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Abstract

Purpose The choice and timing of microorganisms added to
soils for bioremediation is affected by the dominant bio-
available contaminants in the soil. However, changes to the
concentration of bioavailable PAHs in soil are not clear,
especially when several PAHs coexist. This study investi-
gated the effects of PAH concentration and chemical prop-
erties on desorption in meadow brown soil after a 1-year
aging period, which could reflect changes of PAH bioavail-
ability during bioremediation.

Materials and methods Based on the percentage of different
molecular weights in a field investigation, high-level
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contaminated soil (HCS) and low-level contaminated
soil (LCS) were prepared by adding phenanthrene
(PHE), pyrene (PYR) and benzo(a)pyrene (BaP) to un-
contaminated meadow brown soil. The concentrations of
HCS and LCS were 250 mgkg ' (PHE, PYR, and BaP:
100, 100, and 50 mgkg ') and 50 mgkg ' (PHE, PYR,
and BaP: 20, 20, and 10 mgkgfl) respectively. The
soils were aged for 1 year, after which desorption was
induced by means of a XAD-2 adsorption technique
over a 96-h period.

Results and discussion The range of the rapidly desorbing
fraction (F,p) for PHE, PYR, and BaP in HCS and LCS was
from 1.9 to 27.8 %. In HCS, desorption of PYR was most
difficult, and the rate constant of very slow desorption (K)
of PYR was 8 orders of magnitude lower than that of BaP,
which had similar very slow desorbing fractions (49.8 and
50.5 %, respectively). However, in LCS, desorption of PYR
was the easiest; the K5 of PYR was 810 orders of magni-
tude higher than those of PHE and BaP. In HCS, the time
scale for release of 50 % of the PAHs was ranked as BaP>
PYR>PHE, while in LCS this was BaP>PHE>PYR.
Conclusions The combined effect of PAH concentrations
and properties should be taken into account during
desorption. The desorption of PAH did not always de-
crease with increasing molecular weight, and the de-
sorption of four-ring PAHs might be special. These
results are useful for screening biodegrading microbes
and determining when they should be added to soils
based on the dominant contaminants present during
different periods, thus improving the efficiency of soil
bioremediation.

Keywords Aging - Concentration - Desorption - PAHs -
Soil
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1 Introduction

Bioremediation, realized by bioaugmentation and biosti-
mulation, is one of the most promising methods for
removing polycyclic aromatic hydrocarbons (PAHs)
from contaminated soils (Colombo et al. 2011).
Changes occur to the microorganisms used to effectively
degrade special PAHs and the structure of the microbe
community during bioremediation (Lors et al. 2010).
Hence, selecting and adding different microbe commu-
nities to contaminated soil at different biodegradation
stages of PAHs could significantly improve bioremedia-
tion (Singleton et al. 2011). Bioavailability, rather than
total concentration, of PAHs are critical for defining the
exposure, uptake and risk of PAHs to organisms in the
environment, and for assessing the feasibility and effec-
tiveness of bioremediation. Desorption indicates the bio-
availability of PAHs and changes to PAH components
during bioremediation. The bioavailable fraction of soil-
associated PAHs are expressed as the rapidly desorbing
fraction, and biphasic or triphasic empirical models have
been successfully used to describe the rapid release of
the labile fraction followed by a slow and more limited
release of the resistant fraction (Chai et al. 2006;
Rhodes et al. 2010).

Desorption is influenced by many factors such as the
components and properties of contaminants, soil properties,
aging time, contaminant concentrations, and sorbents, etc.
However, the effect of PAH concentration or property on
desorption was not always consistent in different studies.
You et al. (2007) observed that most of the rapidly desorb-
ing fractions of hydrophobic organic contaminants (HOC)
were similar for all HOCs regardless of concentration.
However, another study showed that phenanthrene generally
desorbed least (3—50 %) for all sediments and size fractions
compared to pyrene (40-80 %) and benzo(a)pyrene (20—
80 %) in field samples (Oen et al. 2006). These make it
difficult to select highly effective microorganisms for bio-
degradation in the field.

Hence, the aims in present study were as follows: (1) to
identify the effect of PAH concentration on desorption; (2)
to determine desorption of different PAHs in laboratory-
spiked soil that has been aged for 1 year in the same
meadow brown soil.

Table 1 Physical and chemical properties of PHE, PYR, and BaP

2 Materials and methods
2.1 Compounds

Phenanthrene (PHE), pyrene (PYR), and benzo(a)pyrene (BaP)
used in this study were obtained from Fluka Corporation
(Germany), and other chemicals were purchased from Concord
Corporation of Tianjin, China. A pre-cleaned high purity
Amberlite XAD-2 macroreticular styrenedivinylbenzene copol-
ymer resin (XAD-2) was purchased from Sigma-Aldrich
Corporation (USA). The physical and chemical properties of
PHE, PYR, and BaP are listed in Table 1.

2.2 Soil collection

The meadow brown soil sample was collected from the
surface layer (0—20 cm) of cultivated soil at the Shenyang
Ecological Experimental Station, Chinese Academy of
Sciences, in the Liaoning Province of China. The soil was
air-dried in the dark, passed through a 2-mm sieve to re-
move roots and stones, and stored at 4 °C for further use.
The basic characteristics of the collected soil were as fol-
lows: total C 1.78 %, total N 0.11 %, total P 0.035 %, total K
0.604 %, organic matter 2.64 %, and pH6.8. Initial PAHs
were non-detectable.

2.3 Experimental design
2.3.1 Soil spiking and aging

Air-dried soils were spiked with PHE, PYR, and BaP.
Spiking standards of PHE, PYR, and BaP were prepared
in acetone to deliver concentrations of 100, 100, 50 mgkg ™’
respectively (high-level contaminated soil, HCS). To mini-
mize solvent effects, standards of PAHs dissolved in acetone
were uniformly sprayed onto a portion (approximately 10 %
of soil used in the next stage) of uncontaminated soil. The
soil was mixed every day and the acetone was allowed to
evaporate before proceeding with the next stage. When the
acetone volatilized completely the concentrations required
for the low-level contaminated soil (LCS) were obtained by
mixing the spiked soil with appropriate amounts of uncon-
taminated soil to achieve final concentrations of 20, 20,
10 mgkg ' of PHE, PYR, and BaP, respectively. The spiked

MW (gmol ") Solubility (mgl™) Log Kow Log Ko Molecular surface (A%) Molecular volume(A®)
Phenanthrene 188.2 0.4-1.6 4.52 3.97 199.3 170.6
Pyrene 2123 0.16 5.18 4.52 213.5 186
Benzo(a)pyrene 264.3 0.003 6.31 5.48 255.6 228.6

MW molecular weight; K, n-octanol/water partition coefficient; K. the soil-water partition coefficient normalized to organic carbon
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soils were sealed in the brown glass jar and stored for 1 year
at 4 °C in the dark before they were assessed for desorption.

2.3.2 Desorption of PAHs in aged contaminated soil

Desorption was determined at room temperature (20-23 °C)
by means of a XAD-2 adsorption technique described in
Northcott and Jones (2001). Approximately 3.5 g of soil and
1 g of wet XAD-2 resin were weighed directly into a 50-ml
polycarbonate centrifuge tube. Thirty-five milliliters of
0.01 M CaCl,/0.01 M NaNj solution were added to prevent
microbial growth and the dispersion of soil clay particles.
These sealed tubes were placed in an end-over-end rotation
shaker (100 rpm) at room temperature (20-23 °C). Triplicate
tubes were removed at predetermined times for analysis.
Sample tubes were allowed to stand vertically for 5 min to
allow settling of the soil-XAD-2-water slurry. Afterwards,
2.7 g of K,CO5 was added to promote phase separation. The
resealed tubes were then vigorously shaken for 1 min to mix
the ingredients and centrifuged at 4,000 rpm for 15 min to
separate the soil and XAD-2. This treatment increased the
density of the ionic solution and allowed XAD-2 to float to
the surface of the centrifuge tubes. The resin was recovered
by vacuum filtration into an inverted glass Pasteur pipette,
where it was retained by a plug of glass wool. The XAD-2
within the Pasteur pipette was rinsed with 20 ml of 0.01 M
CaCl,/0.01 M NaNj; solution to remove K,CO; and then
dried under vacuum for approximately 2 min.

For each soil, extractions were performed sequentially
after 0, 0.5, 1, 2, 4, 8, 24, 48, and 96 h of shaking, in
triplicate. At each sampling time, replicate tubes were
centrifuged (4,000 rpm), and the PAHs in soil were ana-
lyzed. Mass balance was determined by comparing the total
amount of compound desorbed plus that remaining in the
soil-water suspension to the initial amount in the sample,
and was found to vary between 92 and 110 %.

2.4 PAH analysis

Extraction of PAHs in XAD-2 was performed according to
Northcott and Jones (2001). After vacuum-drying, the
XAD-2 resin was rinsed twice using 20 ml volumes of
dichloromethane. PAHs adsorbed to the XAD-2 resin were
eluted into a glass beaker and condensed by evaporation of
dichloromethane under a stream of nitrogen. The remains
were dissolved in 2 ml hexane and filtered through a
0.22-um filter. The concentrations of PHE, PYR, and
BaP were determined by gas chromatography (GC)-FID.

Extraction of PAHs was performed according to Li et al.
(2009) where 20 ml of dichloromethane was added to each air-
dried soil sample, and samples were extracted by sonication for
2 h. The slurry was centrifuged at 4,000 rpm for 10 min, and 5 ml
of supernatant was removed and loaded into a clean-up column

with silica gel and anhydrous sodium sulfate. Extracts were
condensed by evaporation of dichloromethane under a stream
of nitrogen, and the remains were dissolved in 1 ml hexane. The
moisture in soil and XAD-2 was determined [by ISO
11465:1993] to allow data to be presented as dry matter.

The concentrations and profiles of PAHs were analyzed by an
Agilent 6890(+) GC, equipped with a flame ionization detector.
The capillary column used was a DB-5 (30 mx0.32 mm i.d. x
0.25 pm film thickness). The initial column temperature of 80 °C
for 1 min, 15 °Cmin " to 275 °C for 1 min, 10 °Cmin”" to 285 °
C, and then 5 °Cmin "' to 295 °C for 1 min. The temperatures of
the injector and detector were 250 °C and 300 °C respectively.
The carrier gas was nitrogen at a constant flow rate of 1.5 ml
min~'. The injection volume was 10 pl (Li et al. 2009). Three
replicates were used in the analysis.

2.5 Data analysis

The following first-order kinetics were used to describe the
desorption of PAHs with the collected data, and both the
biphasic (two-compartment) and triphasic (three-compart-
ment) models were used to evaluate the desorption, shown
in Egs. (1) and (2), respectively (Cornelissen et al. 1998a;
Cornelissen et al. 1998Db).

S
S—; = Frap X eXp(—Kpap X 1) + Fy X exp(—K, X 1) (1)
S;
5 Frap % exp(—Krap X t) + Fy x exp(—K; x )
0

+ Fvs X exp(_Kvs X t) (2)

where S; corresponds to the amount of PHE, PYR, or BaP
absorbed to the soil at desorption time ¢ (in hour) and S is
the total amount of PHE, PYR, or BaP added in soil. Fi,,,
F, and Fy (%) are the rapidly, slowly and very slowly
desorbing fractions respectively, and K;,p, K, and K
(h™") are the corresponding rate constants of rapid, slow
and very slow desorption. The models assumed that K
was significantly less than K.,,. /Sy decreased as desorp-
tion time (in hour) increased, and the change of S/S, was
lower for longer desorption times. The F,, values used to
estimate the rapidly desorbing fractions are believed to be
related to bioavailability. Values of Flap, Fy, Fys, Kiap, K,
and K, were determined by exponential curve fitting using
SigmaPlot 9.0, using a non-linear least squares method.

3 Results

The XAD-2 extraction data were modeled using both bi-
phasic and triphasic desorption models. In Table 2, the
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desorption fractions and the desorption rate constants of
biphasic and triphasic desorption models were given for
PHE, PYR, and BaP. Both models fitted the data well, with
coefficient of determinations >0.9 except for the biphasic
desorption model on high concentration BaP (coefficient of
determination=0.85). However, the triphasic model showed
a slightly better fit across all compounds in the two-level
concentrations, with an average coefficient of determination
0f 0.961+0.013 compared to 0.943+0.046 for the biphasic
model (see Table 2). Therefore, the results from the triphasic
model were discussed further.

3.1 Desorption fractions

Desorption curves for PHE, PYR, and BaP were plotted
over a 96 h period (Fig. 1). After 1 year of aging, the range
of rapidly desorbing fractions (fy,,) for PHE, PYR, and BaP
in HCS and LCS were from 1.9 to 27.8 % (see Table 2 and
Fig. 1). In HCS, the F},, of PHE, PYR, and BaP after 96 h
decreased as the molecular weight of the PAHs increased,
and in LCS these were ranked as PHE>BaP>PYR.
However, Chai et al. (2006) and Cornelissen et al. (1998b)
observed the F,, of PYR to be highest among these PAHs
in some native sediments. The £, of PHE and BaP in HCS
were significantly lower than those in LCS, whereas the Fy,
of PYR was lower in the LCS. However, due to the effect of
initial concentration, the high F (Fy.p, F, or Fy) (%) of PAH
could not indicate if the actual release quantity was larger
than the low F (%) of PAH in soil. A sample with a low F,,
value in HCS released higher concentrations of PAHs than a
sample with a high F,, value in LCS (Hawthorne et al.
2002). The slowly and very slowly desorbing fractions (Fj
and F¢) were the dominant fractions in these PAH-spiked
soils. The F,s; of PAHs were usually higher than Fj,

especially the F,s of PYR in HCS and BaP in LCS, which
were 1.2- and 16.1-fold greater than the corresponding Fi,
respectively.

3.2 Desorption rate constants

Based on the literature, the triphasic model rate constants
were in the order of 10 '=10°h™! for Kiaps 10210 *h ! for
K, and 10*-10°h"! for Ks(Oen et al. 2006, Yang et al.
2008). The rapidly desorbing rate constants (K.,,) of PAHs
in this study were 1.5-1.8 h™! in HCS, which is higher than
those described in the literature. Conversely, the K., of
PHE and PYR in LCS were lower than those previously
described. Compared to the order of f,,, the Ky, of PAHs
were ranked in order of increasing hydrophobicity in LCS,
and as PHE>BaP>PYR in HCS. The X.,, of PHE and PYR
in HCS were 2 orders of magnitude higher than those in
LCS, while the Ki,, of BaP was still in the same order of
magnitude between HCS and LCS. The K and K, of PHE
or BaP in HCS were equivalent, and the K of PHE and BaP
were 4.05x10 > and 2.69x 10 *h ™", respectively. However,
the K of PYR was 9 orders of magnitude higher than K of
PYR in HCS. In LCS, the K and K, of PYR were both
equal to 1.1x10"*h™', and those of PHE were in the same
order of magnitude. The K of BaP was 10 orders of mag-
nitude higher than K. The difference of K and K, indi-
cated that the desorption sites of BaP in LCS and PYR in
HCS were different from other PAHs.

3.3 The release time of 50 % PAHs in the two-level
contaminated soils

Table 3 provided an overview of literature values of the time
scale for a 50 % release of PHE, PYR, and BaP in the

Table 2 F,,, F, and F\s (%) and average K., K, and K (hfl), calculated using the biphasic and triphasic models for the PAH-contaminated soil

aged for 1 year

Frp (%) Fs(%)  Fu(%)  Kup K, Ko R

High concentration Biphasic PHE 13.2 87.5 1.65 4.05E-03 0.967
PYR 9.3 90.7 1.30 3.14E-03 0.975
BaP 1.9 98.1 1.79 2.69E—04 0.958
Triphasic PHE 12.5 43.4 441 1.60 4.05E-03 4.05E-03 0.967
PYR 8.6 41.6 49.8 1.50 8.76E-03 431E-12 0.978
BaP 1.9 47.6 50.5 1.77 2.69E-04 2.69E—04 0.958
Low concentration Biphasic PHE 28.5 71.5 6.97E-02 3.31E-12 0.964
PYR 32 96.8 7.25E-02 1.10E-04 0.939
BaP 8.4 91.4 1.61E+00 3.83E-04 0.853
Triphasic PHE 28.5 34.6 36.9 6.97E-02 3.41E-12 3.20E-12 0.964
PYR 3.2 47.8 49.0 7.25E-02 1.10E-04 1.10E-04 0.939

BaP 6.1 5.5 88.4 4.59E+00 8.78E-04 2.31E-14 0.96

E scientific notation, 4.05E-03=4.05x10">
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Fig. 1 Desorption of phenanthrene (PHE), pyrene (PYR), benzo
(a)pyrene (BaP) from contaminated soil aged for 1 year. S, corresponds
to the amount of PHE, PYR, or BaP absorbed to the soil at desorption
time ¢ (in hour) and S, is the total amount of PHE, PYR, or BaP added
in soil. Dotted lines are obtained by triphasic exponential curve fitting

different sorbents according to the biphasic or triphasic
model. In this study, the release time of 50 % PAHs in
LCS was significantly higher than that in HCS. In HCS,
the time scale for release of 50 % PAHs was ranked as BaP>
PYR>PHE, whereas this was BaP>PHE>PYR in LCS. van
Noort et al. (2003) also observed that the time scale of
release of 50 % PAHs was ranked as BaP>PHE>PYR.
The time scale of release of 50 % PHE, PYR, or BaP in
HCS was lower than in other studies, while the time scale of
release was higher in LCS than other studies except for
those of PYR, which was lower than those of PCB200,
PCB2000, NVS, and VS (see Table 3). This could be due
to different soil aging times, sorbents and initial concentra-
tions (extractable concentration in field and total in labora-
tory) (Cornelissen et al. 1997; Griffiths 2004).

4 Discussion

The extent of desorption for organic contaminants is a
crucial factor in determining their bioavailability and toxic-
ity in soil and sediment (Cornelissen et al. 1998b; Lin et al.
2011). The component change of organic contaminants dur-
ing desorption caused by different desorption rates is crucial
for selecting the dominant organisms for contaminated soil
bioremediation (Cebron et al. 2011). Therefore, the current
study examined the effects of PAH concentration on desorp-
tion when PHE, PYR, and BaP were present simultaneously.

The desorption kinetics in which the rapid, slow and very
slow desorption stages are observed have gained much
attention because this process indicates the bioavailability
of contaminants in soil (Hawthorne et al. 2002). Three
desorption rate constants correspond to these stages, which
are ranked as K,,>K>K\s, and at least a difference of one
order of magnitude exist among them. However, only the K
of PYR in HCS and BaP in LCS were significantly higher
than the corresponding K. in present study, and the K of
other PAHs were similar or equal to their K,s. This might
indicate that an aging period of 1 year was insufficient for
them to go into the condensed organic matters-the difficult
desorption sites except for PYR in HCS, PHE (the lower
desorption rate constant than average) and BaP in LCS. Chai
et al. (2006) found that the laboratory-spiked contaminants
to age for periods up to 3 years yielded little difference in
the rapidly desorbing fraction which of them was both
higher than 90 %. The similar phenomenon was also
founded in the study of Ghosh et al. (2001). In the present
study, samples had the same aging time and soil properties,
therefore differences in concentrations and the molecular
properties of the PAHs were the dominant cause of differing
desorption rates.

The effect of contaminant concentration on desorption in
soil has been previously reported in many studies (Braida et
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Table 3 Literature values of estimated time scale (in hour) for a 50 % release of PAHs

PHE PYR BaP Sample description Reference

Laboratory HCS 138 605 2,500 The farmland soil Present study
Spiked LCS 1.08E+11 6,000 2.46E+13

PCA200 972 Pine-wood charcoal at 400 °C for 4 h Zhou et al. 2010

PCA2000 960

PCA1500 5,480

PCB200 10,030 Pine-wood charcoal at 400 °C for 8 h

PCB2000 6,850
Native WM 1,745 1,460 4975 Sediment from the harbor of Wenmeldinge van Noort et al. 2003

HD 1,900 1,033 3,615 Sediment from the Hollands Diep

NVS 110,280 17,880 Non-vegetated sediment Nichols et al. 2008

VS 8,688 9,192 Vegetated sediment

E scientific notation, 1.08E+11=1.8x10'"

al. 2002; Gao et al. 2010). Many authors concluded that
concentration was a key factor for desorption rates, with
high F,, or K., values observed at high PAH concentra-
tions in contaminated soil (Braida et al. 2002; Jonker et al.
2005; Yang et al. 2008). When the contamination level was
high, either a large number of the contaminant molecules
were located on “easily desorbing sites”, leading to an
enhancement in the rapid desorption phase, or matrix bind-
ing sites were saturated, leaving most PAH molecules highly
available (Zhou et al. 2010). However, some studies have
also reported that the wide range in desorption rate constants
for various samples was not always based on contaminant
concentration (Hawthorne et al. 2002; Nichols et al. 2008;
Oen et al. 2006; You et al. 2007). Relatively high con-
centrations might limit the observable influence of the
desorption resistant fraction of contaminants, and the im-
portance of the desorption—resistant fraction can be largest
at low concentrations (Chai et al. 2006; Cornelissen et al.
2005). In the present study, desorption rate constants of
PAHs in HCS were higher than those in LCS, with the
exception of the K, for PYR, and the K and K., for
BaP. Compared to the Fy,, of PHE and BaP, the F,,, of
PYR in HCS was the only one higher than that in LCS.
This implied that PAH concentration alone was inadequate
for explaining the differences in fraction and rate constant
between HCS and LCS.

The properties of PAHs might be another factor which
had an effect on their desorption kinetics in the present study
at the same soil. Differences of desorption rate constants
between K, and K, for PYR in HCS indicated these had
entered the difficult desorption sites in advance as well as
PHE and BaP in LCS. This is similar to other studies where
a lower extent of desorption was observed for less hydro-
phobic PAHs, such as two- and three-ring PAHs, compared
to more hydrophobic ones (Cornelissen et al. 1998b;
Cornelissen et al. 2001; Hawthorne et al. 2002; Nichols et
al. 2008; Oen et al. 2006; Shor et al. 2003; Yang et al. 2008).

@ Springer

Samples used in those studies were predominantly collected
in the field. Hence, the reasons for lower extent of desorp-
tion of less hydrophobic PAHs were always attributed to
their release or degradation in these highly weathered sedi-
ments. The lower hydrophobic PAHs might have already
been depleted relative to the higher hydrophobic, lower
biodegradable PAHs due to the long time weather (Oen et
al. 2006; Shor et al. 2003). If lower hydrophobic PAHs
remained at high concentration, they could be sequestered
in nanopores, trapped in small voids, or bound in high-
energy sites and would therefore be unavailable for desorp-
tion (Oen et al. 2006; Shor et al. 2003; Zhou et al. 2010).
However, in the current study samples were laboratory-
spiked and no biodegradation existed during the storing.
Thus, the properties of PAHs should be the dominant factors
causing the observed desorption constants of PYR which
was lower than that of BaP.

Desorption can be defined as the opposite of adsorption,
with the aqueous concentration and contact time of sorption
significantly altering the release of organic contaminants
(Pan et al. 2011). In general, the adsorption of PAHs is a
combination of two forces: van der Waals forces and a
thermodynamic gradient determined by hydrophobicity,
which drives them out of the solution (Brion and Pelletier
2005). Based on the above discussion, our results indicate
the difference of adsorption could be expressed in terms of
desorption. The initial PAH concentration should be taken
into account because the difference in diffusion rates, as
determined by the concentration of PAHs, could result in
different absorption rates, especially in the initial stage. For
example, based on the desorption constant of PYR, we
could assume that the absorption of PYR is faster than
BaP and PHE, and that high-energy sites were bounded first
by PYR, causing desorption of PYR to be slower than BaP.
It was different with general phenomenon in which the
absorption of PAHs in soil increased significantly with the
increasing molecular weights of PAHs (Guilloteau et al.
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2010). Meanwhile, the dominant factors affecting absorption
changed at different stages. The results observed by Shor et al.
(2003) indicated that fast-domain diffusivity was affected by
both PAH hydrophobicity and sediment properties, and slow-
domain diffusivity was affected by only sediment physico-
chemical properties. However, the principle model of PAH
adsorption and desorption under different spiked concentra-
tions still need further research in the same soil.

5 Conclusions

The effect of PAH concentration and property on desorption
differed with soil contamination and aging time. In this
study, it was observed that the K5 of PYR was the lowest
in HCS and the K and K, of PYR were the highest in LCS
after 1 year aging of PAH in meadow brown soil. The
desorption of PAHs did not always decrease with increasing
molecular weight and the desorption of four-ring PAHs
might be special. Hence, the combined effect of PAH con-
centrations and properties should be taken into account
when modeling adsorption and desorption. These data will
be useful for determining the dominant contaminants,
screening degrading microbes and determining at what stage
these microbes should be added during bioremediation.
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