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Abstract

Microbial activity of a manufactured gas plant (MGP) soil, as well as remaining oil degradability, before and after remediation using
sunflower oil was assessed. A sandy soil contaminated with polycyclic aromatic hydrocarbons (PAHs) was collected from an MGP site in
Berlin, Germany. Column solubilizations of PAHs from the field-moist soil and air-dried soil using sunflower oil as an extractant at an oil/soil
ratio of 2:1 (v/m) were carried out to compare PAH removals from the soil under these two conditions. After column solubilizations, portions
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f untreated soil (UTS), solubilized field-moist soil (SFMS), and solubilized air-dried soil (SADS) were amended with nutrients. Both
mended and unamended soil samples were subjected to soil respiratory measurement. Soil respiration parameters, such as ba
ate, nutrient-induced respiration rate, lag time, exponential growth rate, respiratory activation quotient, peak maximum time, and
O2 evolution were calculated from the soil respiration curves. The parameters were compared using analysis of variance (AN

east-significance difference (LSD). Results showed that the impact of soil moisture on the PAH removals was quite significant, with
howing higher PAH removals and the SFMS showing lower ones. There were significant differences between the respiration
ith respect to the UTS, SFMS, and SADS. Basal respiration rate, nutrient-induced respiration rate, and exponential growth rate

or the SFMS and SADS relative to the UTS. Lag time and peak maximum time were higher for the SFMS and SADS relative to
xponential growth rate was higher for the SFMS relative to the SADS. These parameters demonstrated that soil microbial a

educed at the onset of the test, because a lot of bioavailable materials for microbial growth were removed by sunflower oil. On
and, cumulative CO2 evolutions in the SFMS and SADS were higher than that in the UTS, indicating that soil respiration was activa
oil microorganisms got acclimatized to the remaining sunflower oil, and remaining sunflower oil was biodegradable.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Manufactured gas plant (MGP) sites exist commonly in
any countries, many of which are contaminated with pro-

ess residues that include tars, sludges, lampblack, and other
ydrocarbons. The primary components of concern in these
rocess residues are PAHs[1,2]. PAHs are persistent pollu-

ants and cause concern because of their toxic, carcinogenic,
nd mutagenic effects[3–5]. Conventional and ecological
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bioremediation of soils in MGP sites is not very effective
to the recalcitrant nature of PAHs, especially PAHs with h
molecular weights[6–8].

There has been an increasing awareness that field-sp
efficient, and cost effective remediation schemes are
necessary to remove as much PAHs as possible from
MGP soils. In our previous results, we found sunflowe
can be used as a promising agent to remove more than 9
PAHs from the MGP soils, and soil moisture had a signifi
effect on PAH removals. After percolating through soil c
umn, some of sunflower oil remained in the soils[9,10]. Some
chemical and biological effects of vegetable oil in soils h
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Nomenclature

CR cumulative CO2 evolution: total CO2 released
in the respiration process

RB basal respiration rate: constant mass of CO2
released per hour per gram of soil without nutri-
ent addition

Rn nutrient-induced respiration rate: constant
mass of CO2 released per hour per gram of
soil after nutrient addition

QR respiratory activation quotient: basal respira-
tion rate divided by nutrient-induced respira-
tion rate, namely,QR =RB/Rn

tlag lag time: the time from addition of nutrients
until exponential growth started

tpeak max peak maximum time: the time from addition
of nutrients to the maximum respiration rate

Greek letter
µ growth rate: rate constant during exponential

increase of the respiration rate

been demonstrated in the literatures. For instance, vegetable
oil amendment increased the biodegradation of various PAHs
by 15–80% with a mixed bacterial culture and a pure cul-
ture ofComamonas testosteroniin a PAH-contaminated soil
slurry system[11]. Vegetable oil in soil was rapidly degraded
if suitable microbial conditions had been well maintained
[12].

Sunflower oil was used in the previous studies because it
is edible, causes less harmful effects on soil microflora, and
is said to be an environmental-friendly solvent[9,10]. How-
ever, remaining oil in the soils does add organic contents to
the soils, and so may still have substantial effects on soil
quality. For instance, some literatures disclosed that some
of aromatic plants produced essential oils, which were mix-
tures of low-molecular weight isoprenoids with antimicrobial
activity to soil microorganisms[13,14]. If the antimicrobial
activity does exist, decomposition of oils in soil would be crit-
ically affected. However, other contrary results showed soil
respiration was activated in the presence of essential oils. The
increase of soil respiration was found to be a primary rather
than secondary effect. The oil did not inhibit the soil microor-
ganisms, thereby providing substrate easily decomposable
to others[15,16]. It is interesting that some constituents of

the essential oils were immediately effective, while others
required a time lag[17]. Given these effects, it is also neces-
sary to examine the influence of remaining oil in our results
on soil microbial activity.

Soil respiration is a widely used method for assessment of
microbial activities of soils[18–21]. Thus, an international
standard organization (ISO) method for the determination
of soil quality was established using kinetics of soil respira-
tion rates combined with the following microbial parameters:
basal respiration rate, nutrient-induced respiration rate, lag
time after addition of nutrients, growth rate during the expo-
nential phase, and cumulative oxygen consumption or CO2
evolution[22]. It is also useful in assessing decomposition
processes of organic compounds in soils[23,24].

The aims of the present work are (1) to determine the
effects of the remaining sunflower oil in the remediated soil
on soil microbial activities; (2) to test the biodegradability
of the remaining oil; (3) to compare the microbial effects of
the remaining oil in the solubilized field-moist and air-dried
soils. Soil respiration test was performed on the untreated and
sunflower oil solubilized soils. In spite of different conditions,
sunflower oil activated soil respiration after a lag time.

2. Materials and methods
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Table 1
C a

p ntent (%

6 .2
hemical and physical characteristics of the MGP soil

H Corg (%) EC (�S/cm) Sum of PAH (mg/kg) Water co

.6 4.6 151 1254.8 17.1
a n= 2.
.1. Soil

A sandy soil was collected from a former MGP site
erlin, Germany, historically contaminated with PAHs. T
oil was sieved through a 2-mm sieve to break soil clu
nd to remove rocks, and was then mechanically mixe
nsure homogeneity. After this, the soil was divided into
ortions. One portion of the soil was stored at 4◦C as a field
oist soil, and the other was air-dried in a fume hood
days. Water contents of the field-moist and air-dried
ere 17.1 and 0.3%, respectively. Representative phy
nd chemical characteristics of the soil are shown inTable 1.

.2. Soil column

Each soil column was made by cutting off the bottom
glass reagent bottle, inverting it, and fitting the neck w

creen to support the soil sample. The column had a h
f 33 cm and an inner diameter of 21 cm; the outlet at
ottom of the column was 6 cm in diameter. The desig

he soil column is shown inFig. 1.

) Texture (%) Heavy metals (mg/kg)

Clay Silt Sand Cd Cr Cu Ni Pb Zn

3.8 0.6 95.6 <0.2 <3 3.6 2.7 <3 8



Z. Gong et al. / Journal of Hazardous Materials B124 (2005) 217–223 219

Fig. 1. The design of the column experiment.

2.3. Column solubilizations of PAHs from the field-moist
and air-dried soils

Each soil column was packed uniformly with 1 kg of soil
based on dry weight (1.2 kg of field-moist soil or 1 kg of
air-dried soil), which occupied about 10 cm of the column
in depth. One liter of sunflower oil was poured into the soil
column; when this oil had percolated out of the soil column,
a second liter of sunflower oil was added to the column. After
the two percolations, about 4–5% of oil remained in the soils.
Samples were taken from these oily soils and centrifuged to
remove as much residual oil as possible before PAH analysis.
A mass balance test in a previous experiment verified this oily
soil analysis[10].

2.4. Soil sample extraction and cleanup

The soil samples were extracted and cleaned using a
German VDLUFA method (Verband Deutscher Landswirt-
schaftlicher Untersuchungs- und Forschungsanstalten) for
determination of PAHs in soils[9,10]. Ten grams of soil sam-
ple were extracted in a glass bottle filled with 15 g of sodium
chloride, 100 ml of deionized water, 200 ml of acetone, and
150 ml of dichloromethane. The bottle was then sealed and
shaken for 16 h at 200 rounds per minute on a shaker. A 5-
m by a
r lumn
fi by
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1 esh,
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i g of
a luted
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c was
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was finally dissolved in 1 ml of acetonitrile before HPLC
analysis.

2.5. HPLC analysis

Quantitative analysis of the soil extracts was done by an
HPLC equipped with a gradient pump (KNAUER K1001),
an autosampler (TSP AS100), and a reverse-phase C-18
column. Indenopyrene (IP) was quantified by UV detector,
while phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene
(CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
(BkF), benz[a]pyrene (BaP), dibenz[a,h]anthracene (DahA),
and benzo[g,h,i]perylene (BghiP) were measured by fluores-
cence detector (TSP FL2000) at specific excitation/emission
wavelengths. Elution conditions were as follows: for the first
5 min, a 1:1 (v:v) mixture of water and acetonitrile was used
as the solvent; during the next 15 min, acetonitrile in the mix-
ture was linearly increased to 100%; and that composition
was maintained for 15 min; finally, the solvent composition
was returned to the initial condition over the next 2.5 min.
In all cases, 8�l of sample was injected into the HPLC by
the autosampler. The concentrations of PAHs were calculated
using HPLC software CHEM EURO 2000. An external stan-
dard mixture was used for quantification of PAHs.
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l aliquot of organic phase extract was concentrated
otary evaporator, and was cleaned by a silica gel co
lled with 3 g of deactivated aluminum oxide (activated
ven heating in a oven at 130◦C for 16 h, and deactivated
5% water addition), 5 g of activated silica gel (70–230 m
ctivated by heating in a oven at 130◦C for 16 h, and coole

n a desiccator at least for 10 min before use), and 10
nhydrous sodium sulphate. The silica gel column was e
ith 100 ml of 4:1 hexane/dichloromethane (v/v). The elu
ollected from the silica gel column during the cleanup
oncentrated by evaporator and dried by nitrogen gas
.6. Soil respiration test

The water contents of solubilized field-moist soil (SFM
nd solubilized air-fried soil (SADS) were measured a
efore soil respiration test, those were 1 and 0.1%, re

ively. The SFMS, SADS, and untreated soil (UTS) w
ivided into two parts, respectively. One part of the each
as supplemented with 0.35 g of NH4Cl, 0.5 g of NaNO3, 1 g
f K2HPO4, 0.3 g of MgSO4·7H2O, 0.1 g of CaCl2, and 0.05 g
f FeCl2 per kilogram of soil for nutrient amendment. T
ther part of each soil was not amended with the nutrient
qualize the soil water contents and distribute nutrients h
eneously in the soils, those soils were moisturized us
prinkler and mechanically stirred for at least 10 min.
espirations were measured by monitoring CO2 evolutions
ith an interval time of 0.5 h. In the soil respiration test, 2

dry weight, calculated out using moist weight and water
ent) of each soil sample was transferred to a 250-ml be
hich was then placed into a soil respirometer. The2

eleased was captured with KOH solution placed on the
f the beaker. The CO2 evolution was obtained by measur
lectrical conductivity of the KOH solution. Each soil sam
as measured in four replicates.

.7. Statistical analyses

The respiration parameters of each replicate of the U
FMS, and SADS were determined according to the
ethod[22]. Means of individual parameters were compa
sing one-way analysis of variance (ANOVA) and le
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Fig. 2. Comparison of PAH removals from the soil samples, SFMS and
SADS.

significance difference (LSD) of a statistical software, SPSS
11.5, at 95% confidence. The homogeneity of the variances
was tested with Levene’s test.

3. Results

3.1. Soil characterization

The chemical and physical characteristics of the MGP soil
are summarized inTable 1. The soil was typically sandy,
proportion of the sand was 95.6%. Soil pH was 6.6, organic
carbon content was 4.6%, and water content was 17.1%. The
soil was highly contaminated with PAHs. Low levels of heavy
metals were detected in this soil sample.

3.2. Column solubilizations of PAH from the field-moist
and air-dried soils

Results of column solubilizations of PAHs from the field-
moist and air-dried soils are shown inFig. 2. It can be clearly
seen that the impact of soil moisture on the PAH removals was
quite significant, with the SFMS showing relative lower PAH
removals, which were in the range of 56.6–71.6%, and the
SADS exhibiting relative higher PAH removals, which varied
b f the

Fig. 3. Some relevant parameters for the interpretation of soil respiration
curves (solid curve with shade: nutrient amended soil sample SADS, scat-
tered dot curve: unamended soil sample SADS).

SFMS and SADS were 65.6 and 96.3%, respectively. In sum-
mary, higher soil moisture inhibited solubilization efficiency
of sunflower oil. It is hypothesized that drying the soil may
result in soil structure change which is more conducive to the
extraction[25,26]. Note that in this study, water content of
the field-moist soil decreased after sunflower oil solubiliza-
tion, because the field-moist soil in the column was also open
to air in the nearly 7 day solubilization process. However, the
water content of the air-dried soil was not affected so much,
as it had already been air dried before.

3.3. Soil respiration test

In the soil respiration test, the following parameters were
obtained from the soil respiration curves: basal respiration
rate (RB), nutrient-induced respiration rate (Rn), respiratory
activation quotient (QR), lag time (tlag), growth rate (µ), peak
maximum time (tpeak max), cumulative CO2 evolution (CR).
A typical data set, along with graphic representation of the
various parameters, is shown inFig. 3, and nomenclatures
are appended.

Results of the soil respiration measurements are pre-
sented as the rate of average CO2 evolution (Figs. 4–6).
Tables 2 and 3exhibit statistical values (means, standard
deviations, and significant values) of the parameters of the
U tent
> into
s

F ight: nu nd the dash
l

etween 93.9 and 97.9%. The total 12 PAH removals o

ig. 4. CO2 evolution rate of soil sample UTS (left: unamended soil; r
ines are used for parameter references).
TS, SFMS, and SADS. In the soils with organic con
0.1%, hydrophobic organic pollutants always partition
oil bound organic materials[27]. Removals of PAHs from

trient amended soil; the solid curves are the means of respiration, a
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Fig. 5. CO2 evolution rate of soil sample SFMS (left: unamended soil; right: nutrient amended soil; the solid curves are the means of respiration, and the dash
lines are used for parameter references).

Fig. 6. CO2 evolution rate of soil sample SADS (left: unamended soil; right: nutrient amended soil; the solid curves are the means of respiration, and the dash
lines are used for parameter references).

the soils inevitably resulted in that bioavailable organic mate-
rials for microbial growth were somewhat stripped out during
the oil solubilization. Thus, the SFMS and SADS exhibited
statistically lower basal respirations (RB) than the UTS did
(Table 2). Even after nutrient amendment, soil respirations
were not activated at once shown by respiratory activation
quotient (QR) (Table 2), indicating that remaining oil in the
soils was not metabolized by autochthonous bacteria signifi-
cantly in the initial period. On the other hand, lag time, peak

maximum time, and exponential growth rate also proved that
the microbial activities were lower at the onset of the test
for the SFMS and SADS relative to the UTS. As more PAHs
were removed from the SADS than those from the SFMS by
the sunflower oil solubilization, it can be assumed that more
bioavailable organic materials were also solubilzed by the
sunflower oil, which resulted in a lower exponential growth
rate for the SADS relative to the SFMS (Table 2). Cumulative
CO2 evolution (CR) measured in the soil respiration process

Table 2
Comparison of means of parameters using one-way ANOVA and LSDa

Soil RB (�g CO2/g h) Rn (�g CO2/g h) QR

Mean± S.D.b pc Mean± S.D. p Mean± S.D. p

UTS 9.0± 1.1 A <0.001 9.3± 2.2 A <0.001 1.0± 0.4 A 0.984
SFMS 2.3± 0.9 B 2.2± 0.5 B 1.0± 0.4 A
SADS 1.6± 0.6 B 1.7± 0.3 B 1.0± 0.3 A

tlag (h) tpeak max1(h) µ

Mean± S.D. p Mean± S.D. p Mean± S.D. p

UTS 12.9± 1.7 A <0.001 31.4± 0.9 A <0.001 0.055± 0.002 A <0.001
SFMS 178.5± 19.5 B 256.8± 20.6 B 0.026± 0.001 B
SADS 159.5± 14.1 B 245.3± 21.6 B 0.018± 0.003 C

a n= 4, 95% confidence interval,CR is not included in this table.
b Indicated by LSD that values in each column followed with different letters are statistically different.

c Significance values indicated by one-way ANOVA.
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Table 3
Comparison of cumulative CO2 (CR) evolutions of the soils using one-way ANOVA and LSDa

Soil Without nutrient amendment (�g CO2/g)b With nutrient amendment (�g CO2/g) pc

UTS 16427± 1136 Aa 19729± 734 Ab 0.003
SFMS 2839± 790 Ba 21031± 657 Bb <0.001
SADS 3662± 1596 Ba 21050± 304 Bb <0.001
pd <0.001 0.018

a n= 4, 95% confidence interval.
b Indicated by LSD that values in each column followed with different capital letters, and in each row followed with different lowercase letters are statistically

different.
c Significance values indicated by one-way ANOVA between soils with and without nutrient amendment.
d Significance values indicated by one-way ANOVA among UTS, SFMS, and SADS.

should also be taken into account as an important parameter,
which is reflected by the total area beneath the curve down
to the time axis (seeFig. 3). CalculatedCR values are shown
in Table 3, and the means were compared using ANOVA and
LSD. Cumulative CO2 evolutions were much lower in the
non-nutrient-amended SFMS and SADS than it was in the
corresponding UTS case, the reason for that was considered
to be a combination of three factors: (1) biodegradable PAH
and organic materials had been stripped out during the oil
solubilization, so soil microorganisms had nothing to grow
on; (2) oil-degrading bacteria were present at very low initial
numbers; (3) nutrients were low. After nutrient amendment,
cumulative CO2 evolutions became statistically higher for
the SFMS and SADS relative to the US (Table 3), so the
nutrient was considered to be a crucial factor for microbial
activities of the SFMS and SADS. Maybe in the nutrient
amended SFMS and SADS, oil-degrading bacteria began to
grow quickly after acclimation to the oily soil, and remaining
oil, served as an introduced carbon source, provided enough
organic carbon for the soil respiration. Thus, we can conclude
that the remaining sunflower oil could be degraded after the
soil microorganisms got acclimatized to the oil.

4. Conclusion
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