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Abstract Microbial degradation is the dominant

pathway for natural attenuation of PAHs in environ-

mental compartments such as sediments, which in turn

depends on the bioavailability of PAHs. The bioavail-

ability of PAHs has seldom been studied at the

sediment particle size scale. We evaluated biodegra-

dation of pyrene by Mycobacterium vanbaalenii

PYR-1 as a function of sediment particle sizes, and

investigated the relationship between the rate of

degradation on sand, silt and clay particles with their

individual desorption kinetics measured with the

Tenax extraction method. Regression analysis showed

that the total organic carbon (TOC), black carbon (BC),

and specific surface area (SSA) of the specific particle

size fractions, instead of the particle size scale itself,

were closely related (P \ 0.01) with the mineraliza-

tion rate. While the fraction in the rapid desorption pool

(Frapid) ranged from 0.11 to 0.38 for the whole

sediments and different size groups, the fractions

mineralized after 336-h incubation (0.52 to 0.72)

greatly surpassed the Frapid values, suggesting utiliza-

tion of pyrene in the slow desorption pool (Fslow). A

biodegradation model was modified by imbedding a

two-phase desorption relationship describing sequen-

tial Tenax extractions. Model analysis showed that

pyrene sorbed on silt and clay aggregates was directly

utilized by the degrading bacteria. The enhanced

bioavailability may be attributed to the higher chem-

ical concentration, higher TOC or larger SSA in the silt

and clay fractions, which appeared to overcome the

reduced bioavailability of pyrene due to sorption,

making pyrene on the silt and clay particles readily

available to degrading microbes. This conjecture

merits further investigation.

Keywords Bioavailability � Pyrene � Tenax �
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class

of environmental organic contaminants that are of

great concern due to their potency as carcinogens and

mutagens. In the aquatic environment, the bed sedi-

ment usually retains most of the PAHs because of their

high hydrophobicity (Kelly et al. 2007; Desai et al.

2008). Biodegradation is the key process to natural

attenuation of PAHs in the environment, which in turn
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depends closely on the microbial availability of

PAHs sorbed on the sediment particles (Lahlou and

Ortega-calvo 1999; Laor et al. 1999).

The availability of PAHs in sediment to microbes

has been a subject of many studies. So far most studies

examining the bioavailability of sediment-borne PAHs

have considered the effect of bulk sediments and their

properties, such as total organic carbon content (TOC),

black carbon content (BC), specific surface areas

(SSA), porosity, and aromaticity (Nam et al. 1998;

Lahlou et al. 2000; Hinga 2003; Yang et al. 2009).

Recognizing sediment as an assembly of different

sizes of particles, a handful of researchers investigated

the availability of PAHs also at the particle size scale.

For instance, in suspensions, bacteria density was

found to be lower on sand particles than on silt or clay

particles, leading to a lower biodegradation rate of

PAHs on sand (Amellal et al. 2001; Xia and Wang

2008). Talley et al. (2002), by separating a dredged

sediment into coal-derived fraction and clay/silt frac-

tion, showed that desorption and bioavailability of

PAHs were more related to properties such as BC

content of specific size fractions, rather than the size

scale itself. However, overall, knowledge of contam-

inant availability at the sediment particle size scale is

still scarce.

There is a point of debate about the availability of

the sorbed form of chemicals in microbial degradation.

Ample evidence suggests both views, i.e., microorgan-

isms can degrade the freely dissolved form (Bouchez

et al. 1995; Harms and Bosma 1997), and are also able to

enhance the contaminant desorption from solid phase or

directly degrade the sorbed contaminant (Guerin and

Boyd 1997; Feng et al. 2000; Wick et al. 2001). A useful

approach to understanding the availability of sorbed

chemicals is parallel evaluation of desorption kinetics

simultaneous to measurement of biodegradation (Tang

et al. 1998; Park et al. 2003). Biodegradation models

have been developed to take into consideration multi-

phased desorption kinetics (Park et al. 2001, 2003;

Beckles et al. 2007). However, the use of desorption

kinetics information for evaluating bioavailability has

been limited to whole sediments. In addition, extraction

with Tenax beads has become a method of choice for

measuring desorption kinetics due to its simplicity

(e.g., Cornelissen et al. 1997; ten Hulscher et al. 2003).

Consequently, there is a wealth of desorption kinetics

data derived with the Tenax method. However,

biodegradation models have yet to make use of such

information.

The objective of this study was to evaluate factors

affecting bioavailability in microbial degradation of

pyrene at the sediment particle size scale. Desorption

kinetics and mineralization rates were simultaneously

determined for the different size fractions. A biodeg-

radation model was modified by imbedding a two-

phase desorption relationship describing sequential

Tenax extractions and further tested for interpreting

the role of sorption in the bioavailability of pyrene as

a function of particle size.

Materials and methods

Chemicals and materials

[4, 5, 9, 10-14C]Pyrene ([95% radiochemical purity;

40–60 mCi/mmol) was obtained from Sigma-Aldrich

(St. Louis, MO, USA). The Mycobacterium vanbaale-

nii PYR-1 bacteria strain was donated by Dr. Cerniglia

of the U.S. Food and Drug Administration in Jefferson,

AR. Tenax TA� (60–80 mesh) was purchased from

Supelco (Bellefonte, PA, USA). Other chemical

reagents used in this study were of gas chromatography

(GC) or analytical grade.

Sediment spiking and fractionation

Two freshwater sediments were used in the present

study: San Diego Creek (SDC) sediment from Irvine,

California, and Salinas Potrero (SP) sediment from

Santa Rosa, California. The collected sediments were

wet sieved through a 2-mm mesh, and stored at 4�C.

The two sediments were autoclaved at 100�C for

20 min before use to remove the indigenous microbial

activity. The two sterilized sediments were spiked

with pyrene containing 0.05 mg/kg 14C-pyrene and

0.45 mg/kg non-labeled pyrene to give an initial

concentration of 0.50 mg/kg. The pyrene solution in

acetone was added to the bottom of a 1.9 l wide-

mouth glass jar. After the carrier solvent was removed

in a fume hood, 200 g (dry wt) of sediment was added

and then mixed thoroughly with a stainless steel

spatula. The spiked sediments were rolled at 200 rpm

for 21 d at room temperature to achieve homogenous

distribution and equilibrium.
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After the 21-d equilibration, the two spiked sedi-

ments were fractionated into three sizes, i.e., sand

(53–2000 lm), silt (2–53 lm), and clay (\2 lm) by

using a combination of wet sieving and centrifugation

(Stemmer et al. 1998). Briefly, wet sediment (20 g

equivalent dw) was placed in a 150-ml glass beaker

and dispersed in 50 ml of deionized water using a

probe type ultrasonicator (Fisher Scientific, Pitts-

burgh, PA, USA) with output energy of 50 J/s for

120 s. Sand was separated by manual wet sieving

using a 270-mesh sieve. To purify the retained sand

fraction, the sieves were rinsed once again with 200 ml

deionized water. Particles remaining on the sieves

were collected as the sand fraction. To separate silt

particles from clay, the remaining suspension was

transferred to two 200 ml centrifuge bottles and

centrifuged at 1509g for 5 min. The pellet after

centrifuge was re-suspended with a small amount of

deionized water and again centrifuged at 1509g for

5 min. Particles left after centrifugation were collected

as silt. All the supernatants were centrifuged at

39009g for 30 min, and the pellet after centrifugation

was collected as clay.

Sediment analysis

Total organic carbon content (TOC), black (soot)

carbon content (BC), specific surface areas (SSA),

and pyrene concentration of the whole sediments and

particle size fractions are shown in Table 1. TOC was

determined by removing inorganic carbon using

digestion with HCl (1 M) and analysis of the digested

sample by combustion on an elemental analyzer (Flash

EA1112 Soil Combustion Nitrogen/Carbon Analyzer

System, Thermo Finnigan, Woods Hole, MA, USA).

BC was determined following the method of Gustafs-

son et al. (1997). Briefly, dried and finely ground

(\150 lm particle size) sediment was combusted in a

muffle furnace at 375�C for 24 h. Samples were then

digested with HCl (1 M) until effervescence ceased,

and the BC content was then analyzed on the elemental

analyzer. SSA of sediments and particle size frac-

tions was determined by Brunauer-Emmett-Teller

(BET) nitrogen isotherms using ASAP-2010 surface

area analyzer (Micromeritics, Norcross, GA, USA).

Concentrations of pyrene in sediment and sediment

fractions were analyzed by air drying aliquots of

0.05 g (dry weight) samples in a fume hood for 24 h.

The dry samples were combusted at 900�C on an OX-

500 biological oxidizer (R.J. Harvey, Hillsdale, NJ,

USA) for 4 min. The evolved 14CO2 was trapped in

15 ml of Carbon-14 cocktail (R.J. Harvey) and the

radioactivity was measured on a Beckman LS 5000TD

liquid scintillation counter (LSC) (Fullerton, CA,

USA).

Biodegradation experiment

Mycobacterium vanbaalenii PYR-1, which was orig-

inally isolated from an oil-contaminated sediment, is

well known for its ability to mineralize PAHs via

mono- and dioxygenase reactions (Moody et al.

2002). The PYR-1 strain was cultured in 100 ml of a

minimal salt medium with 1.0 g/l of pyrene as the

carbon source. The strain was cultured in 250-ml

Erlenmeyer flasks on a horizontal shaker at 100 rpm

and 28�C for 30 d. Before the degradation kinet-

ics tests, the bacteria cells were centrifuged at

74009g for 20 min and resuspended in the minimal

salt medium to a concentration of about 107 cells/ml

(determined on a Nanodrop ND-100 spectrophotom-

eter (Wilmington, DE, USA)).

To determine the microbial degradation of 14C-pyr-

ene in the whole sediments and particle size fractions

by the PYR-1 strain, 0.2 g (dry wt) of sample was

transferred to a 40-ml amber ‘‘respirometer’’, followed

by the addition of 2.0 ml of PYR-1 strain suspension

diluted 5 times with the minimal salt medium. The

setup of the respirometers was similar to a previously

reported method (Doick and Semple 2003). Briefly, a

40-ml amber glass vial was attached with a 2.0 ml GC

Table 1 Properties of Salinas Potrero and San Diego Creek

sediments and sediment fractions

TOC (%) BC (%) SSA (m2/g) Pyrene (ng/g)

Salinas Potrero sediment

Sediment 2.5 0.9 33.0 508.3 ± 14.9

Sand 2.8 1.1 38.0 613.5 ± 22.4

Silt 2.3 1.0 33.3 727.8 ± 14.5

Clay 2.8 0.9 45.9 376.9 ± 42.4

San Diego Creek sediment

Sediment 0.6 0.05 3.3 409.6 ± 92.1

Sand 0.3 0 1.7 193.2 ± 38.6

Silt 2.4 0.3 21.4 1835.5 ± 50.4

Clay 3.4 1.1 43.7 826.2 ± 53.6
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vial filled with 1.0 ml of 1 M NaOH solution to

capture the evolved 14CO2 from mineralization of
14C-pyrene. After 1, 2, 5, 24, 48, 96, 144, 192, 240 and

336 h, the NaOH solution was exchanged using 3-ml

syringes, and the sample solution was mixed with 5 ml

of Carbon-14 cocktail (R.J. Harvey) for measurement

of radioactivity, from which the mineralization rate of
14C-pyrene was calculated. Three replicates were used

for each measurement. The mass balance for the

degradation experiment was determined by account-

ing for 14C associated with the residue sediment or

sediment fractions after biodegradation tests and the

average recovery was 86.0–103.4%.

Tenax desorption experiment

The whole sediments and particle size fractions that

were used in the microbial mineralization measure-

ment, were desorbed for different time increments

using a method similar to that of Xu et al. (2008).

Briefly, 1.0 g (dry wt) aliquots of sediment were

transferred to 50-ml polyethylene centrifuge tubes.

Tenax beads (0.05 g) and 10 ml of sodium azide

solution (200 mg/l) were then added to each tube.

The samples were shaken on a horizontal shaker at

about 100 rpm at room temperature for 1, 2, 6, 12, 24,

48, 96, 144, 192, 240 or 336 h, with three replicates

used for each desorption interval. The sample slurries

were centrifuged at 13609g for 20 min, followed by

filtration of the supernatant using a Whatman No. 41

filter paper (Whatman, Maidstone, UK) to recover the

Tenax beads. The trapped Tenax beads were rinsed

thoroughly with deionized water and were extracted

by sonication using 3 ml of acetone-hexane mixture

(1:1, v/v) in 20 ml scintillation glass vials for three

consecutive times. The sonication was conducted for

5 min in 2 s pulse mode with a high intensity

ultrasonic processor (Sonic 550, Fisher Scientific).

The extracts from the same sample were combined

and mixed with 10 ml Ultima Gold LSC cocktail

(Fisher Scientific), after which the 14C radioactivity

was measured on a Beckman LS 5000TD LSC

(Fullerton, CA, USA) to derive the desorbed amount

of pyrene.

The desorption kinetics up to 336 h were used to

construct the desorption curve and used for estimat-

ing the initial rapid (Frapid) and slow desorption

fractions (Fslow) by fitting the data to a two-phase

model (Cornelissen et al. 1997), using SigmaPlot

10.0 (San Jose, CA, USA)

S=S0 ¼ Frapide�krapidt þ Fslowe�kslowt ð1Þ

where S and S0 (ng/g) are concentrations of pyrene in

the solid phase after desorption time t (h) and before

desorption, respectively, and krapid and kslow are the

rate constants for the rapid and slow desorption

fractions, respectively.

Results and discussion

Sediment analysis

The overall recoveries of sediment mass after frac-

tionation were 95.1 and 98.7% for SP and SDC

sediments, respectively, indicating that only small

quantities of sediment mass were unaccounted for after

the size separation procedure. The SP sediment was

dominated with the silt fraction (78.1 ± 2.0% of the

total sediment mass), while for SDC sediment,

84.3 ± 3.5% of the total dry mass was sand (Fig. 1).

The TOC and BC contents of the bulk SP sediment and

its various size fractions were similar, with average

values of 2.6 ± 0.3% and 1.0 ± 0.1%, respectively.

Pronounced variations in TOC and BC contents were

observed for the SDC sediment, with TOC and BC

contents decreasing in the order of clay [ silt [ sand
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Fig. 1 Distribution of particle mass, total organic carbon

content, and pyrene concentration among sand-, silt-, and clay-

sized aggregates in Salinas Potrero (SP) and San Diego Creek

(SDC) sediments (mass fractions: filled bars; TOC fractions:

blank bars; pyrene concentration fractions: stripped bars)
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(Table 1). In the SP sediment, the relative distribution

of pyrene generally followed that of mass and TOC

(Fig. 1), suggesting similar affinity of pyrene for the

different sizes of particles. In contrast, although the

percentage of sand mass was more than 80% in the

SDC sediment, the sand fraction contained less than

40% of the total TOC or pyrene. The silt fraction, on the

other hand, although accounted for only 14.5 ± 0.4%

of the total mass, was associated with 53.6 ± 4.2% of

the total TOC and 60.4 ± 3.5% of the total pyrene.

These observations clearly suggested different affini-

ties of TOC or pyrene for the different size aggregates

of the SP sediment from the SDC sediment (Fig. 1).

Linear regression analysis was performed for all

the samples across two sediments, and the results

showed that there was a poor correlation between

pyrene distribution and mass fractions of the sedi-

ments (r2 = 0.69; P = 0.15). However, the relative

distribution of pyrene among the three size fractions

was found to closely correlate with TOC in those

fractions (r2 = 0.99; P \ 0.01), as well as with BC

contents (r2 = 0.84; P \ 0.05). This observation was

consistent with the conclusion of Oen et al. (2006),

and suggested that distribution of PAHs among the

different sediment size particles was mainly driven

by organic carbon.

Biodegradation of pyrene as function

of particle sizes

Biodegradation of pyrene in the two sediments and

their particle size fractions was rapid and progressed

without an apparent acclimation phase (Figs. 2, 3). For

the SP sediment, mineralization of pyrene followed

similar trends among the different particle size frac-

tions. After 336 h of incubation, the percentages of

pyrene mineralized by Mycobacterium vanbaalenii

PYR-1 were not significantly different among the sand

(51.73 ± 8.95%), silt (55.11 ± 2.25%), and clay

(55.92 ± 2.83%) fractions (Fig. 2a). For the SDC

sediment, mineralization of pyrene appeared to be

faster in the sand fraction than in the silt or clay

fraction (72.27 ± 14.27% in sand fraction versus

63.38 ± 3.78% and 59.42 ± 4.92% in silt and clay

fractions, Fig. 3a). The sum of cumulative minerali-

zation from the different size fractions, calculated after

mass normalization over the specific size fractions,

closely approximated the mineralization measured

independently from the whole sediment for both

sediments (Figs. 2b, 3b), suggesting the rigorousness

of measurement and also that the physical separation

of sediment aggregates did not modify the original

availability of pyrene for microbial degradation.

Studies using whole sediments show that sediment

organic matter quantity and quality are the most

important variables affecting the microbial availability

of PAHs in sediments (Nam et al. 1998; Lahlou and

Ortega-calvo 1999). Some studies also suggest that

other sediment properties, including the SSA, may

influence microbial degradation of PAHs (Lahlou et al.

2000; Xia and Wang 2008). After combining all the
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Fig. 2 Pyrene degradation kinetics up to 336 h by the PYR-1

strain in SP sediment. a Mineralization in the sediment size

aggregates: sand-(filled square), silt-(filled circle), and clay-

sized (filled triangle) aggregates. b Observed mineralization

values in the whole sediment particles (filled square) and the

calculated values from the three sized fractions (filled circle)

Bars represent standard deviations (n = 3)
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size fractions from the two sediments, linear correla-

tion analysis between the mineralized fractions after

336 h and the selected sediment particle properties

showed a good correlation for TOC (r = -0.84,

P \ 0.01), BC (r = -0.94, P \ 0.001) and SSA

(r = -0.89, P \ 0.01). It is noteworthy that the

r values between mineralization and TOC, BC, and

SSA were all negative, suggesting a negative effect of

these properties on pyrene availability. The overall

analysis showed that the microbial availability of

pyrene from the different size fractions was indepen-

dent of particle sizes, but was closely influenced by the

associated particle properties, including especially BC

content.

Desorption kinetics of pyrene as a function

of particle sizes

The desorption kinetics of pyrene was measured for

the whole sediments and their particle size fractions.

The desorption kinetics fitted well to the two-phase

desorption model with r2 C 0.97 (Fig. 4; Table 2).

Linear correlation analysis showed that in general,

there was a lack of relationship between the sizes of

desorption pools (Frapid and Fslow) and the selected

particle properties including TOC and BC (The value

of P ranged from 0.062 to 0.65). In earlier studies,

differences in desorption of hydrophobic organic

compounds (HOCs) were also found to be poorly

related to specific sediment properties (Cornelissen

et al. 1999; Kukkonen et al. 2003).

Several studies suggested that Frapid reflected the

pool of contaminant attached to the outer regions of

sediment aggregates and may be used as an indicator

for the bioaccessible fraction of sediment- or soil-

associated HOCs (Cornelissen et al. 1998; You et al.

2006). However, in this study Frapid ranged from 0.11

to 0.38 for the two sediments and their particle

size fractions (Table 2), which were substantially

smaller than the mineralized fractions after 336 h

(51.73–55.92% and 59.42–72.27% for SP and SDC

sediments, Figs. 2, 3). Therefore, the pyrene-degrad-

ing bacteria clearly accessed and utilized some of the

pyrene in the Fslow pool. This finding was in agreement

with several previous studies where the researchers

also demonstrated the availability of desorption-resis-

tant fractions during microbial degradation (Lahlou

and Ortega-calvo 1999; Huesemann et al. 2004; Lee

et al. 2009).

In order to further determine if pyrene in Fslow was

bioavailable, a biodegradation model that takes into

account the contribution to mineralization by Fslow

was used to fit biodegradation kinetic data in the

current study (Lahlou and Ortega-calvo 1999).

P ¼ v2t þ ðv1 þ v2Þð1� e�ktÞ=k ð2Þ

where P is percentage of biodegradation fraction of

pyrene as a function of time, t(h), v1 represents the

initial rate of biodegradation (%/h), v2 is the rate of

biodegradation resulting from Fslow (%/h), and k is
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Fig. 3 Pyrene degradation kinetics up to 336 h by the PYR-1

strain in SDC sediment. a Mineralization in the sediment size

aggregates: sand-(filled square), silt-(filled circle), and clay-

sized (filled triangle) aggregates. b Observed mineralization

values in the whole sediment particles (filled square) and the

calculated values from the three sized fractions (filled circle)

Bars represent standard deviations (n = 3)
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the first-order rate constant (1/h). All the v2 values

estimated from the model were significantly higher

than 0, and were 0.77–8.6% of the corresponding v1

values (Supporting information, Table S1). Given

that Fslow is often much larger than Frapid, this

suggests a significant contribution from the slowly

desorbing pool.

Model analysis of microbial availability of pyrene

A coupled model considering both desorption and

biodegradation was used to analyze the biodegrada-

tion results of 14C-pyrene in the sediment fractions.

An assumption used in the coupled model was that

the degrading bacteria utilized only liquid-phase

substrate. The biodegradation of a substrate in a

closed system containing solid particles and water

may be expressed as (Feng et al. 2000; Park et al.

2001, 2003; Beckles et al. 2007):

V
oC

ot
þ m

oS

ot
¼ �lCV ð3Þ

where V is the volume of the solution (ml), m is the

mass of solid (g), t is time (h), C is the aqueous

concentration (ng/ml), S is the chemical concentration

remaining in the sediment phase (ng/g), and l is the

first-order biodegradation rate constant (1/h) in the

solution phase. The microbial mineralization rate in

the solution phase (l) was determined to be 0.126 (1/h)

through preliminary experiments using sediment-free

samples under conditions similar to the sediment
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Fig. 4 Desorption kinetics of pyrene from SP (a) and SDC

(b) sediment (filled circle), and different size fractions, sand

(open circle), silt (filled inverted triangle), and clay (open
triangle). S/S0 is the ratio of chemical concentration remaining

in the sediment after desorption time t to that present in the

sediment before desorption, and t is the cumulative desorption

time

Table 2 Mean regression parameters from fitting Tenax desorption data of pyrene in sediments or sediment fractions to a two-phase

desorption modela

Treatment Frapid krapid (1/h) Fslow kslow (1/h) r2

Salinas Potrero sediment

Sediment 0.29 ± 0.01 5.17 ± 0.67 (910-2) 0.70 ± 0.01 8.68 9 10-4 ± 6.82 9 10-5 0.99

Sand 0.11 ± 0.02 7.75 ± 0.32 (910-2) 0.87 ± 0.01 4.06 9 10-4 ± 4.62 9 10-6 0.99

Silt 0.15 ± 0.01 4.26 9 10-2 ± 7.18 9 10-3 0.84 ± 0.01 4.57 9 10-4 ± 5.10 9 10-5 0.99

Clay 0.38 ± 0.02 3.56 9 10-2 ± 4.74 9 10-3 0.60 ± 0.02 1.45 9 10-3 ± 1.41 9 10-5 0.97

San Diego Creek sediment

Sediment 0.31 ± 0.03 1.79 9 10-1 ± 4.15 9 10-2 0.67 ± 0.02 7.90 9 10-4 ± 1.21 9 10-4 0.98

Sand 0.11 ± 0.02 2.35 9 10-1 ± 7.41 9 10-2 0.88 ± 0.01 6.19 9 10-4 ± 4.46 9 10-5 0.99

Silt 0.26 ± 0.02 4.65 9 10-2 ± 1.12 9 10-2 0.74 ± 0.02 7.67 9 10-4 ± 1.03 9 10-4 0.99

Clay 0.35 ± 0.01 3.22 9 10-2 ± 1.10 9 10-3 0.64 ± 0.01 1.05 9 10-3 ± 2.48 9 10-5 0.98

a Frapid and Fslow are the rapid and slow desorption fractions, respectively, and krapid and kslow are the corresponding rate constants
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slurry treatments. When combined with the Tenax-

aided desorption model (Eq. 1), Eq. 3 becomes:

V
oC

ot
þ lCV ¼ mS0ðFrapidkrapide�krapidt

þ Fslowkslowe�kslowtÞ ð4Þ

Equation 4 can be solved numerically to an integra-

tion form that depicts the change of aqueous-phase

concentration C with time:

C ¼ mS0Frapidkrapid

Vðl� krapidÞ
e�krapidt þ mS0Fslowkslow

Vðl� kslowÞ
e�kslowt

ð5Þ

The mineralized amount of pyrene was calculated

based on the change of C during the incubation time.

Mineralization rates were estimated using the deso-

rption-biodegradation coupled model (Eq. 5, model 1)

to evaluate pyrene bioavailability in sample slurries. If

only dissolved pyrene in the bulk-aqueous phase was

degraded, the amount of pyrene mineralized should

equal to the model prediction. In contrast, mineraliza-

tion rates exceeding the predicted values would imply

enhanced bioavailability. An upper boundary of the

model estimate would be the assumption of instanta-

neous desorption, where Fslow = 0 and Eq. (5) is

simplified to Eq. (6) (model 2):

C ¼ mFrapidS0krapid

Vðl� krapidÞ
e�krapidt ð6Þ

For the SP sediment, the measured mineralization

curves for all of the three particle size fractions fell

above the predicted line by model 1 (Fig. 5), indicat-

ing that the bacteria not only utilized pyrene in the

solution phase, but also either enhanced the desorption

of pyrene into the solution phase or directly used the

sorbed pyrene. The measured mineralization curve for

the sand aggregates fell between model 1 and model 2

predicted lines. In comparison, the measured miner-

alization for the silt fraction closely mimicked the

model 2 prediction while that for the clay fraction

clearly surpassed that predicted by the model 2 in the

later phase of the incubation experiment (Fig. 5).

Similar patterns were also observed for the SDC

sediment (Fig. 6). Again, while the measured miner-

alization fell between the two predicted lines for the

sand fraction, the cumulative mineralization was

similar to that predicted by the model 2 for silt, and

was greater than that predicted by the model 2 for clay

(Fig. 6). The increased mineralization in relation to

that predicted by the model 2 implied that pyrene

sorbed on silt and clay particles was probably used

directly by the PYR-1 bacteria, that is, without first

being desorbed into the solution phase.

Direct utilization of sorbed form of compounds by

the degrading bacteria has also been observed in a

few earlier studies (Feng et al. 2000; Park et al. 2003;

Huesemann et al. 2004; Lee et al. 2009; Yang et al.

2009), even though in these studies the microbial

availability was not considered at the particle size

scale. The enhanced availability of pyrene to the PAH

degrading bacteria on silt and clay fractions as

opposed to the sand fraction in our study may be

attributed to properties specific to these particle sizes.

For bacteria, it is known that the properties of

chemotaxis towards the substrate facilitate the bacte-

ria’s access to the surface of solid particles that have

elevated chemical concentrations (Van Loosdrecht

et al. 1990; Leglize et al. 2008), and a positive

relationship between atrazine concentrations and

access to the pool of sorbed atrazine was previously

observed in Park et al. (2003). Marx and Aitken

(2000) reported that inoculated bacteria moved to

certain places where more naphthalene was available,

leading to an enhanced biodegradation of naphtha-

lene. In Amellal et al. (2001), the transmission

electron microscopy observations showed that the

bacteria were most numerous on fine silt and clay

aggregates, where the highest concentration of PAHs

were located. In the current study, the concentration of

pyrene in the silt fraction was higher than that in the

sand or clay fractions, especially for the SDC

sediment. Although not measured directly in this

study, it is probable that more bacteria moved and

became attached onto the surface of the silt particles

as compared to the other particle sizes, resulting in

relatively higher utilization of pyrene sorbed on the

silt particles.

Two factors that have been shown to affect the

sorption of bacteria to solid particles are SSA and

TOC (Xia and Wang 2008). Lahlou et al. (2000)

demonstrated that clay, which has relatively larger

SSA, was the most important retarding compart-

ment for both hydrophobic and nonhydrophobic

PAH-degrading bacteria. Bogan and Sullican (2003)

further demonstrated that PAH-degrading bacteria

tended to bind to organic matter of solid particles. In

this study, SSA of the silt- and clay-sized particles

304 Biodegradation (2011) 22:297–307
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was larger than the sand fraction, especially for the

SDC sediment. For instance, SSA of clay and silt

from the SDC sediment was 25.4 and 12.4 fold that of

sand particles (Table 1). Therefore, the silt and clay

fractions could provide more sites for bacteria to

attach, likely leading to a higher direct utilization of

sorbed pyrene. In addition, the clay fractions of the

two sediments had the highest TOC contents as

compared to the other fractions. Therefore, more
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Fig. 5 Microbial mineralization of pyrene (filled square:

observed values) on various sized particles in SP sediment.

The solid lines represent the model 1 predicted values, and the

dash lines represent the model 2 predicted values

0 50 100 150 200 250 300 350

0

20

40

60

80

100

120

M
in

er
al

iz
at

io
n 

fr
ac

tio
n 

(%
)

SDC-Sand

Time (h)

0 50 100 150 200 250 300 350

0

20

40

60

80

M
in

er
al

iz
at

io
n 

fr
ac

tio
n 

(%
)

SDC-Silt

Time (h)

0 50 100 150 200 250 300 350

0

10

20

30

40

50

60

70

M
in

er
al

iz
at

io
n 

fr
ac

tio
n 

(%
) SDC-Clay

Time (h)

Fig. 6 Microbial mineralization of pyrene (filled square:

observed values) on various sized particles in SDC sediment.

The solid lines represent the model 1 predicted values, and the

dash lines represent the model 2 predicted values
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bacteria could have moved to the clay fractions than

to the other fractions containing less TOC, contrib-

uting to a further enhanced utilization and biodegra-

dation of pyrene sorbed to the clay aggregate.
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