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Abstract This study aimed to evaluate the total concen-

tration of polycyclic aromatic hydrocarbons in sediments

of Iguassu River in Southern Brazil. Alongside the con-

centration, the amount of such compounds bioavailable

was also evaluated. This is accomplished by comparing its

total amount present in sediments and the amount extracted

by n-butanol. The results showed that the total concentra-

tion of polycyclic aromatic hydrocarbons presented in

sediment ranged from 4.49 to 58.75 lg/g. The total amount

of polycyclic aromatic hydrocarbons extracted by n-buta-

nol ranged from 1.22 to 17.07 lg/g. The use of n-butanol

represents the mimetic conditions that hydrocarbons,

derived from oil, could be taken up by organisms. Most of

the hydrocarbons extracted by n-butanol were those with

lower octanol–water partition constant, usually those with

three and four rings. Compounds with more than four rings

were extracted in lower or insignificant amounts. Even the

hydrocarbons with lower molecular weight available may

be degraded or eliminated by organisms, when accumu-

lated. Estimating bioavailability of hydrocarbons repre-

sents what specific hydrocarbons could be available to be

taken up by organisms.

Keywords Accumulation � Estimating bioavailability �
Hydrocarbons from oil � Toxicity

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread

in the environment. Because of their carcinogenic and

mutagenic properties (IARC 1991), these compounds have

been intensively studied in various compartments of the

environment such as soil, sediment and water (Froehner

and Martins 2008). Due to their hydrophobic character,

these neutral organic compounds tend to be rapidly

adsorbed by sediment. Therefore, sediments can be con-

sidered as a pollution reservoir (Budzinski et al. 1997). In

general, the toxicity of sediments is assessed by the pres-

ence of chemical substances in concentration higher than

the limit established by toxicological tests (Wania and

Mackay 1999; Doong and Lin 2004). Considering the

sediment capacity to trap organic compounds, chemical

markers can be used to monitor and assess the sediment

quality and the presence of pollutants in water. Sediment

and soil are the major sinks for organic contaminants such

as PAHs as a result of their hydrophobicity (Wania and

Mackay 1999). Organic matter, naturally presents in soil

and sediments, can sorb organic compounds poorly water

soluble (Gobas 1993). In general, most PAHs are consid-

ered toxic; however, the fate and toxic effects are largely

governed by their bioavailability, which is strongly affec-

ted by organic carbon content in sediment and soil (Sch-

warzenbach et al. 2006). In fact, after accumulation in

sediments, a small fraction is bioavailable, while a large

fraction is unavailable due to the adsorption by organic

matter content in sediment. The strong interaction between

PAHs and organic matter in sediments has as a conse-

quence pollutants that are difficult to be completely

degraded by microorganisms (Barriuso et al. 2008). The

toxic level of pollutants depends on their bioavailability to

the organisms. However, to determine the amount available
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for microorganism is not a simple task. Recently, a number

of chemical procedures have been developed to mimic the

biological process for determination of the bioavailability

instead of direct measurement of bioavailability which is

not so simple. For example, Doick et al. (2005) suggested

that a cyclodextrin can extract a good fraction of phenan-

threne available to indigenous microorganisms that are able

to transform them to lower toxic compounds. Also, the

Tenas extraction was demonstrated by Cornelissen et al.

(1998) as a good methodology to determine the availabil-

ity of sediment-sorbed organic contaminants. Also,

poly(dimethylsiloxane) coated glass fibers were applied to

measure the freely dissolved PAHs in soil to assess the

bioavailability of PAHs. Some chemical reagents were

used for this purpose, n-butanol and cyclodextrine for

example (Yang et al. 2010). Nam et al. (1998) observed

changes in n-butanol extractabilities and microbiologic

mineralization of phenanthrene during 200 days aging

period.

The potential of applying n-butanol extraction to mimic

bioavailable fractions of organic pollutants has also been

validated. Research into the bioavailability of pollutants in

soil is rapidly intensifying and the number of articles con-

cerning the bioavailability of PAHs in soil is increasing

each and every year (Bergknut et al. 2007). However, the

concept of bioavailability lacks a formal definition and

there is little agreement on what bioavailability means, how

it should be measured, and how it should be calculated.

Consequently, it is difficult to compare findings by different

authors or proposed techniques for assessing the bioavail-

ability of PAHs in soil or sediments, since different studies

are often based on different concepts of bioavailability. The

bioavailable fraction of PAHs in sediments is envisaged as

the fraction of PAHs in the matrix that can be taken up by

organisms. However, it should be noted that uptake rates

differ between species and that the timescale considered

will affect the amounts of accumulated PAHs. The most

widely accepted theory concerning the uptake of chemicals

by organisms in the soil and sediments is the equilibrium

partitioning theory, that is the freely dissolved PAHs con-

centrations in soil pore waters and the amount adsorbed in

soil or sediments (Cornelissen et al. 2001; Yang et al. 2010).

That is to say, the equilibrium partitioning between the

compartments and organisms controls the bioavailability of

PAHs, as the pollutants general speaking (Ditoro et al.

1991; Sijm et al. 2000). Some deviations from expected

partitioning theory results have been observed, which are

usually attributed to sequestration of pollutants in the

sediments, the effects of feeding, and biotransformation

(Cornelissen et al. 2001; Ditoro et al. 1991). In this paper,

n-butanol (chemical reagent) was used to extract the PAHs

in sediments and assumed as bioavailable. This research

has been carried out in the School of Environmental

Engineering, Federal University of Parana (Curitiba, Bra-

zil), in July 2010.

Materials and methods

Study area

The selected area for this study was Upper Iguassu water-

shed and is located within the metropolitan region of

Curitiba (Fig. 1). The Upper Iguassu watershed has its sources

along the Serra do Mar, whose main river runs for about

90 km until reaching the limits of the metropolitan region of

Curitiba, draining an area of around 2,800 km2 (Froehner

et al. 2010), with population of this area is approximately 3

millions in 14 municipalities. The area covered is heavily

urbanized and has been submitted to a process of irregular

occupation of flood plains and watershed areas, which has

led to the clear degradation of rivers in the region. This

work presents a collection campaign in urban rivers con-

sidered within the basin. Sediments samples were collected

in rivers Irai, Barigui and Iguassu, although the Upper

Iguassu watershed has 26 major tributaries.

Samples collection

Seven sampling stations were established in Upper Iguassu

River (Fig. 1; Table 1). The sediments were collected in July

2010. Surface sediment samples were collected with a Van

Veen Grab. Most of the sediments investigated were muddy,

with a high amount of organic carbon. In the laboratory, the

sediment samples were wrapped in aluminum foil and stored

at -21 �C until the final analysis. Before the determination

of organic carbon, the samples were decarbonated using

0.5 mol/L HCl solution. Then, the sediments samples were

freeze dried to determine the organic carbon content. Ali-

quots were taken for elemental analysis using a Carlo Erba

EA 1110 CHNS-O analyzer after being centrifuged, washed

with deionized water, and gently dried at 60 �C.

Chemicals

Solvents used (Dichloromethane, hexane, and acetone)

were HPLC grade, purchase from Honeywell Brand.

n-Butanol was analytical grade (99.4 % pure), purchase

from Merck. All chemicals solvents used in this study were

HPLC grade, with exception of n-butanol which was ana-

lytical grade (99.4 % purity). A mixture of stock solution

of PAHs was prepared by dilution of a commercial stan-

dard (Accustandard) with n-hexane. Furthermore, the

working standard solution in n-hexane was prepared by

diluting the stock standard. All glassware was cleaned in an

ultrasonic cleaner (UltraCleaner 14000 Unique).
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Extraction of total PAHs

20 g of dried sample sediments was used for quantifying

the 16 PAHs listed as priority by Environmental Protection

Agency-USA. The sample extraction procedure was per-

formed according to previously reported methods (Mai

et al. 2002; Froehner et al. 2010). PAHs were extracted

twice with 50 mL of dichloromethane for 15 min by

ultrasonic agitation with frequency of 20 kHz. The extracts

were combined and concentrated to 1 mL by rotatory

evaporator (Buchi 210 V). As the final step, performed the

clean up processes by passing the extract through a silica

gel and alumina (silica and alumina were activated at

200 �C for 4 h and then partially deactivated with 5 %

Milli-Q water). The extracts were filtered, concentrated,

and solvent exchanged to hexane. The clean up and

fractionation were performed on an alumina/silica gel

chromatography column. The PAHs fraction were succes-

sively eluted with 15 mL hexane and 70 mL dichloro-

methane/hexane (3:7, v:v), respectively. The second

fraction was concentrated under a gentle flow of high-

purity nitrogen to volume of 200 uL.

Analysis of PAHs was performed on an Agilent 7890

gas chromatograph system equipped with flame ionization

detector (FID). The GC-FID conditions were: injection

temperature 270 �C; FID detector temperature 300 �C;

carrier gas nitrogen with flow rate 1 mL/min. Temperature

program: initially 45 �C, increasing at a rate of 13–150 �C/

min, then at 5–200 �C/min.

n-Butanol extraction of PAHs

The procedure described by Northcott and Jones (2003)

was followed. 20 g of dried sediment was extracted with

100 mL n-butanol in a 250 mL glass-flask (100 rpm) for

24 h on a horizontal shaker at room temperature. The

samples were centrifuged at 3000 rpm for 20 min. The

supernatant contained the PAHs extractable in n-butanol,

while those in sediments stand for non-extractable fraction.

The n-butanol phase was concentrated to 1 mL by rotatory

evaporator at 80 �C and the solvent was then changed to

hexane. The PAHs were finally quantified by GC-FID

following the conditions described above (the same for

total PAHs).

Fig. 1 Map with sampling station in metropolitan region of Curitiba. P1 Irai river, P2 Barigui river (Tingui Park), P3 Iguassu river (North site),

P4 Barigui river (Barigui Park), P5 Iguassu river (South site), P6 Barigui river (Caximba), P7 Piraquara

Table 1 Location of the sites for sediment samples collection in the

Iguassu River

Site Watershed

area (km2)

Latitude Longitude Altitude (m)

P1 282.88 25� 260 3600 49� 080 2600 875

P2 625.53 25� 290 0000 49� 110 2100 869

P3 1,283.65 25� 350 3600 49� 150 3900 865

P4 2,122.22 25� 360 0100 49� 230 5200 860

P5 2,577.76 25� 350 0100 49� 300 4800 858

P6 3,048.69 25� 350 1400 49� 370 5400 854

P7 182.00 25� 260 2700 49� 070 0600 876
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Organic carbon content analysis

Immediately prior to further analysis, the sediments were

dried under vacuum crushed in dry mortar with a porcelain

pestle and decarbonated using 0.5 mol/L HCl solution.

Aliquots were taken for elemental analysis. Total organic

carbon (TOC) were measured using a Carlo Erba EA1110

CHNS-O analyzer after being centrifuged, washed with

deionized water and gently dried at 60 �C.

Results and discussion

Distribution of total PAHs in sediments

Table 2 shows the concentration of all PAHs found in

sediments samples of Iguassu River. Lower molecular

weight (LMW) PAHs dominated the distribution of such

compounds. The total concentration of PAHs varied from

4.49 to 58.75 lg/g. The highest concentration was found in

site P5. This high concentration could be associated with

granulometric composition of sediments (Froehner and

Martins 2008). In general, the sediments of Iguassu River

presented high percentage of silt and clay, and minimal

percentage of sand in their composition (less than 15 %).

Exception is made for site P7, in which sand dominated the

composition of sediment (63 %); consequently, the organic

carbon content was also lower in comparison with other

sites. The lower organic carbon content reflects in sediment

capacity of organic compounds adsorption. The organic

carbon content is shown in Table 2. The higher concen-

tration of total PAHs was found in those sites with more

organic carbon content (sites P4, P5 and P6).

Soil and sediments with high organic carbon content

present higher capacity to retain PAHs, as well as other

organic compounds that are poorly water soluble (Yang

et al. 2010). For instance, the polychlorinated biphenyl

(PCBs) in top soil revealed a positive correlation between

soil PCBs and soil organic matter and a tenfold increase in

the organic matter leads to a sixfold increase of total PCBs

concentration in soils (Moermond et al. 2007).

The initial studies aimed at analyzing sediments from

completely different scenarios regarding the amount of

pollution. Sites P1, P2 and P3 are located in a region distant

from pollution sources, while others are located in regions

near anthropic activities (industrial activities, intense traf-

fic, and oil refinery) (Froehner et al. 2010). Most of the

sampled sites are closed to industrial areas and near high-

ways with intense traffic of buses and trucks. The presence

of PAHs has been identified as one of the most useful

chemical markers for identifying anthropogenic inputs in

lakes, rivers, estuarine areas, and oceans. For example, Liu

et al. (2009) found PAHs concentration in river sediments

from 0.11 to 1.70 lg/g. Fang et al. (2007) observed PAHs

in marine sediments ranging from 0.023 to 45.10 lg/g.

The sources are defined by isomer ratios, according to

the studies presented by Yunker et al. (1999, 2002)

According to their findings, one isomer predominates over

its pair due to thermodynamic processes such as pyrolysis

or petroleum formation. The widely used analysis of

molecular compound ratios has been applied to identify the

source and origin of the PAHs. Some typical isomers ratios

include: Naphthalene/Fluoranthene, Phenanthrene/Anthra-

cene, Fluoranthene/Pyrene, Chrysene/Benzo(a)Anthracene,

Fluoranthene/(Fluoranthene ? Pyrene), Anthracene/

(Anthracene ? Phenanthrene), Pyrene/Benzo(a)Pyrene

and Benzo(a)Pyrene/228 (Yunker et al. 2002). Those ratios

have been developed for interpreting PAHs compositions

and inferring the possible sources (Budzinski et al. 1997).

Generally, thermodynamically more stable compounds

such as naphthalene, fluorene, phenanthrene, and chrysene

are abundant in petrogenic PAHs, while fluoranthene and

pyrene are usually the most abundant compounds of

pyrolytic PAHs.

PAHs of molecular mass 178 and 202 are commonly

used to distinguish between combustion and petroleum

sources (Soclo et al. 2000). The ratio of mass 178

(anthracene/anthracene ? phenanthrene) ranged from 0.03

to 1.71. Usually ratios \0.10 indicate petroleum while a

ratios [0.10 indicate dominance of combustion products

(Budzinski et al. 1997). Here the results showed that PAHs

come from both sources, pyrogenic and petrogenic. Epi-

sodes of leakage of petroleum compounds and also crude

oil was reported in this region, justifying the presence of

petrogenic compounds.

Ratios of mass 202, fluoranthene/(fluoranthene ?

pyrene) of 0.50 are usually defined as the petroleum/

combustion transition point (Budzinski et al. 1997).

According to this ratio only site P1 had PAHs from

petrogenic source; for the rest of the sites, the source is

predominantly pyrogenic, i.e., burning of gasoline, diesel

and oil fuel emitted from cars and diesel trucks. Other

commonly used ratio is fluoranthene/pyrene; values higher

than 1 imply in pyrolytic origin, while values lower than 1

are attributed to petrogenic sources (Soclo et al. 2000;

Budzinski et al. 1997). Except for site P1, in which the

ratio value was 2.50, all the other sites presented values

lower than 1. Such values imply that the presence of PAHs

in sediments has its origin in pyrolytic sources, as the

fluoranthene/(fluoranthene ? pyrene) ratio pointed out.

Once entered into the environment, PAHs are widely

dispersed through atmospheric and aquatic transport and

deposited into the river sediments. Yang et al. (1999)

analyzed the size distributions of PAHs for road dust and

for engine exhausts of cars and found that road dust was the

major contribution of dry deposition flux for a total of 21
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PAHs and all individual PAHs. These results show that the

road dust associated with leaked gasoline or other com-

pound derived from petroleum might contribute to LMW

PAHs in the aquatic environment of Iguassu River (Yunker

et al. 1999, 2002). Higher weight PAHs are usually found

in a smaller percentage in refined petroleum products

(Wang et al. 1998) and generally are present in significant

amounts only in higher fractions such as asphalt, and

possibly in bitumen or coal.

Distribution of PAH extracted by n-butanol

The presence of PAHs in sediments does not mean toxicity

to ecosystems. The most acceptable theory concerning the

uptake of chemicals by organisms in the soil is the equi-

librium partitioning, i.e., the bioavailability of organic

compounds is controlled by equilibrium partitioning

between the sediment or soil, water and the organisms

(Shea 1998; Bergknut et al. 2007). The toxicity is repre-

sented by the extractable fraction (Yang et al. 2010), in this

study, by n-butanol extraction. Also, when assessing bio-

availability it is important to bear in mind that the process

is governed by three-way interactions between the pollu-

tant, the matrix and the organism in the matrix (Madsen

2003). The reason to employ n-butanol for the extraction is

that the reagent mimics the bioavailability of genotoxic

organic compounds in soils to P. putida (Alexander and

Alexander 2000). n-Butanol can extract PAHs from soil

and sediments and the amount extractable depends on the

organic carbon content whichever the affinities of PAHs to

different fractions of organic matter (Pan et al. 2007).

Table 3 showed the total concentration of PAHs

extracted by n-butanol. It is clear that most of LMW PAHs

were extracted, while high molecular weight (HMW)

PAHs were extracted in lower proportions. Naphthalene,

acenaphthalene, acenaphthene and fluorene were the most

common compounds in extraction. When organic com-

pounds reach the soil or sediments, the most common

consequence is the adsorption of those compartments. The

interaction between PAHs and organic matter in such

compartments is extremely important, e.g., the octanol–

water partition constant (Kow) of individual PAHs. Gen-

erally, the transfer of PAHs between the compartments

occurs rapidly (air, water, soil and sediment) (Froehner and

Martins 2008). Due to the chemical characteristics of the

sediments (organic carbon content), most part of PAHs are

trapped by organic matter present in sediments. In this

study, the adsorbed fraction of PAHs accounted for

37.2–84.3 %. Similar results were found by Yang et al.

(2010), but by means of laboratory experiments. Bergknut

et al. (2007) used different solvents to extract PAHs, the

percentage of extraction using n-butanol was 14 %, but the

studies were conducted in purposely contaminated soil and

laboratory experiments. The extraction efficiency is related

with the non-polar conditions of the solvent. Here, it was

used pure n-butanol, thus, the amount extracted was high,

Table 2 Distribution of total PAHs in sediments of Iguassu River, in ng/g

Compound P1 P2 P3 P4 P5 P6 P7

Naphthalene 14.36 6.07 5.40 461.40 228.59 21.26 23.51

Acenaphthalene 202.96 360.67 39.92 20.85 47.60 98.40 62.80

Acenaphthene 78.04 3,214.30 2,399.72 259.81 3,663.65 4,430.20 13.72

Fluorene 11.50 143.06 50.19 55.06 60.04 70.36 26.00

Fenantrene 19.22 307.58 36.33 319.30 7,168.88 342.72 187.97

Antracene 27.05 10.00 277.29 59.97 533.60 35.41 24.59

Fluoranthene 60.22 103.77 9.12 376.91 330.03 18.97 16.57

Pyrene 28.66 383.19 342.57 5,208.48 1,565.85 516.36 114.59

Benzo(a)Anthracene 942.15 479.42 710.63 369.67 18,875.20 267.18 1,495.96

Crysene 13.01 25.59 18.32 85.16 35.18 31.43 4.66

Benzo(b)Fluoranthene 1,800.66 1,555.41 1,433.51 742.31 2,368.98 371.38 183.57

Benzo(k)Fluoranthene 120.81 314.86 134.45 573.93 336.45 434.81 48.57

Benzo(a)Pyrene 1,701.54 8.15 1,711.47 3,561.31 4,102.46 1,100.05 112.38

Indene 2,856.12 2,233.71 4,097.62 1,177.12 1,959.68 3,873.99 1,853.05

Dibenzo(a,h)anthracene 4,673.98 2,764.79 3,622.03 19,811.61 17,327.00 4,081.02 328.42

Benzo(ghi)Perilene 43.43 1.06 18.77 431.54 152.13 62.01 1.83

Total 12,593.73 11,911.62 14,907.34 33,514.42 58,755.32 15,755.56 4,498.19

TOC (% w/w) 2.30 2.47 2.74 4.71 4.65 2.55 1.73

SD \3.5 %
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15 % for P1 (the lowest percentage) to 62 % (the highest

percentage).

For instance, 1 % of n-butanol in water extracts only

0.16 % of total PAHs (Bergknut et al. 2007). The adsorp-

tion of organic compounds is not only dependent on

organic carbon but also by longer contact times (Doick

et al. 2005). The higher amount of LMW PAHs extracted

by n-butanol shows the weak interaction of these com-

pounds with organic matter in sediments. The highest

extractable concentrations of LMW PAHs were observed

in those sites with low organic carbon content. For exam-

ple, in sites P4 and P5, the amount of PAHs extractable by

n-butanol was only 14.8 and 29.0 %. It seems that the

n-butanol extracted PAHs that had weak association with

organic matter. Humic and fulvic substances contained in

organic matter are referred to more or less bioavailable

compartment. The n-butanol extracted fraction was already

demonstrated to be more relevant to bioavailability of

PAHs to microorganisms (Nam et al. 1998). Furthermore,

the Kow is extremely important to define the final situation

of organic compounds in the environment. PAHs with log

Kow higher than 6 are probably adsorbed in sediments,

while compounds with log Kow lower than 6 (between 4

and 6) can accumulate in organisms (Wania and Mackay

1999; Gobas 1993). Considering the log Kow, PAHs with

low values were extracted in higher amounts in comparison

with those with higher log Kow values. The main concern

with the presence of PAHs in soil and sediments is due to

the toxic power of such compounds, especially those with

more than four rings. According to the literature, PAHs

with lower log Kow are degraded by microorganisms or

eliminated in feces (Alexander and Alexander 2000; Wania

and Mackay 1999). However, the behavior of such com-

pounds in soil or sediments is completely different in

organisms. For instance, in experiments with earthworms,

PAHs with lower log Kow were rapidly eliminated, while

those with higher log Kow were accumulated and then

degraded. Thus, the uptake rates also control the degrada-

tion and accumulation. Therefore, the uptake is very

important in such processes. However, the uptake is

dependent on the bioavailability of compounds. Here, the

results showed that most of PAHs were not available for

further uptake by microorganisms. In a general fashion,

only low molecular weight PAHs were available. Such

compounds are considered, according to USEPA, as less

toxic. The sediments studied showed an equal distribution

of PAHs. The carcinogenic/non-carcinogenic ratio is

almost 1. Nonetheless, this ratio is lower than 1 when the

distribution of PAHs is analyzed for PAHs extracted by

n-butanol. Even the sediments that contain a significant

amount of PAHs not at all poly aromatic compounds are

available for uptake by organisms.

Conclusion

Polycyclic aromatic hydrocarbons were analyzed in sedi-

ments from Iguassu River in Southern Brazil. The results

Table 3 Distribution of extracted PAHs by n-butanol from sediments, in ng/g

Compound P1 P2 P3 P4 P5 P6 P7

Naphthalene 9.79 ND ND 455.00 220.05 15.84 19.98

Acenaphthalene 176.75 334.06 32.61 2.26 16.01 72.01 39.66

Acenaphthene 36.82 3,190.60 2,366.97 11.37 3,589.10 4,413.23 ND

Fluorene 9.87 133.64 38.91 10.67 35.36 64.71 25.05

Fenantrene ND 278.73 ND ND 7091.63 317.27 185.35

Antracene 20.24 ND 267.14 25.28 526.62 28.72 21.77

Fluoranthene 40.37 103.73 9.12 0.07 329.39 15.43 14.52

Pyrene ND 327.15 269.66 2,013.58 964.90 480.11 89.47

Benzo(a)Anthracene ND ND ND ND 1,339.97 ND ND

Crysene 3.01 23.33 13.24 56.05 18.05 17.83 4.66

Benzo(b)Fluoranthene ND 1,034.19 978.09 ND 1,399.17 147.55 ND

Benzo(k)Fluoranthene ND 135.35 ND 98.20 ND 382.97 ND

Benzo(a)Pyrene ND ND ND 69.51 ND 157.17 ND

Indene 598.31 1,191.90 814.48 ND ND 1,192.48 827.03

Dibenzo(a,h)anthracene 1,061.50 725.39 170.67 2,214.19 1,536.64 78.62 ND

Benzo(ghi)Perilene 19.10 ND ND ND ND ND ND

Total 1,975.74 7,498.08 4,960.90 4,956.17 17,066.88 7,383.95 1,227.48

SD \3.5 %
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showed that PAHs were present and the total concentration

ranged from 4.50 to 58.75 lg/g. Sites with higher organic

carbon content presented the highest concentration. To

perform the evaluation of the bioavailable amount of

PAHs, the sediments were treated with n-butanol. PAHs

with lower molecular weight were extracted in higher

amounts than PAHs with high molecular weight. It seems

that adsorption process is essential in trapping organic

compounds such PAHs with higher molecular weights.

LMW PAHs are readily degraded, while HMW PAHs were

not due to stronger association with organic matter. Finally,

even sediments showed the presence of PAHs, but only

those considered as less toxic and less carcinogenic are

available for uptake by organisms.

Acknowledgments The authors appreciate the financial aid pro-

vided by CNPq (Processos 577060/2008-2 and 471183/2010-5).

References

Alexander RR, Alexander M (2000) Bioavailability of genotoxic

compounds in soils. Environ Sci Technol 34(8):1589–1593

Barriuso E, Benoit P, Dubus IG (2008) Formation of pesticide

nonextractable (bound) residues in soil: magnitude, controlling

factors and reversibility. Environ Sci Technol 42(6):1845–1854

Bergknut M, Sehlin E, Lundstedt S, Andersson PL, Haglund P,

Tysklind M (2007) Comparison of techniques for estimating

PAH bioavailability: uptake in Eisenia fetida, passive samplers

and leaching using various solvents and additives. Environ Pollut

145(1):154–160

Budzinski H, Bellocq IJJ, Pierard C, Garrigues P (1997) Evaluation of

sediment contamination by polycyclic aromatic hydrocarbons

in the Gironde estuary. Mar Chem 58(1–2):85–97. doi:10.1016/

S0304-4203(97)00028-5

Cornelissen G, Rigterink H, Ferdinandy MMA, Van Noort PCM

(1998) Rapidly desorbing fractions of PAHs in contaminated

sediments as a predictor of the extent of bioremediation. Environ

Sci Technol 32(7):966–970

Cornelissen G, Rigterink H, Hulscher DE, Vrind BA, van Noort PC

(2001) A simple Tenax extraction method to determine the

availability of sediment-sorbed organic compounds. Environ

Toxicol Chem 20(4):706–711

Ditoro DM, Zarba CS, Hansen DJ, Berry WJ, Swartz RC, Cowan CE,

Avlou SP, Allen HE, Thomas NA, Paquin PR (1991) Technical

basis for establishing sediment quality criteria for nonionic

organic-chemicals using equilibrium partitioning. Environ Tox-

icol Chem 10(12):1541–1583

Doick KJ, Dew NM, Semple KT (2005) Linking catabolism to

cyclodextrin extractability: determination of the microbial

availability of PAH’s in soil. Environ Sci Technol 39(17):

6575–6583

Doong R, Lin Y (2004) Characterization and distribution of

polycyclic aromatic hydrocarbon contaminations in surface

sediment and water from Gao-Ping River, Taiwan. Water Res

38(7):1733–1744

Fang MD, Hsieh PC, Ko FC, Baker JE, Lee CL (2007) Sources and

distribution of polycyclic aromatic hydrocarbons in the sedi-

ments of Kaoping river and submarine canyon system, Taiwan.

Mar Pollut Bull 54(8):1179–1189

Froehner S, Martins RF (2008) Assessment of fate and bioaccumu-

lation of benzo(a)pyrene by computer modeling. Quim Nova

31(5):1089–1093

Froehner S, Machado KS, Monnich C, Falcão F, Bessa M (2010)

Inputs of domestic and industrial sewage in Upper Iguassu,

Brazil identified by emerging compounds. Water Air Soil Pollut

215(1–4):251–259

Gobas FAPC (1993) A model for predicting the bioaccumulation of

hydrophobic organic chemicals in aquatic food-webs: applica-

tion to Lake Ontario. Ecol Model 69(1):1–17

IARC (1991) Monographs on the evaluation of carcinogenic risk of

chemicals to humans, vol 53. International Agency for Research

on Cancer, Lyon, France

Liu Y, Chen L, Huang Q, Li W, Tang Y, Zhao J (2009) Source

apportionment of polycyclic aromatic hydrocarbons (PAHs) in

surface sediments of the Huangpu River, Shanghai, China. Sci

Total Environ 407(8):2931–2938

Madsen EL (2003) Report on bioavailability of chemical wastes with

respect to potential for soil bioremediation. US EPA Report

(http://www.epa.gov/ncer), EPA/600/R-03/076

Mai BX, Fu JM, Sheng GY, Kang YH, Lin Z, Zhang G, Min YS,

Zeng EY (2002) Chlorinated and polycyclic aromatic hydrocar-

bons in riverine and estuarine sediments from Pearl River Delta,

China. Environ Pollut 117(3):457–474

Moermond CTA, Roessink I, Jonker MTO, Meijer T, Koelmans AA

(2007) Impact of polychlorinated biphenyl and polycyclic

aromatic hydrocarbon sequestration in sediment on bioaccumu-

lation in aquatic food webs. Environ Toxicol Chem 26(4):

607–615

Nam K, Chung N, Alexander M (1998) Relationship between organic

matter content of soil and sequestration of phenanthrene.

Environ Sci Technol 32(22):3785–3788

Northcott GL, Jones KC (2003) Validation of procedures to quantify

non-extractable polycyclic aromatic hydrocarbon residues in

soil. J Environ Qual 32(2):571–582

Pan B, Xing BS, Tao S, Liu WX, Lin XM, Xiao Y, Dai HC, Zhang

XM, Zhang YX, Yuan HS (2007) Effect of physical forms of soil

organic matter on phenanthrene sorption. Chemosphere 68(7):

1262–1269

Schwarzenbach RP, Escher BL, Fenner K, Hofstetter TB, Johnson CA,

Von Gunten U, Wehrli B (2006) The challenge of micropollutants

in aquatic systems. Science 313(5790):1072–1077

Shea D (1998) Developing national sediment quality criteria. Environ

Sci Technol 22(11):1256–1261

Sijm D, Kraaij R, Belfroid A (2000) Bioavailability in soil or

sediment: exposure of different organisms and approaches to

study it. Environ Pollut 108(1):113–119

Soclo HH, Garrigues P, Ewald M (2000) Origin of polycyclic

aromatic hydrocarbons (PAHs) in coastal marine sediments: case

studies in Cotonou (Benin) and Aquitaine (France) areas. Mar

Pollut Bull 40(5):387–396

Wania F, Mackay D (1999) Global chemical fate of alpha-

hexachlorocyclohexane. 2. Use of global distribution model for

mass balancing, source apportionment, and trend prediction.

Environ Toxicol Chem 18(7):1400–1407

Wang JM, Marlowe EM, Miller-Maier RM, Brusseau ML (1998)

Cyclodextrin enhanced biodegradation of phenanthrene. Environ

Sci Technol 32(13):1907–1912

Yang HH, Chiang CF, Lee WJ, Hwang KP, Wu EMY (1999)

Size distribution and dry deposition of road dust PAHs.

Environ International 25(5):585–597. doi:10.1016/S0160-4120(99)

00036-7

Yang Y, Zhang N, Xue M, Tao S (2010) Impact of soil organic matter

on the distribution of polycyclic aromatic hydrocarbons (PAHs)

in soils. Environ Pollut 158(6):2170–2174

Int. J. Environ. Sci. Technol. (2012) 9:409–416 415

123

http://dx.doi.org/10.1016/S0304-4203(97)00028-5
http://dx.doi.org/10.1016/S0304-4203(97)00028-5
http://www.epa.gov/ncer
http://dx.doi.org/10.1016/S0160-4120(99)00036-7
http://dx.doi.org/10.1016/S0160-4120(99)00036-7


Yunker MB, Macdonald RW, Goyette D, Paton DW, Fowler BR,

Sullivan D, Boyd J (1999) Natural and anthropogenic inputs of

hydrocarbons to the Strait of Georgia. Sci Total Environ

225(2–3):181–209

Yunker MB, Macdonald RW, Vingarzan R, Mitchell RH, Goyette D,

Sylvestre S (2002) PAHs in the Fraser River basin: a critical

appraisal of PAH ratios as indicators of PAH source and

composition. Org Geochem 33(4):489–515

416 Int. J. Environ. Sci. Technol. (2012) 9:409–416

123


	Estimation of bioavailability of polycyclic aromatic hydrocarbons in river sediments
	Abstract
	Introduction
	Materials and methods
	Study area
	Samples collection
	Chemicals
	Extraction of total PAHs
	n-Butanol extraction of PAHs
	Organic carbon content analysis

	Results and discussion
	Distribution of total PAHs in sediments
	Distribution of PAH extracted by n-butanol

	Conclusion
	Acknowledgments
	References


