fluoranthene and pyrene as sole carbon and 

energy sources.  As we have previously reported, we then assayed the PAH catabolic 

range of this strain by using 96-well plates, and assessing growth (respiration) via the 

deposition of reduced formazan deposits upon incubation with iodonitrotetrazolium violet 

(INT).  This type of experiment led us to conclude that the strain in question was capable 

of growth on a wide variety of PAHs, including:  

 

3-Ring compounds 

 Acenaphthene, Acenaphthylene, Anthracene, Fluorene, Phenanthrene 

4-Ring compounds 

Benz[a]anthracene, 2,3-Benzofluorene, Chrysene, Fluoranthene, Perylene, 

Pyrene, Triphenylene 

5-Ring compounds 

 Benzo[b]fluoranthene, 2,3-Benzofluoranthene, Benzo[a]pyrene 

6- Ring compounds 

 Benzo[g,h,i]perylene 

 

Because of the novelty of this finding (in particular the ability of a bacterium to 

degrade 6-ring PAHs), we have sought to confirm this through other methods.  When M. 

austroafricanum (pre-grown on plates with either phenanthrene or fluoranthene as sole 

source of carbon) was spread-plated onto gel plates which were then sublimated with 4- 

to 6-ring PAHs, evidence of clearing zones was seen with the two benzofluoranthenes 

(benzo[b]fluoranthene and 2,3-benzofluoranthene), but not with other compounds.  

However, when agar plates composed of the yeast extract/peptone/soluble starch (YPS) 

medium (used for the growth of PAH-degrading Mycobacterium species) were employed 

instead, evidence of at least partial clearing zones was seen with all of the 4-, 5-, and 6-

ring compounds listed above; this was frequently very significant, as can be seen in the 

case of the clearing zones formed by colonies degrading benzo[g,h,i]perylene in Figure 4.  
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The apparent contradiction in these two sets of results may be explained by the fact that 

some bacteria have been found to be incapable of establishing colonies, when grown on 

hydrocarbon substrates, from a single cell.  Other authors have postulated this to be due to 

the inability of single cells to attach to hydrocarbon crystals (or liquid/liquid interfaces in 

the case of oils) strongly enough to initiate their degradation, and have found that, in 

some cases, as many as ten or more cells may be required to initiate a viable colony under 

these conditions.  Because the bacteria grown on YPS plates are able to use components 

of this medium as carbon sources, they may be able to overcome this limitation, and give 

rise to colonies which are capable of degrading the sublimated PAH. 

          

We have also conducted a growth-curve experiment (in 96-well microplates) to 

determine the ability of M. austroafricanum to grow on various high-molecular-weight 

PAH species.  Results of this experiment are given in Figure 5. 

 

                            
                           

Figure 4 – Clearing of benzo[g,h,i]perylene by colonies of Mycobacterium austroafricanum 

during growth on yeast extract/peptone/starch agar plates. 
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Figure 5 – Growth of Mycobacterium austroafricanum in 96-well microplates with various three-, 

four-, or five- and six-ring PAHs serving as a sole source of carbon and energy. 
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We conducted a series of liquid-culture experiments to begin to evaluate the abilities of gaseous sources of
nitrogen and phosphorus to support biodegradation of polycyclic aromatic hydrocarbons (PAHs). Nutrients
examined included nitrous oxide, as well as triethylphosphate (TEP) and tributylphosphate (TBP). Cultures
were established using the indigenous microbial populations from one manufactured gas plant (MGP) site and
one crude oil-contaminated drilling field site. Mineralization of phenanthrene was measured under alternative
nutrient regimes and was compared to that seen with ammoniacal nitrogen and PO4. Parallel cultures were
used to assess removal of a suite of three- to five-ring PAHs. In summary, the abilities of the different
communities to degrade PAH when supplemented with N2O, TEP, and TBP were highly variable. For example,
in the MGP soil, organic P sources, especially TBP, supported a considerably higher degree of removal of
low-molecular-weight PAHs than did PO4; however, loss of high-molecular-weight compounds was impaired
under these conditions. The disappearance of most PAHs was significantly less in the oil field soil when
organophosphates were used. These results indicate that the utility of gaseous nutrients for PAH bioremedia-
tion in situ may be limited and will very likely have to be assessed on a case-by-case basis.

Approximately 1,500 former manufactured gas plant (MGP)
sites in the United States are estimated to exhibit contami-
nated soil and groundwater due to coal and oil gasification and
liquefaction operations (9). Similarly, at least 700 identified
sites in the United States are contaminated with creosote as a
result of improper handling and disposal of materials during
wood-preserving activities (18). Both of these classes of sites
are considered to pose a significant potential health risk for
humans and wildlife, since the wastes generated in these pro-
cesses (primarily coal tars and related substances) contain nu-
merous toxic, carcinogenic, and/or mutagenic compounds.

The most notable class of hazardous compounds found in
both coal tar and its derivatives (e.g., creosote) is the polycyclic
aromatic hydrocarbons, or PAHs (19, 20), which consist of two
or more benzene rings fused into a single aromatic structure.
Mammalian liver enzymes (cytochromes P-450 and epoxide
hydrolase) oxidize certain PAHs to fjord- and bay-region diol-
epoxides (2, 11, 17, 29, 30); these moieties form covalent ad-
ducts with DNA (17, 28). Therefore, many PAHs are genotoxic
and/or carcinogenic (1, 2, 8, 14, 23) and promote similar effects
of other compounds (6). Thus, a total of 16 PAHs have been
included on the U.S. Environmental Protection Agency (EPA)’s
priority pollutant list (13).

Bioremediation has long been proposed as a treatment tech-
nology for the decontamination of PAH-contaminated soils.
Numerous bacteria are known to catabolize various two-,
three-, and four-ring PAHs as sole sources of carbon and
energy (for a review, see reference 5), thus making them good
candidate species for site remediation applications. The effi-
cacy of bioremediation approaches, particularly when applied

in situ, depends on overcoming any potential nutrient limita-
tions within the soil system to be remediated. In the case of
hydrocarbon-contaminated soils, the limiting nutrient is most
frequently either phosphorus or nitrogen or, in some cases,
both of these. This can be ameliorated via the subsurface
injection of soluble nutrients; however, the resultant very high
concentrations of nutrients in the immediate vicinity of such
injection wells has been observed to lead to excessive localized
microbial growth, with concomitant “biofouling” of the wells
(4).

The use of gaseous nutrients (N and P compounds with
sufficiently high vapor pressures to allow their conversion to a
gas under environmental conditions) has been demonstrated in
situ as a means of better distributing nutrients throughout the
system in support of soil bioremediation. Triethylphosphate
(TEP) and tributylphosphate (TBP), although mildly toxic and
corrosive irritants, are nonetheless the safest phosphorus com-
pounds which can readily be gasified (in comparison with, for
example, phosgene or the carcinogenic trimethylphosphate).
They have thus been utilized as phosphorus sources (4, 21) in
a patented process (15, 16). Similarly, gaseous nitrous oxide
has been used to supply nitrogen (4, 21). The delivery of gas-
eous nutrients has been shown to enhance the in situ remedia-
tion of chlorinated solvents and volatile organic compounds (4,
21), as well as C4-C10 alkanes and monoaromatic hydrocarbons
(e.g., benzene, toluene, ethylbenzene, and xylene) (24). It has
not, however, been documented as a means of enhancing the
remediation of PAH-contaminated soils.

This paper presents the results of liquid-culture studies of
the abilities of organic phosphates (TEP and TBP) and N2O to
support degradation of PAH by bacteria present in MGP and
other petroleum-contaminated site soils. Liquid-culture condi-
tions, although clearly not representative of field conditions,
were chosen in order to evaluate microbial performance under

* Corresponding author. Mailing address: Gas Technology Institute,
1700 South Mount Prospect Rd., Des Plaines, IL 60018. Phone: (847)
768-0719. Fax: (847) 768-0669. E-mail: bill.bogan@gastechnology.org.
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conditions of optimal bioavailability. In general, we have found
that while removal of some PAHs in some soils does appear
to be significantly stimulated through the use of alternative
sources of N and P, this effect is not universal. There appears
to be considerable site-specific variability based on differences
in microbiology, soil chemistry, and/or soil structure, implying
that soil treatability evaluations will have to be conducted on a
case-by-case basis. Our results will serve as a starting point for
studies on the use of gaseous N and P sources to support PAH
bioremediation in soil column microcosms which are more
representative of site conditions.

MATERIALS AND METHODS

Soils. Soil samples were obtained from sites with a history of industrial activ-
ities leading to PAH contamination. The MGP soil is a loamy sand (86% sand,
5% clay, 9% silt) from a New Jersey site, whereas the oil field soil is a crude
oil-contaminated sandy loam (63% sand, 3% clay, 34% silt) obtained from the
vicinity of a wellhead in a drilling field in southern Illinois. PAH concentrations
for the two soils are given in Table 1. The oil field soil, although very high (ca.
16% [data not shown]) in total petroleum hydrocarbons, actually contained
relatively modest levels of PAH, as can be seen in Table 1. Each of these soils was
air dried (to ca. 3% moisture) and homogenized immediately prior to use.

Culture conditions. Homogenized soil samples (500 mg) were mixed with 50
ml of sterile media (0.1 ml of Wolfe’s vitamins [2-mg z liter21 biotin, 2-mg z

liter21 folic acid, 10-mg z liter21 pyridoxine HCl, 5-mg z liter21 thiamine HCl,
5-mg z liter21 riboflavin, 5-mg z liter21 nicotinic acid, 5-mg z liter21 pantothenic
acid, 0.1-mg z liter21 cyanocobalamine, 5-mg z liter21 p-aminobenzoic acid, 5-mg z

liter21 thioctic acid], 0.1 ml of trace minerals [100-mg z liter21 ZnSO4, 300-mg z

liter21 H3BO3, 300-mg z liter21 CoCl, 10-mg z liter21 CuCl], and 0.8 ml of N- and
P-free Winogradsky medium [pH 7.2] [62.5-g z liter21 MgSO4 z 7H2O, 31.25-g z

liter21 NaCl, 1.25-g z liter21 FeSO4, 1.25-g z liter21 MnSO4] per 100 ml of sterile
deionized water) in 125-ml serum bottles. In order to assess the degree of N and
P limitation on PAH degradation inherent in each soil, [14C] phenanthrene
mineralization was measured in cultures of each of the three soils which received
no supplemental N or P, N only (as NH4Cl), P only (as KH2PO4), or both N and
P. Six combinations were then investigated for N and P supplementation: NH4Cl
plus KH2PO4; N2O plus KH2PO4; NH4Cl plus TEP; NH4Cl plus TBP; N2O plus
TEP; and N2O plus TBP. Within each condition, duplicate cultures were em-
ployed. In all cases, addition of N and P sources was normalized on a molar basis
to provide 9.2 mM N and 3.7 mM P. When N2O was used, it was added by
injection to sealed bottles. In order to ensure the presence of at least some
bioavailable PAH, all cultures were also supplemented with 50 ml of a PAH-
containing extract from a second MGP soil (approx. 12,000 ppm of total PAH;
Table 1) dissolved in n,n-dimethylformamide. One set of cultures (duplicates of
each condition) was further supplemented with 14C-phenanthrene for mineral-

ization determinations (see below), while one received no radiolabel and was
used to simultaneously measure the extent of disappearance of multiple PAHs.
Both sets of cultures were incubated at room temperature (approximately 25°C)
with shaking at 170 rpm. Poisoned controls (10 mg of HgCl2 per culture) were
also conducted in duplicate.

Mineralization of 14C-PAH. CO2 traps were made by wrapping stainless steel
wire around the necks of 12-by-32-mm borosilicate glass autosampler vials and
pushing the wire through 20-mm Teflon silicone-lined septa. These assemblies
were placed in the serum bottles, which were then crimped with aluminum seals.
Syringes were used to inject 1 ml of 0.5 M NaOH into each CO2 trap. Periodi-
cally, the CO2-containing NaOH solution was withdrawn from the traps, mixed
with 5 ml of Ultima Gold high-flashpoint liquid scintillation cocktail (Packard,
Meriden, Conn.) and counted in a liquid scintillation counter (Packard model
2200CA Tri-Carb). Fresh NaOH was then added to the CO2 traps. Cultures
containing 14C-phenanthrene typically received ca. 80,000 to 100,000 dpm of
PAH in 20 ml of methanol.

Extraction and high-pressure liquid chromatography (HPLC) analysis. Soil
samples were centrifuged (10 min, 5,000 3 g) in stainless-steel containers to
separate solid and aqueous phases. Soil solids were mixed with anhydrous so-
dium sulfate (1:1) and ground with a mortar and pestle to form a fine powder.
Sonication was performed according to EPA method 3550A (27) using 1:1
hexane-acetone (30 ml) as the solvent and was repeated three times. The extracts
were combined and vacuum filtered before evaporation. The aqueous phases of
various cultures were extracted threefold with methylene chloride as per EPA
method 3510B (27). These extracts were then dried by passage through anhy-
drous sodium sulfate. Both solid and aqueous extracts were evaporated to dry-
ness under a stream of N2 in a Turbovap evaporator (Zymark, Hopkinton, Mass.)
and exchanged into acetonitrile (ACN) (1 ml). Ten microliters of this solution
was analyzed by reverse-phase HPLC (EPA method 8310 [27]) using a Supelcosil
LC-PAH column (15 cm by 4.6 mm) and a Waters HPLC system coupled to a
diode-array detector (Waters model 996). The following gradient was used, with
a flow rate of 1.5 ml z min21 throughout: 0 min, 60% H2O–40% ACN; 25 min,
100% ACN (hold for 2 min); 33 min, 60% H2O–40% ACN. Identities of indi-
vidual PAHs were verified by comparing the retention times and the absorbance
spectra and quantified by comparison with five-point standard curves (all r2

values were .0.988).
Chemicals. [9-14C]phenanthrene (reported purity, 98%) was purchased from

Sigma (St. Louis, Mo.). TEP (99% pure) and TBP (98%) were purchased from
Aldrich (Milwaukee, Wis.); N2O (ultra-high purity) was from Matheson Gas
Products (Joliet, Ill.). NH4Cl and KH2PO4 were purchased from Mallinckrodt
Chemicals (Paris, Ky.), and NaOH and HPLC-grade solvents were purchased
from Fisher Chemicals (Fairway, N.J.). Authentic PAH standards for use in
HPLC analysis were obtained from Ultra Scientific (Kingstown, R.I.).

RESULTS AND DISCUSSION

Nutrient limitations were assessed for each site soil by de-
termining the degree of phenanthrene mineralization which
occurred in the absence of any supplemental N or P; this was
then compared to that which was supported by either nutrient
singly or when the two were combined. Data for these trials are
shown in Fig. 1. Both soils were strongly nutrient limited. The
MGP soil showed an especially strong N limitation and a P
limitation which was also significant, while the oil field soil was
greatly limited by both N and P; in this case, neither nutrient
alone was capable of enhancing 14CO2 release at all relative to
results with unsupplemented conditions.

Cultures of the microbial communities from the two soils
were examined for their ability to mineralize phenanthrene
under various conditions of N and P supplementation. We also
determined, using reverse-phase HPLC, disappearance of a
range of three- to six-ring PAHs from cultures under the same
set of nutrient supplementation conditions.

In the case of the MGP soil, there was little effect of varying
nutrient compositions on mineralization of spiked [14C] phen-
anthrene, as can be seen in Fig. 2. All nutrient regimes exam-
ined sustained between 50 and 70% conversion to CO2, with
the only significant difference between the different treatments

TABLE 1. Initial levels of PAH in the soils incorporated in this
study, as well as the n,n-dimethylformamide-solubilized

extract of MGP soil which was added as
a supplemental source of available PAH

PAH

Concn (ppm) of PAH in:

Soils Supplemental
extractMGP Oil field

Fluorene 88 1.0 1,172
Phenanthrene 239 3.5 2,140
Anthracene 359 0.7 4,494
Fluoranthene 643 0.8 1,102
Pyrene 940 1.1 666
Benz[a]anthracene 168 ,0.4 377
Chrysene 182 4.3 387
Benzo[b]fluoranthene 82 ,0.4 316
Benzo[k]fluoranthene 51 1.2 247
Benzo[a]pyrene 106 ,0.5 277
Dibenz[ah]anthracene 26 ,0.4 147
Benzo[ghi]perylene 14 ,0.4 64
Indeno(123-cd)pyrene 20 ,0.4 140
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being a slightly longer lag time prior to mineralization in the
three conditions in which N2O served as the nitrogen source.
Cultures receiving HgCl2 (10 mg) were still capable of miner-
alizing 7.3% of the input phenanthrene.

Under conventional nutrient additions (NH4 and PO4), the
microbial community present in the MGP soil displayed sig-

nificant removal of all three-ring compounds examined, as well
as some elimination of several four- and five-ring PAHs (Table
2). A separate experiment, in which mineralization of 14C-
pyrene was measured (data not shown), indicated that no min-
eralization of this PAH occurred; thus, it seems possible that
the loss of pyrene seen in this soil may be due to cometabolic

FIG. 1. Extent of [14C]phenanthrene mineralization (during a total incubation time of 5 weeks) in each soil in the absence of N or P
supplementation or when NH4Cl and KH2PO4 were added either singly or in combination.

FIG. 2. Mineralization of phenanthrene and pyrene by the microbial community associated with the MGP soil under various conditions of N
and P supplementation.
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effects (7), which may also account for the loss of other four-
and five-ring compounds. No loss of six-ring PAHs was ob-
served in this soil (data not shown). The data in Table 2 clearly
show that substitution of alternative N and P sources does not,
in most cases, enhance microbial PAH degradation in this soil.
The combination of NH4 and TBP results in enhanced removal
of phenanthrene and anthracene (relative to results with NH4

and PO4); however, losses of fluorene and fluoranthene are no
greater under these conditions, and four- and five-ring com-
pounds are unaffected. Most other nutrient regimes supported
degradation of only the most labile compounds (fluorene,
phenanthrene, and anthracene).

In the crude oil-contaminated wellhead soil, as in the MGP
soil, mineralization of phenanthrene was greatest in the NH4Cl-
plus-KH2PO4 cultures (Fig. 3), again exceeding 80%. In this

soil, use of any of the alternative nutrients substantially re-
duced the mineralization of phenanthrene. Pairwise compari-
sons of the different conditions showed clear trends, since all
three of the NH4-containing cultures outperformed their N2O-
containing counterparts. Furthermore, the trend in which PO4

outperformed TEP which, in turn, outperformed TBP was true
for both the NH4 and N2O sets of cultures. Killed controls
evolved 1.7% of the input 14C as CO2.

The extent of PAH removal from the oil field soil was con-
siderably higher than that from the MGP site soil. Table 3
shows that nearly all compounds examined were significantly
removed from this soil (which, as described above, is strongly
N and P limited for mineralization of phenanthrene) under the
NH4-plus-PO4 supplementation; this includes five-ring PAHs.
Again, inasmuch as no significant mineralization of pyrene was

TABLE 2. Percent recovery (versus time-zero levels) of selected three- to five-ring PAHs from the MGP soil
after 38 days of treatment under various conditions of N and P supplementation

PAHa
% Recovery of PAH after treatment withb:

NH4 1 PO4 N2O 1 PO4 NH4 1 TEP NH4 1 TBP N2O 1 TEP N2O 1 TBP Poison (killed controls)

FLU 16 6 0 36 6 11 46 6 6 12 6 4 51 6 13 51 6 5 76 6 6
PHE 24 6 2 35 6 2 52 6 4 7 6 2 45 6 8 36 6 1 107 6 1
ANT 25 6 6 45 6 7 44 6 3 6 6 0 51 6 7 102 6 8 124 6 4
FLA 63 6 5 109 6 12 118 6 5 67 6 13 111 6 14 131 6 9 112 6 4
PYR 86 6 15 116 6 5 137 6 8 104 6 21 128 6 11 132 6 15 118 6 4
BAA 90 6 11 108 6 7 140 6 7 120 6 24 128 6 7 123 6 6 105 6 4
CHR 90 6 10 143 6 14 140 6 11 122 6 21 128 6 3 115 6 12 97 6 2
BBF 99 6 15 95 6 12 162 6 15 144 6 26 143 6 9 145 6 8 135 6 20
BKF 68 6 12 125 6 5 105 6 10 94 6 18 101 6 4 97 6 10 85 6 10
BAP 86 6 13 132 6 13 149 6 14 124 6 28 128 6 4 121 6 5 105 6 8

a FLU, fluorene; PHE, phenanthrene; ANT, anthracene; FLA, fluoranthene; PYR, pyrene; BAA, benz[a]anthracene; CHR, chrysene; BBF, benzo[b]fluoranthene;
BKF, benzo[k]fluoranthene; BAP, benzo[a]pyrene.

b Values are given as means 6 the standard deviations.

FIG. 3. Mineralization of phenanthrene and pyrene by the microbial community associated with the crude oil-contaminated oil field soil under
various conditions of N and P supplementation.
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seen in this case (data not shown), it seems possible that some
of the losses of high-molecular-weight (HMW) PAHs are co-
metabolic in nature. As with the MGP soil, inclusion of an
alternative source of either N or P significantly impeded PAH
removal for many compounds, although essentially complete
removal of some (phenanthrene, anthracene, and fluorene) did
still occur under all nutrient regimes. In the case of this soil, it
appears that N2O is more capable of serving as a nitrogen
source than either TBP or TEP is as a phosphorus source, since
the N2O-PO4 combination supports a broader and more ex-
tensive removal of HMW species than do any conditions in-
cluding either of the alkyphosphates.

Among the soils examined in this work, it is clear that the
bacteria present in the oil field soil were more adept at remov-
ing PAHs, including the HMW species. This is interesting
because although the soil in question has very high levels of
total petroleum hydrocarbons (approximately 16.2%), the lev-
els of PAHs are actually quite low. As can be seen in Table 1,
the initial levels of total PAH in this soil were no higher than
approximately 20 ppm. The superior ability of the microbial
community in this soil to degrade PAH may therefore be the
result of a long period of constant or recurring low-level ex-
posure to these compounds.

It has been stated by other authors that the P contained in
organophosphorus molecules, such as TEP, is not available to
all microbes (4). In fact, the selective pressure exerted through
the addition of TEP was looked upon as an advantage in the
case of cometabolic remediation of TCE- and PCE-contami-
nated groundwaters by type II methanotrophs, which are ca-
pable of utilizing TEP as a phosphorus source. Coinjection of
TEP and methane into a solvent-contaminated aquifer thus
caused up to 1,000-fold increases in the activities of these
bacteria, while the total bacterial biomass remained essentially
unchanged (4, 21). Literature on the taxonomic distribution
and extent of TEP and TBP utilization is limited. A mixed
culture of Pseudomonas strains was capable of releasing PO4

from TEP; this was examined for the removal (via precipitation
of HUO2PO4) of UO2

21 from uranium-contaminated mine
wastewaters (26). Similarly, other Pseudomonas strains (22), as
well as strains of Hyphomicrobium (10) and Acinetobacter (25),
are known to be able to utilize TBP, TEP, and/or trimethyl-
phosphate as sole sources of P.

Our results, however, imply that the ability to utilize TEP or
TBP and N2O, at least under slurry conditions, is not a uni-
versal attribute among PAH-degrading bacteria. The ability of
alternative nutrient combinations to actually enhance PAH
removal relative to results with NH4-plus-PO4-supplemented
cultures seems to have been restricted to the MGP soil and
was, even in this case, seen only with lower-molecular-weight
compounds.

It is possible that some of our results were due to the effects
of the solubility of TEP and TBP on their availability to PAH-
degrading bacteria. As a consequence of its longer aliphatic
groups and resultant greater hydrophobicity, TBP is more re-
sistant to solubilization than TBP; for example, we observed
that the former tended to form persistent globules in the cul-
ture media, whereas the latter did not. It is, however, difficult
to attribute these observations to the effects of solubility alone,
since the same adaptations (e.g., lipid-rich outer cell layers,
production of biosurfactants) which confer the capability to
take up HMW PAHs upon bacteria such as Mycobacterium (3,
12) and Sphingomonas (3) would be expected to have the same
effect on TBP. It is therefore possible that the increased re-
moval of some PAHs which was occasionally seen with TBP
(Table 2), as well as the high mineralization of phenanthrene
supported by both alkylphosphates in the MGP soil (Fig. 2),
may reflect the participation of some of these bacteria. These
species may actually be favored by the use of more hydropho-
bic nutrient sources, both because of increased compatibility
with their uptake systems and a more favorable distribution
within the microcosm. Hydrophobic nutrient sources, such as
TBP, might be expected to partition onto soil organic matter,
which might be beneficial to organisms such as those listed
above, many of which tend to be adherent in nature (3). We
have isolated several Sphingomonas strains from these two soils
(3a); further examination of these isolates’ relative abilities to
utilize these alternative nutrient sources may help to address
these questions.

The diffusivity of TEP and TBP is approximately 5 orders of
magnitude higher in the gaseous phase than when these com-
pounds are dissolved in water (4). Thus distribution would be
expected to improve somewhat in vadose soil (4, 21), and the
issue of the availability of P to soil surface adherents should be
less of a factor than it may have been in these preliminary

TABLE 3. Percent recovery (versus time-zero levels) of selected three- to five-ring PAHs from the oil field soil
after 38 days of treatment under various conditions of N and P supplementation

PAHa
% Recovery of PAH after treatment withb:

NH4 1 PO4 N2O 1 PO4 NH4 1 TEP NH4 1 TBP N2O 1 TEP N2O 1 TBP Poison (killed controls)

FLU 0 6 0 3 6 2 0 6 0 5 6 1 2 6 1 5 6 4 95 6 8
PHE 0 6 0 1 6 0 1 6 0 1 6 1 1 6 1 2 6 2 97 6 12
ANT 0 6 0 1 6 1 0 6 0 1 6 0 3 6 1 1 6 1 72 6 7
FLA 2 6 1 4 6 1 12 6 1 43 6 4 58 6 4 43 6 13 101 6 10
PYR 6 6 5 35 6 9 104 6 5 71 6 7 132 6 14 99 6 29 100 6 13
BAA 7 6 4 37 6 13 36 6 1 74 6 12 85 6 5 82 6 6 74 6 7
CHR 14 6 9 12 6 2 34 6 2 82 6 11 110 6 20 102 6 14 108 6 11
BBF 17 6 7 72 6 9 90 6 4 87 6 18 104 6 6 92 6 15 68 6 7
BKF 7 6 4 48 6 13 99 6 10 104 6 14 107 6 15 107 6 14 93 6 10
BAP 27 6 19 76 6 15 90 6 8 72 6 11 86 6 10 87 6 16 73 6 14
DAA 58 6 43 108 6 38 154 6 22 65 6 20 79 6 20 98 6 17 72 6 14

a DAA, dibenz[ah] anthracene. For other abbreviations, see Table 2, footnote a.
b Values are given as means 6 the standard deviations.
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experiments. The results of the experiments described here
indicate that it may not always be feasible to support remedia-
tion of PAH-contaminated soils with gaseous sources of N and
P and that a great deal of site-specific variability can be ex-
pected. It is clear, however, that a true conclusion regarding
the applicability of gaseous N and P supplements to in situ soil
remediation will require soil column experiments which will
better approximate the environmental conditions and behavior
of bacteria in the vadose zone. It will also require a better
understanding of which members of microbial communities
involved in PAH degradation thrive and function under the
different regimes and whether or not conditions can be devised
to better optimize the performance of the entire community.
Experiments in these areas are ongoing in this laboratory.
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