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a b s t r a c t

Biostimulation with inorganic fertilizer and bioaugmentation with hydrocarbon utilizing indigenous bac-
teria were employed as remedial options for 12 weeks in a crude oil-contaminated soil. To promote oil
removal, biocarrier for immobilization of indigenous hydrocarbon-degrading bacteria was developed
using peanut hull powder. Biodegradation was enhanced with free-living bacterial culture and biocarrier
with a total petroleum hydrocarbon removal ranging from 26% to 61% after a 12-week treatment. Oil
eywords:
eanut hull
ehydrogenase activity
ulking
oxicity
ourier transform ion cyclotron resonance

removal was also enhanced when peanut hull powder was only used as a bulking agent, which acceler-
ated the mass transfer rate of water, oxygen, nutrients and hydrocarbons, and provided nutrition for the
microflora. Dehydrogenase activity in soil was remarkably enhanced by the application of carrier mate-
rial. Metabolites of polycyclic aromatic hydrocarbons were identified by Fourier transform ion cyclotron
resonance mass spectrometry.

© 2010 Elsevier B.V. All rights reserved.

ass spectrometry

. Introduction

During the production and transportation of crude oil, unsuit-
ble operation and leakage may result in contamination of soil with
etroleum hydrocarbons. Petroleum contamination causes signif-

cant environmental impacts and presents substantial hazards to
uman health.

There is a variety of remedial options available for clean-
ng up contaminated sites including incineration, solidifica-
ion/stabilization, soil vapor extraction, soil washing, etc. These

ethods can be relatively expensive because the extracted contam-
nants or incinerated soil must often be further treated or disposed
f.

During the past decade, bioremediation of petroleum-
ontaminated soil has been a hot issue in environmental research,
nd many bioremediation strategies have been developed and
mproved to clean up soils polluted with petroleum and its deriva-
ives [1–3]. Bioremediation is an efficient, economic and versatile
lternative to physiochemical treatments [4]. Soil bioremediation

ay be broadly divided into in situ and ex situ strategies. In situ

ioremediation refers to the biological treatment of contaminated
oil without excavating prior to treatment [5]. Ex situ treatments
including landfarming, composting, bioslurry and biopiling) using

∗ Corresponding author. Tel.: +86 716 8060406.
E-mail address: yaohuixu@hotmail.com (Y. Xu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.038
tilling, turning or continuously mixed slurries to apply oxygen and
nutrients, and is performed in a prepared bed or reactor.

Composting of organic contaminants has been successfully
demonstrated at both laboratory and field-scales especially for
petroleum hydrocarbons [1,6–9]. In generally, composting involves
the addition of bulking agents and organic amendments, such as
bark chips [6], wheat bran [7], sawdust [8], and the mixture of
municipal and green wastes [9]. These enhance aeration and micro-
bial activity, and hence the biodegradation rate of contaminants.
Nutrient addition to the pile and microbial augmentation may as
well accelerate the rate of biodegradation in the piles [7].

Indigenous microorganisms in the soil can degrade a wide range
of hydrocarbons, but their population and activity are affected
when toxic contaminants are present at higher concentrations.
The introduction of microorganisms after enrichment of indige-
nous microorganisms or exogenous microorganisms can degrade
the contaminants efficiently and have a higher tolerance to toxi-
city [10,11]. In many cases, bioaugmentation is a feasible strategy
for contaminant removal and site remediation [12,13]. One of the
key points for bioaugmentation is maintaining high biomass of
bacterial populations. Obuekwe and Al-Muttawa [14] used saw-
dust, styrofoam and wheat bran as carriers for incubation of two

hydrocarbon-degrading bacteria and found that immobilized cells
had a good utilization of hydrocarbons in liquid medium.

The aim of the present work was to compare the efficiency of
various biostimulation and bioaugmentation strategies in reducing
soil petroleum contamination under laboratory conditions. Peanut

dx.doi.org/10.1016/j.jhazmat.2010.07.038
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yaohuixu@hotmail.com
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Table 1
Experimental setup for treatment of crude oil contaminated soil (dry weight basis
in brackets).

Set no. Treatment units Description

A Soil Biostimulated
B Soil + bacteria solution Bioaugmented
C Soil + peanut hull powder (15% w/w, no Biostimulated
96 Y. Xu, M. Lu / Journal of Hazar

ull powder was used as a bulking agent and carrier material to
mprove oxygen diffusion and to immobilize a greater quantity of
acteria cells. Soil microtoxicity and dehydrogenase activity (DHA)
ere used as sensitive indicators to assess the impact of pollution

emediation on soil quality. The degradation degree of spe-
ific contaminants was determined by gas chromatography–mass
pectrometry (GC–MS). The principal intermediates of polycyclic
romatic hydrocarbons (PAHs) were identified by electrospray
onization (ESI) Fourier transform ion cyclotron resonance mass
pectrometry (FT-ICR MS).

. Materials and methods

.1. Materials

.1.1. Chemicals
All solvents used were of analytical or glass-distilled grade and

ere obtained from commercial supplier (Beijing Chemical Com-
any, China).

.1.2. Soil
The contaminated soil was collected from a crude oil spill site in

iaohe Oilfield, Liaoning Province, China. During the collection of
he contaminated soil, surface letter was removed and soil samples
ere collected to a depth of 30 cm. The soil was air-dried and sieved

hrough a 2-mm mesh sieve, homogenized by hand with shovels,
nd then stored at 4 ◦C in the dark until required. Soil pH was deter-
ined with a 1:2 soil to water ratio. Total nitrogen and phosphorus
ere analyzed by the methods described by Bryant et al. [15]. The

otal petroleum hydrocarbon (TPH) content of the soil was deter-
ined as described below. In the present study, the texture of the

aw soil was classified as a clay loam, and its physicochemical char-
cteristics were as follows: sand, 25.9%; silt, 47.6%; clay, 26.5%; pH,
.2; total nitrogen, 15.62 mg kg−1; total phosphorus, 3.15 mg kg−1;
PH, 29,500 mg kg−1.

.1.3. Biocarrier
Peanut hull powder was used as a carrier material to immobilize

acteria owing to its properties of being highly granular, absorbent,
iodegradable and inexpensive. Peanut hull was harvested at matu-
ity, air-dried and mechanically ground to obtain a particle size of
pproximately 0.5–1.5 mm. Before use, peanut hull powder was
terilized by autoclaving at 121 ◦C for 20 min. The carrier was pre-
reated by soaking in dilute sodium hydroxide solution (1%) for 2
ays, rinsing 3 times with distilled water, drying at 110 ◦C for 10 h,
ooling to room temperature and finally soaking in sterilized water
o saturation.

.2. Bacterial consortium and immobilization

An indigenous hydrocarbon-degrading bacterial consortium
as developed in minimal salt medium, with crude oil as the sole

ource of carbon and energy, from a sample of the contaminated
oil, following procedures described in detail elsewhere [3]. Cells of
he mixed consortium grown in 10 L of Bushnell-Haas medium (BH)
16] containing 2% glucose up to an optical density (OD) of 1 were
arvested, washed 3 times with phosphate buffer (pH 6.5) con-
aining 1 M NaCl, resuspended in BH medium to get approximately
010 cells per mL, and mixed with 2000 g of peanut hull powder.
he carrier culture was incubated for 4 days at room temperature.

fter incubation, the culture was withdrawn and dried in a sterile
ood in a stream of dry air at room temperature for 4 days.

The stability of cells immobilized on peanut hull powder was
hecked according to Labana et al. [17] with some modifications.
riefly, the dry powder containing immobilized cells was kept at
immobilized cells)
D Soil + peanut hull powder (15% w/w, with

immobilized cells)
Bioaugmented

4 ◦C and room temperature for 2, 4, 8, 12, and 16 weeks, respec-
tively. After that, the powder was divided into two groups. One
group (50 mg) was suspended in 5 mL of sterile 0.9% NaCl solu-
tion and the mixture was agitated vigorously on a vortex mixer
for 10 min to suspend the adhered cells. Subsequently, suspension
was allowed to settle down. The resulting supernatant fluid was
diluted serially and plated on nutrient agar plates. Colony-forming
units (CFU) were counted after 3 days of incubation at 28 ◦C. More-
over, another group was used to determine total hydrolytic activity
in the powder by fluorescein diacetate (FDA) hydrolysis using
the method described previously [18]. Results were expressed as
�g fluorescein g−1 carrier.

2.3. Experimental design and treatments

Experimental units consisted of 10 L (40 cm length, 25 cm width,
and 10 cm height) plastic trays. A total of 12 trays were used in the
study. A summary of treatment and control trays tested are pre-
sented in Table 1. Each treatment was carried out in triplicate. For
each tray, 5 kg of soil and the corresponding materials (peanut hull
powder or bacteria solution) were added and mixed thoroughly.
For treatment B, the bacteria solution was obtained as indicated
above. Soil was maintained at 18–20% moisture content by the daily
addition of distilled water.

Fertilizer application was designed to optimize nutrient levels
for microbial degradation of hydrocarbons. A C:N ratio of 10:1 was
considered ideal for microbial communities [19]. Inorganic nutri-
ents such as (NH4)2SO4 and K2HPO4 was added to the treatment
units A, B, C, and D to give a final C:N:P ratio of 100:10:1. Each unit
was thoroughly mixed every alternate day to allow good aeration.
The trays were incubated in a greenhouse at 25–30 ◦C.

2.4. Sampling and instrumental analyses

The sampling dates were 0 and 12 weeks after beginning of
treatment. The samples were taken by mixing six subsamples from
six sites of the tray, spanning the whole profile (from top to bottom),
and homogenized. The samples were stored at −20 ◦C and thawed
3 days before analyses. This storage procedure was recommended
for soil enzyme measurements and guaranteed a high recovery of
soil enzyme activities [20].

Residual oil in soil was extracted using the conventional Soxh-
let extraction. In brief, 15 g of dry soil were placed in a cellulose
thimble mixed with 2 g anhydrous magnesium sulfate to remove
the moisture. The thimble and its contents were extracted with
dichloromethane for 16 h in a Soxhlet apparatus. The extract was
condensed to 1 mL in a rotary evaporator and fractionated by silica-
gel column chromatography to separate the different fractions
of crude oil i.e., saturate, aromatic and polar fractions, following
the methods given by Bastow et al. [21]. The different elute was

evaporated to dryness under nitrogen, and TPH was calculated
gravimetrically. All TPH concentrations were expressed on an ash
weight basis (mg kg−1). This removes potential bias due to dilution
by organic bulking agents. Ash content was determined using a
loss-on-ignition procedure. Triplicate 5 g samples were dried for
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4 h at 105 ◦C and then transferred to a muffle furnace held at
50 ◦C for 6 h to burn the organic matter. Ash content was calcu-

ated from the ratio of pre- and post-ignition sample weights. Ash
ontent results were averaged, and the averaged values were used
o calculate TPH concentrations in the soil as mg kg−1.

The hydrocarbon fraction was analyzed by GC–MS, using a
hermo-Finnigan SSQ710 GC–MS with HP-5MS elastic silica cap-
llary columns (60 m × 0.25 mm × 0.25 �m). The injection volume

as 1 �L. The carrier gas was helium at 37 kPa. Flow velocity was
mL min−1. The analytical conditions were: initial temperature of
0 ◦C, with isothermal operation for 1 min; heating to 120 ◦C at a
onstant rate of 20 ◦C min−1; and heating to a final temperature
f 310 ◦C at a constant rate of 4 ◦C min−1, with a 30 min isother-
al. Mass spectrometer conditions were: electron impact, electron

nergy 70 eV; filament current 100 �A; multiplier voltage, 1200 V;
ull scan.

In order to identify metabolites of PAHs, an aliquot of extracted
il without fractionation was examined by ESI FT-ICR MS. For ESI
T-ICR MS analysis, the sample was dissolved in dichloromethane at
concentration of 0.1 mg mL−1. A 1-mL aliquot of this solution was
iluted with 1 mL of methanol, and then concentrated with 10 �L
f 35% (v/v) conc. NH4OH to facilitate deprotonation of acidic com-
ounds by negative ion electrospray. The analysis was performed
n an Apex-ultra FT-ICR MS (Bruker Daltonics, USA) equipped with
9.4 T actively shielded magnet. Ions were generated by negative

on electrospray equipped with a 50 �m id fused silica ESI needle.
amples were infused at a flow rate of 250 �L h−1. The operat-
ng software was XMASS version 6.0 (Bruker Daltonics, USA). Each
pectrum was composed of 64 scans [18].

.5. Soil toxicity testing

The toxicity of soil elutriate was determined using the
icrotox® bioassay mentioned by Robidoux et al. [22]. Sampled

oil (5 g dry weight) was mixed with sterile water (20 mL) in a 100-
L flask and shaken for 24 h (150 rpm) at 25 ◦C in the dark. The

lurry was centrifugated at 2000 rpm for 20 min at room tempera-
ure, and filtered through filter paper then 0.22 �m membrane filter
o obtain soil elutriate. Aliquots (20 �L) of the bacterial reagent
Photobacterium phosphoreum) were added to a series of dilutions
f elutriate. The salinity of the samples was adjusted to 2% with
eagent-grade NaCl. The luminescence of bacteria was measured
fter 15 min of exposure at 15 ◦C, using a Microtox M500 Analyzer.
he analyzer, reagents and freeze-dried bacteria were obtained
rom Azur Environmental (Carlsbad, CA). Toxicity values are the
verage of five replicates of each filtrate sample, expressed as EC50,
hich was defined as the effective nominal concentration of elu-

riate (volume percent) that reduces the intensity of light emission
y 50%.

.6. Dehydrogenase activity

Dehydrogenase activity in soil samples was mea-
ured with 2,3,5-triphenyltetrazolium chloride according
o the method of Lu et al. [18]. Results were expressed as
g triphenyl tetrazolium formazan (TPF) g−1 soil.

.7. Statistical analysis
The variance and significant differences of TPH concentration,
icrotoxicity and dehydrogenase activity among various treat-
ents were analyzed by Student’s t-test. The statistical significance

n this analysis was defined at p < 0.05.
Fig. 1. Stability of cells of the test bacterial consortium immobilized on peanut hull
powder indicated by the changes in the viable number (©: log CFU, 4 ◦C; �: log CFU,
room temperature), and FDA activity (�: 4 ◦C; �: room temperature) of immobilized
cells as a function of time during storage.

3. Results and discussion

3.1. Survival of immobilized cells under storage

The stability of the immobilized bacteria under storage was
assessed by viability at different times when stored at room tem-
perature and 4 ◦C. Fig. 1 shows the changes in the number of viable
cells. It was observed that storage of immobilized cells at room tem-
perature resulted in a significant decrease of about 2 log units after
16 weeks. However, at 4 ◦C, the cells immobilized on peanut hull
powder were stable, as the log CFU decreased only approximately
by 1 unit after 16 weeks.

FDA hydrolysis was selected in an attempt to measure bacte-
rial activity parameters in carrier stored at room temperature and
4 ◦C versus time. As shown in Fig. 1, the FDA hydrolytic activity of
immobilized cells decreased with time during storage. Moreover,
it can be observed that FDA activity decreased more significantly
than did microbial counts during storage. FDA hydrolysis is widely
accepted as an accurate and simple method for measuring total
microbial activity in a range of environmental samples such as soil
and sediment [23]. Colorless fluorescein diacetate is hydrolyzed by
both free and membrane bound enzymes, releasing a colored end
product fluorescein which can be measured by spectrophotometry.
However, microbial counts did not always correlate significantly
with biological activities [24]. In the case of stored bacteria, long-
term dormancy or starvation can lead to low enzymatic activity,
even though these cells are viable.

3.2. Petroleum hydrocarbon degradation

In this study we compared the efficacy of biostimula-
tion processes of oil-contaminated soil with that induced by
bioagumentation processes. During time-course incubations sig-
nificant changes of TPH were observed (Fig. 2a). Bioremediation
experiments enhanced significantly the biodegradation yields of
hydrocarbons. After 12 weeks of biodegradation, TPH concentra-
tions in soil were 21,800, 21,500, 18,300, and 11,400 mg kg−1 for
treatments A, B, C, and D, respectively. The total removal efficien-
cies of TPH were 26%, 27%, 38%, and 61% for treatments A, B, C,
and D, respectively, during 12 weeks of bioremediation. This result

suggested that the addition of bacteria immobilized on peanut hull
powder to the soil was the most effective treatment for the hydro-
carbon removal, whereas the other treatments displayed a lower
efficiency.
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Fig. 2. Changes in concentrations of petroleum fraction during bioremediation. (a)
TPH; (b) the polar fraction. Treatment A: soil; treatment B: soil + bacteria solution;
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reatment C: nutrient + peanut hull powder; treatment D: nutrient + peanut hull
owder + immobilized cells. Values in each column labelled with an asterisk (*) indi-
ated significant (p < 0.05) differences between treatment A and other treatments
t week 12.

Bioaugmentation (treatment B) with an enrichment culture
t a cell density of 108 cells per g of soil did not enhance the
otal amount of TPH removed at the end of the treatment period
p < 0.05), as compared with biostimulation (treatment A). How-
ver, the addition of peanut hull powder (treatments C and D)
ignificantly enhanced TPH removal. One possible explanation for
he lack of a stimulatory effect of the inoculum in this study is that
utrition or aeration, other than microbial counts, was the limita-
ion factor of continuous degradation of petroleum hydrocarbons.
sing bulking agents can lower the contaminated soil bulk den-

ity, increase porosity and oxygen diffusion and help to form water
table aggregate. These enhance the mass transfer rate of water,
xygen, nutrients, hydrocarbons, and microbial activity, and hence
iodegradation. Moreover, although we regularly added inorganic
olution to soils, nutrition deficiency might still arise during quick
iodegradation of petroleum hydrocarbons. The major components
f peanut hull are cellulose, hemicellulose, and lignin with small
mounts of protein, starch, and lipids. These organic substances
an continuously nurture microorganisms in soil during decom-
osition of peanut hull. It has been reported that the tolerance

bility to difficult conditions of immobilized cells was improved
ue mainly to enhancement modifications of the cell membrane
25,26]. In some cases, microbial metabolism of petroleum hydro-
arbons may produce toxic metabolites such as naphthenic acids,
hich can hamper subsequent biodegradation due to their toxicity
Fig. 3. Gas chromatography fingerprinting of saturate fraction (a) time zero, (b)
after 12 weeks of biodegradation from treatment C (nutrient + peanut hull powder),
and (c) after 12 weeks of biodegradation from treatment D (nutrient + peanut hull
powder + immobilized cells).

that represses microbial metabolism [3]. In this study, immobiliza-
tion of bacteria might enhance microbial tolerance ability to some
inhibitory metabolites during biodegradation.

As shown in Fig. 2b, there was a real increase in the polar fraction
as a result of bioremediation during treatment without immobi-
lized cells, suggested that polar fraction appeared to be resistant to
biodegradation. The increase in the polar fraction may be the result
of the accumulation of undegraded metabolic byproducts. Polar
fractions in crude oil have been shown to be partially or completely
resistant to microbial assimilation [27]. A temporary or permanent
increase in the polar fraction is often observed in batch liquid cul-
tures as a result of the accumulation of unassimilated metabolites
[28]. However, it has been reported that in optimal cultures, a 30%
maximum biodegradation of polar compounds can occur [29]. By
contrast, in this experiment, the concentration of the polar frac-
tion in soil was decreased from 3420 to 2950 mg kg−1 soil during
immobilization-based bioremediation (treatment D). Our results
suggest that the present application of bioaugmentation combined
with immobilization technology can enhance the biodegradation
of not only saturates but also of the polar fraction in crude oil.

3.3. GC–MS analysis

Gas chromatography of the saturate fraction from microcosm
study has been depicted in Fig. 3, which indicated that oil was
degraded better with the help of immobilized consortium. The
hydrocarbons involved in the saturate fraction were identified in
the range of C12 to C35 at the initial time of incubation (Fig. 3a). After
12 weeks of biodegradation, the aliphatic fraction analyzed showed
that chromatographic profiles of this fraction had a different degra-
dation pattern. Treatments C and D showed a preferable removal
of C12 to C29 compounds, as compared with the relative accumu-
lation of saturates above C29 at the end of the incubation period
(Fig. 3b and c). Moreover, in treatment D (with added microbial
carrier) a slightly different chromatographic profile was observed

(Fig. 3c); in this case there was a greater extent of consumption
of C19 to C23 compounds than in treatment C. The hydrocarbon
removal regularly occurs on a specific group of hydrocarbons, speci-
ficity occurs due to the capacity of the involved microorganisms and
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Fig. 4. Microtox EC50 values for soils sampled during bioremediation. Data rep-
resent EC50 values for single microcosms with error bars corresponding to
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Fig. 5. DHA in soil samples during 12 weeks of bioremediation. Treatment A: soil;

bilization of p-nitrophenol-degrading bacteria on corncob powder
5% confidence intervals calculated using Microtox Data Capture and Report-
ng software (Ver. 7.8). Treatment A: soil; treatment B: soil + bacteria solution;
reatment C: nutrient + peanut hull powder; treatment D: nutrient + peanut hull
owder + immobilized cells.

ccording to its degrading enzyme system, including the chemical
ature of the hydrocarbons [30]. For alkanes of equal carbon num-
er, the more highly branched alkanes have a somewhat higher
ecalcitrance to microbial attack. For alkanes of different carbon
umber, alkanes with more carbon numbers have more isomers.

n the present study, the greater removal of C19 to C23 aliphatic
ompounds in treatment D is attributed to the characteristics of
icroorganisms involved and not to the treatment. This is con-

luded because both treatments (C and D) had the same process.
ne possible reason of previous situation could be related to the fact

hat some special consortium was enriched and immobilized onto
arrier during previous experiments, as indicated by the broad-
cale metabolic specificity of microorganisms during hydrocarbon
egradation [31].

.4. Microtox analysis

Monitoring contaminant levels by analytical methods can indi-
ate removal of contaminants, but such methods do not directly
how the effect of residual contaminants and metabolites in the
reated soil on ecological systems. Ecotoxicity assessment gives
efined information on the changes in soil quality. The end point
easured by Microtox is a decrease in light intensity generated by

he luminescent bacteria. Microtox analysis was performed over
he course of the study to monitor toxicity levels of the bioremedi-
ted soil and the results are shown in Fig. 4. Toxicity first increased
uring the initial phase of biodegradation, but started to decrease
fter week 4 for treatments A, B, and C (after week 2 in the case of
reatment D). Toxicity was higher but lasted for a shorter time by
ioaugmentation with immobilized bacteria (treatment D). Higher
C50 values at week 12 suggested an overall decrease in soil toxicity
or all treatments. Compared with other treatments, significantly
ower toxicity in soil (p < 0.05) was observed in bioaugmented com-
osting. The enhanced toxicity was interpreted as an increase in
ontaminant levels and thus, toxicity, in the aqueous extracts. We
ropose that hydrocarbon degradation reactions generated toxic
ntermediary metabolites, such as aldehydes. These compounds
ould typically be more hydrophilic than hydrocarbons and, there-

ore, more efficiently extracted in aqueous solution [32]. Increased
oncentrations of toxic compounds in the aqueous extracts would
treatment B: soil + bacteria solution; treatment C: nutrient + peanut hull powder;
treatment D: nutrient + peanut hull powder + immobilized cells. Values in each col-
umn labelled with an asterisk (*) indicated significant (p < 0.05) differences between
treatment A and other treatments in the same sampling time.

be reflected in higher apparent toxicity of the sample. Subsequent
degradation of the intermediary metabolites may be responsible
for the reduced toxicity observed at later sampling times.

The Microtox assay provides a rapid, economical toxicity assay
that has been used to measure the response of the luminescent
bacteria to chemical agents in bulk water, soil, and sediments. The
Microtox test appears to be less sensitive and more variable than
the earthworm bioassay. The Microtox test was found sensitive to
toxic components of crude oil and was used successfully to mon-
itor oil residues toxicity during bioremediation, but appeared less
sensitive or too variable in some other circumstances [33].

3.5. Dehydrogenase activity

DHA in particular is of interest as it provides a measure of overall
microbial activity and consequently indicates whether stimulation
or inhibition of the microbial communities present (either in the
product or indigenous to the soil environment) are occurring as a
result of the selected remediation strategy. Changes in soil DHA
during bioremediation are shown in Fig. 5. In all treatments, DHA
increased substantially after beginning of the incubation. The high-
est soil DHA of treatments A, B, and C were observed after 4 weeks of
incubation when the highest activity of the inoculated soil occurred
at week 8 for treatment D (bioaugmentation with carrier material).
From then on, DHA decreased with increasing incubation time. DHA
in the soil of treatment D was remarkably higher than that of other
soils. The observed increases of DHA after start of treatment can
be explained by increased substance conversions and mineraliza-
tion. One possible reason for the decrease of biological activities
at the later stage of bioremediation is the accumulation of inhibit-
ing intermediates and of recalcitrant high-branched aromatics and
condensates.

The efficiency of microbial releases for bioremediation pro-
cesses can be optimized by using carrier materials, which may
provide a protective niche to microbial inoculants in soil via pro-
vision of a protective surface or pore space creating protective
microhabitats [34]. Labana et al. [17] also demonstrated that immo-
maintained a high degree of viability of cells. Microbial carriers
improve the adjacent conditions for inoculated bacteria by protect-
ing them from predation and contaminant toxicity, and therefore
enhance microbial activities in soils [35]. In the present study,
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Table 2
Elemental composition and structure assignments of oxygenated PAHs identified in oil sampled from treatment D after 12-week bioremediation. These compounds were
not found in the oil before bioremediation.

Peak number Peak location m/z Elemental composition Error (+/−ppm) Proposed structure Parent PAH

1 267.08267 C20H12O1 0.6 Benzo[a]pyrene

2 209.05282 C14H10O2 −0.5 Anthracene
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3 241.05162 C14H10O4 0.8

eanut hull powder, which was used as carrier material for immo-
ilizing bacteria, is an inexpensive and easily available agricultural
yproduct. It has several useful properties such as low-weight high
olume, high water holding capacity, and is a good soil conditioner.

.6. Metabolite identification by ESI FT-ICR MS

The calibrated negative-ion ESI FT-ICR mass spectra of oil sam-
les are presented in Fig. 6. The mass spectra clearly showed that
he molecular weight distribution of polar compounds was greatly
ltered by biodegradation. The weight-average molecular weight
as relatively constant at 526 Da for sample a and decreased with

iodegradation to 435 Da for sample b. Numerous species of polar
ompounds containing N, S, and O were identified in these spectra.
n this study, we focused on identifying PAH metabolites through
se of ultrahigh mass resolution and ultrahigh mass accuracy of ESI
T-ICR MS.

As shown in Table 2, we listed three peaks and their corre-
ponding possible representative structures. Benzo[a]pyrene is the
ost thoroughly studied PAH for it is one of the most carcino-

enic compounds known. The initial step in the metabolism of
enzo[a]pyrene involves the multifunctional P-450 enzyme sys-

em forming different epoxides through the addition of one oxygen
tom across a double bond. The epoxides are short-lived com-
ounds and may rearrange spontaneously to phenols or undergo
ydrolysis to dihydrodiols. These products may then be conju-

ig. 6. Broadband negative-ion ESI FT-ICR mass spectra of oil sampled at: (a) before
reatment; (b) after 12-week biodegradation in treatment D (nutrient + peanut hull
owder + immobilized cells).
Anthracene

gated with glutathione, glucuronic acid or sulfuric acid, to form
products that can be excreted by the procaryotic microorganisms
[36,37].

The bacterial degradation of anthracene generally begins with
a dioxygenase attack on one of the aromatic rings to form a
cis-dihydrodiol, which is subsequently dehydrated to catechol. Cat-
echol is a key intermediate from which ring cleavage can occur. The
aromatic ring is cleaved between the hydroxyl groups. Successive
ring degradation may then occur, so that the structure is ultimately
degraded to molecules that can enter the central metabolic path-
ways of the bacteria [36,38,39].

The polar components including metabolites in biodegraded oils
are not easily analyzed by GC methods because this information is
easily lost because they are not GC-amenable. Moreover, GC cannot
provide enough resolving power to separate all components, and
a large ‘hump’ can be seen from GC. In contrast to GC–MS, FT-ICR
MS has an ultra-high resolving power and provides an ultra accu-
rate mass determination of many compounds in complex mixtures.
Molecular formulas of compounds contained in complex mixtures
can be precisely estimated by FT-ICR MS without chromatographic
fractionation or derivatization of the sample.

4. Conclusions

This study has demonstrated that bioaugmentation with indige-
nous bacteria immobilized on peanut hull powder enhanced
degradation of crude oil under laboratory conditions. Peanut hull
powder was chosen as the carrier for immobilizing microorgan-
isms because of its porous structure, large surface area and strong
adsorption capability. The use of biocarrier was shown to be a more
effective way of removing crude oil compared to the use of free-
living bacteria. However, long-term monitoring experiments still
need to be performed to further examine application of the method,
especially in field scale.
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