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Improved ultrasonic extraction procedure for the determination of
polycyclic aromatic hydrocarbons in sediments
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Abstract

The aim of this work was to optimize an ultrasonic extraction procedure for the determination of polycyclic aromatic hydrocarbons
(PAHs) in sediments and to compare it with the reflux procedure using methanolic potassium hydroxide. Sample extracts were purified
with a miniaturized silica gel chromatographic column and analyzed by gas chromatography–mass spectrometry (GC–MS). Ultrason-
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cation usingn-hexane–acetone (1:1, v/v) solvent mixture on dried homogenized marine sediment gave better precision (sm
ive standard deviation (RSD) values) and comparable quantities of individual PAH’s compared to the reflux procedure. Ultras
ith the n-hexane–acetone (1:1, v/v) mixture, utilizing four 15 min extraction cycles, was found to be sufficient for extractin

rom wet sediments. The optimized ultrasonic extraction procedure extracted aliphatic and aromatic hydrocarbons from the N
titute of Standards and Technology SRM 1941a with recoveries greater than 90%. The major advantages of ultrasonication
o the reflux method are the lower extraction times, simplicity of the apparatus and extraction procedure. The optimized ultra
rocedure has been used in our laboratory to extract hydrocarbons from naturally wet sediments from rivers, and coastal
reas.
2004 Published by Elsevier B.V.
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are recognized
s potent carcinogens and numerous studies have shown that

hey are ubiquitous contaminants in a wide variety of matri-
es such as air, food, fly ash, soil, sediments, water, crude oil
nd petrochemicals[1–4]. There are a wide variety of sol-
ent extraction techniques commonly used for extracting hy-
rocarbons from soils and sediments. Traditional extraction
rocedures include Soxhlet[5–8], ultrasonication[6,9–11],
echanical shaking[12,13], reflux with methanolic KOH

8,14], and steam distillation[15]. Modern techniques in-
lude supercritical fluid extraction (SFE)[16–20], pressur-
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ized liquid extraction (PLE; Dionex trade name ASE
accelerated solvent extraction)[21–27], microwave assiste
extraction (MAE)[28–30] and focused microwave assis
extraction (FMAE)[31–32]. Each technique has its own m
its and the choice of extraction depends on several facto
cluding capital cost, operating cost, simplicity of operat
amount of organic solvent required, sample throughpu
the availability of a standardized method[33].

Various studies have been conducted to compare
ditional procedures with modern techniques of extrac
[5,12,22,23,26,28,29,31,33–37]. Soxhlet extraction is th
recommended method by the US Environmental Prote
Agency (EPA) for extracting semi-volatile and non-vola
organics from solid matrices. Soxhlet extraction has bee
standard and preferred method since it is an easily stan
ized technique with high recoveries, compared to ma
dependent techniques such as MAE, PLE and particu
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SFE[5,23,33]. However, Soxhlet extraction is laborious, re-
quires a large amount of solvent and can degrade thermally
labile compounds[5].

In comparison, ultrasonication is an efficient technique,
when compared to reflux methods for extracting trace or-
ganics from soils and sediments. For example, studies have
shown that ultrasonic extraction yields comparable[6,38]
or even greater quantities[10,37,39–43]of hydrocarbons
than other techniques of extraction, although ultrasonica-
tion gave lower recoveries in other studies[7,12,42,44].
The reproducibility obtained with ultrasonic extraction was
higher [37,43] or lower [12,45,46] than those from Soxh-
let extraction. Optimization of the ultrasonic extraction
parameters, including solvent or solvent composition, ex-
traction time, sample load, and water content are there-
fore required for more efficient and reproducible extractions
[12].

Various studies have been reported on the efficiency of
ultrasonication for organic analytes in sediments and soils
utilizing different solvents. Grimalt et al.[6] reported higher
efficiencies with methylene chloride–methanol solvent as
compared ton-hexane and chloroform for extracting aro-
matic hydrocarbons in a freeze-dried marine sediment. No
significant improvement was observed beyond six extrac-
tion cycles, when using a solvent/sediment ratio of 4 (v/w).
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include high extraction efficiency, lower equipment costs and
ease of operation, little or no sample preparation (e.g. wet
sediments), lower extraction temperatures and the ability to
process batches of samples makes ultrasonic extraction an
ideal method for laboratories analyzing large numbers of
samples.

The aim of this work was to optimize an ultrasonic pro-
cedure for extracting hydrocarbons in marine sediments and
to compare it with the standard reflux procedure (IOC, 1982)
[14] used in our laboratory. For the optimization of the ultra-
sonic extraction procedure, the homogenized sediment sam-
ples were first analyzed for the EPA 16 PAHs priority pol-
lutants. The accuracy and precision of the optimized ultra-
sonic extraction procedure was then determined by compar-
ison with values of pristane, PAHs and selected aliphatic hy-
drocarbons obtained by extraction, and those values reported
from the Standard Reference Material, SRM 1941a (marine
sediment from the National Institute of Standards and Tech-
nology (NIST), Gaithersberg, MD, USA)[49]. Reduction of
cost and time of petroleum hydrocarbon extraction from wet
sediments, using environmentally friendly solvents was also
intended.

2. Experimental
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owever, when using a solvent/sediment ratio of 8 (v
he extraction was essentially accomplished in three
raction cycles. In comparison, Babı́c et al. [47] reported
hat acetone gave the highest recovery rate for spiked
icide soil samples compared with other solvents such a
thyl ether, chloroform,n-hexane, benzene, acetonitrile a
ichloromethane. For a 10 g sample, the best recovery o

icides was obtained with acetone (a single extraction
5 min. Longer ultrasonic extraction time caused a decr

n pesticides recovered probably due to degradation. S
l. [10] reported on the extraction efficiencies of various
ent media utilizing ultrasonication and solid phase ex
ion clean-up for the US EPA 16 priority pollutant PAHs
oils. Acetone was found to be most efficient solvent for
racting PAHs in the soil sample investigated. The orde
xtraction efficiencies of PAHs by the solvents used we
ollows: acetone > methanol > dichloromethane≈ acetonit-
ile > 2-propanol > cyclohexane.

In addition to improved recoveries obtained using p
olvents such as acetone[47] or methanol[6], ultrasonica
ion using these solvents circumvents the need for sa
rying prior to extraction[36,39,48]. Both oven-dried[8,12]
nd freeze-dried samples[12] have been shown to reduce
ecoveries of hydrocarbons. Losses of hydrocarbons
6% were observed, as a consequence of oven drying[8] of
amples at 45◦C. Use of high temperatures in Soxhlet extr
ion [43] also results in losses of hydrocarbons attribut
o volatilization and/or oxidation of highly volatile and th
ally labile species.
Ultrasonication offers several advantages that make

deal method for analyzing a large number of samples. T
.1. Reagents and materials

All solvents used (acetone,n-hexane, dichlorometha
nd methanol) were of analytical reagent grade (>9
nd supplied by Fisher Scientific, NJ, USA. Silica gel u

or miniaturized column chromatography was 70–230 m
Sigma Aldrich, St Louis, MO, USA) and was activated
eating at 180◦C for 12 h. The silica gel was then coo
nd stored in a desiccator. Anhydrous sodium sulfate, co
lings and KOH pellets were supplied by BDH (Poole, U
opper filings were activated by a 7 M HCL solution and c
ecutively rinsed with distilled water, acetone andn-hexane
espectively, prior to use.

A standard mixture of the EPA 16 priority PAH
2000�g/ml, dichloromethane/benzene): naphthalene (N
cenaphthylene (Acy), acenaphthene (Ace), fluorene (
henanthrene (Phe), anthracene (Ant), fluoranthene
yrene (Pyr), benzo[a]anthracene (B[a]A), chrysene
Chr), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene
B[k]F), benzo[a]pyrene (B[a]P), indeno[123-cd]pyrene
I[c,d]P), dibenzo[a,h]anthracene (DB[a,h]A) and benzo
ghi]perylene (B[g,h,i]P) was obtained from Supelc
ellefonte, PA, USA. Appropriate working dilutions

he standard solution with dichloromethane were m
liphatic hydrocarbons (n-C12, n-C14, n-C16, n-C17,
-C18, n-C22 andn-C24) as well as internal standa
[2H8]naphthalene, [2H12]chrysene, [2H12]perylene and
�-androstane) were also obtained from Supelco. A S
ard Reference Material (SRM 1941a) was obtained
IST.
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2.2. Miniaturized chromatographic column purification
of extracts

The miniaturized chromatographic column consisted of a
pasteur pipette (0.5 i.d.× 10 cm) fitted at its base with a plug
of glass wool. Activated copper filings, filled to a height of
1 cm, were placed at the base of the column to remove ele-
mental sulfur. A silica gel slurry was made up inn-hexane
and filled under gravity into the column to a height of 5 cm
prior to use. Extracts (not more than 1.0 ml and washes)
were loaded into the column after which a small amount
of anhydrous silica gel (0.5 cm in height) was applied to
the top of the column to prevent disturbance by the elut-
ing solvent. The chromatographic column was eluted under
gravity (flow-rate of approximately 2 drop/s) with 5 ml of
n-hexane to remove the aliphatic fraction, and 10 ml ofn-
hexane–dichloromethane (10:1, v/v) mixture, to provide the
aromatic fraction. The eluates were concentrated to a few
�l before gas chromatographic–mass spectrometric analy-
sis (GC–MS). Spiking of the miniaturized chromatographic
column was done with the US EPA 16 priority PAHs and
recoveries obtained for all PAHs were greater than 95%.

2.3. Sample collection and preparation of sediment
material
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siloxane capillary column was used for all analyses. The
temperature program used was as follows: initial column
temperature of 90◦C (held for 1 min), 9◦C/min to 150◦C
(held for 2 min), 6◦C/min to 220◦C, 7◦C/min to 260◦C,
2.5◦C/min to 280◦C, then finally 6◦C/min to 300◦C (held
for 10 min). Helium was used as carrier gas at constant
flow-rate of 1.2 ml/min. The split/splitless injector was set
at 250◦C and operated in the splitless mode (purge de-
lay 1 min, purge flow 5 ml/min). Splitless injection (1�l)
was performed by an HP 6890 automatic injector (Hewlett-
Packard Ltd., USA). The temperature of the ion source and
mass spectrometer transfer line was maintained at 180 and
290◦C, respectively. Data was acquired in the full scan mode
(electron impact: 70 eV: 2500 V) applying a mass range ofm/z
45–550 with scan time of 0.6 s throughout this study. The
full scan mode is particularly useful for archival purposes,
when investigating environmental samples so that the pres-
ence of different compounds, other than target compounds
could be verified later. However, it is advisable to operate
in the SIM mode when limited compounds of interest are
being investigated, since it is more sensitive than the scan
mode and better precision would be obtained. The analytes
in the samples were identified by matching the retention time
of each compound with the retention times in the calibra-
tion standards and mass spectral library (NBS 56K). PAH
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A dried, homogenized sediment was used in the optim
ion experiments. This was necessary such that the e
ion efficiency of different procedures could be reason
ompared, since homogenization reduces the variabili
nalyte content between sub-samples[6]. The variability due

o a heterogenous matrix could be larger than the differ
etween methods of extraction such that statistical si

cance between methods cannot be determined using
atrix. The sediment sample was collected from the Gu
aria (GOP), Trinidad, in a subtidal area that was previo
tudied[50] and known to contain PAHs. Three grab sa
les were collected by means of an-hexane-rinsed 0.04 m2

an Veen grab sampler (Kahlsico International Corp., US
pproximately 15 kg of wet sediment was placed in an-
exane-rinsed aluminum bag for transport to the labora
he sediment sample was placed on a metal tray and
t 40◦C for 72 h in an oven. The dried material was crus
nd sieved to obtain the <125�m fraction. This sedimen

raction was stored in a clean (aluminum stoppered) gla
ntil analysis. Aliquots of 15 g sediment sample was a
ately weighed out and used for each extraction proce
he moisture content of the sub samples was determine

ore each experiment and found to be <2%.

.4. GC–MS analysis conditions

The sample extracts were analyzed on a HP 6890
hromatograph, equipped with an HP 6890 Mass Sele
etector (Hewlett-Packard Ltd., USA). A 30 m× 0.25 mm

.d. with a 0.25�m film thickness HP 5% phenylmeth
nd aliphatic hydrocarbon quantitation was achieved u
five-point calibration plot (containing 10, 5, 2.5, 1 a

.5�g/ml standard mixture) utilizing the internal standa
[2H8]naphthalene, [2H12]chrysene, [2H12]perylene and 5�-
ndrostane). Linear regression was used with correlatio
fficients between 0.9998 and 0.9980. Limits of detec
LOD) and limits of quantification (LOQ) were estimat
s the lowest concentration of analytes having clear
erned peaks with signal to noise ratios (S/N) of 3 and
espectively. A spiked standard sample was used in w
erial dilution of the resultant extract were made at th
al lowest concentration, to give the desired S/N ratios
stimating LOD and LOQ values. LOD were approxima
�g/kg/PAH and 2�g/kg/aliphatic whereas LOQ were a
roximately 3�g/kg/PAH and 6�g/kg/aliphatic. Data wa
cquired and processed with Chemstation software (Hew
ackard Ltd., USA).

.5. Extraction

.5.1. Methanolic KOH extraction
This procedure was done according to the method

ined in the IOC Manuals and Guides No. 11 (IOC, 19
14]. Extractions were performed in triplicate and include
ethod blank. Homogenized sediment (15 g) was accur
eighed out in a 250 ml round bottom flask, 100 ml of 0.
ethanolic KOH was added and sample refluxed for 1
he sample was then filtered through Whatman #40
aper, under vacuum in a buchner funnel. The filtrate
xtracted withn-hexane (50 ml× 3) in a separatory funn
nd the combined filtrate evaporated on a rotary evapo
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Table 1
Extraction procedures used for extraction of PAHs from homogenized sediment

Procedure code Sediment
condition

Solvents (total volume—100 ml) Time (min× number
of cycles)

Notes about extraction cycle intervala

Reflux method Dryb Methanolic KOH – –
A Dry n-Hexane–methanolic KOH (1:1, v/v) 30× 2 50 ml of solvent mixture added and sonicated for

30 min, solution removed and step repeated for each
cycle

B Dry n-Hexane–acetone–methanolic KOH
(1:1:1, v/v)

30× 2 Same as procedure A, but with different solvent

C Dry n-Hexane–acetone (1:1, v/v) 30× 2 Same as procedure A, but with different solvent
D Dry n-Hexane–acetone (1:1, v/v) 15× 2 Same as procedure C, but at 15 min intervals
E Dry n-Hexane–acetone (1:1, v/v) 10× 3 Same as procedure D, but at 10 min. intervals using

33.3 ml of solvent for each cycle
F Wetc n-Hexane–acetone (1:1, v/v) 10× 3 Same as procedure E, but using wet sediment
G Wet n-Hexane–acetone (1:1, v/v) 10× 3 16.7 ml of acetone added first, sonicated for 5 min be-

fore addition of 16.7 mln-hexane and sonicated for
further 5 min, solution removed and step repeated for
each cycle

H Wet n-Hexane–acetone (1:1, v/v) 7.5× 4 Same as procedure G, but using 12.5 ml of each solvent
and sonication for 3.75 min intervals for each cycle

I Wet n-Hexane–acetone (1:1, v/v) 6× 5 Same as procedure G, but using 10 ml of each solvent
and sonication for 3 min intervals for each cycle

a Before each extraction cycle, contents of flask allowed to settle for approximately 3 min.
b Approximately 2% moisture.
c Approximately 40% moisture, distilled water added to sediment samples and left overnight for 8 h prior to extraction.

(Büchi R-114) at 40◦C to near dryness (≥1 ml). Extracts
were separated into aliphatic and aromatic fractions by use
of the miniaturized chromatographic column and analyzed
by GC–MS for PAHs.

2.5.2. Optimization of ultrasonic extraction
Differences or similarities of extraction procedures were

compared based on the relative amounts of PAHs extracted
from the sediment. Details of each procedure are shown in
Table 1. Ultrasonic extraction procedures labeled A–C utiliz-
ing different solvent mixtures were initially performed and
compared with the reflux procedure. Ultrasonication proce-
dures D and E (Table 1) were performed to investigate both
the time and the number of extraction cycles. Procedures F
and G were done to determine the effect of (1) water and (2)
the sequence of first adding acetone to the media on the ex-
traction efficiency of the solvent mixture. Procedures H and I
were performed on the wet sediments to determine the effect
of increased extraction cycles on the extraction efficiency of
the solvent mixture.

All sediment/solvent combinations used were ultrasoni-
cated in an ultrasonic bath (frequency 50–60 Hz, Bransonic
2200, Connecticut, USA) at 28◦C (room temperature). The
extraction medium was added and ultrasonicated, after which
the solution from the settled mixture was decanted or with-
d ob-
t d to
r -
p vap-
o r.
F nts a
f ob-

tain the final organic extract. The combined aqueous sol-
vent extracts were first rotary evaporated to remove pri-
marily the acetone solvent. The organic extracts was then
partitioned inton-hexane solvent via a separatory funnel,
dried using a small amount of anhydrous sodium sulfate
and then concentrated by rotary evaporation. Removal of
the acetone solvent from the aqueous extracts was essen-
tial for the formation of the immiscible solvent layers to
allow partitioning of the organic extracts into then-hexane
solvent. The final organic extract was then separated into
aliphatic and aromatic fractions by use of the miniaturized sil-
ica gel chromatographic column and analyzed by GC–MS for
PAHs.

2.5.3. Ultrasonic extraction of Standard Reference
Material (SRM1941a)

The accuracy and precision of the optimized ultrasonica-
tion method was determined by comparison with certified
values from the NIST Standard Reference Material (SRM
1941a). Extraction of the sediment SRM1941a was done ac-
cording to the optimized ultrasonic procedure G described in
Section2.5.2. with details shown inTable 1. Distilled water
was added to the sediment samples to obtain moisture content
of approximately 40%. Three replicates were analyzed and
included a method blank.

3

the
d -
i using
rawn using a dropping pipette. The combined extracts
ained from the ultrasonic procedures were first filtere
emove sediment particles by use of an-hexane rinsed drop
ing pipette fitted at base with glass wool, and then e
rated to a small volume (≥1 ml) on a rotary evaporato
or the ultrasonic procedures involving the wet sedime

urther liquid–liquid extraction stage was necessary to
. Results and discussion

The results for the quantities of PAHs extracted by
ifferent procedures are shown inTable 2. Statistical signif

cance between extraction procedures was determined
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Table 2
Quantities of PAHs (�g/kg dry weight) extracted as mean and RSD for the different procedures (n= 3)

Dry sediment Wet sediment

Methanolic
KOH

A B C D E F G H I

Phe 14.8 (16.4) 10.4 (33.0) 9.7 (21.9) 12.1 (3.6) 11.5 (8.2) 11.0 (6.9) 9.2 (8.0) 11.6 (7.2) 11.1 (3.0) 8.6 (5.2)
Ant 7.0 (13.1) 6.9 (6.4) 6.4 (3.9) 7.1 (2.9) 6.7 (9.7) 7.4 (10.0) 7.1 (4.1) 7.2 (7.5) 7.4 (6.1) 6.9 (1.9)
Flt 23.3 (20.2) 19.4 (20.5) 21.8 (32.5) 24.5 (4.7) 20.8 (10.4) 21.0 (7.1) 19.1 (3.6) 23.6 (5.6) 25.4 (4.3) 21.9 (2.7)
Pyr 21.3 (18.8) 17.6 (20.4) 17.5 (14.9) 21.3 (5.3) 18.3 (10.1) 18.2 (5.8) 17.2 (2.8) 19.7 (4.4) 20.1 (3.1) 19.6 (2.4)
B[a]A 22.7 (20.9) 17.1 (15.6) 19.9 (25.5) 22.5 (7.1) 20.8 (8.3) 21.2 (9.0) 18.8 (5.0) 22.5 (2.4) 23.6 (6.2) 19.4 (3.2)
Chr 19.3 (28.7) 13.0 (23.6) 15.4 (35.8) 19.8 (4.7) 16.8 (9.9) 18.0 (9.2) 15.2 (5.4) 19.4 (9.7) 20.4 (3.5) 14.8 (5.5)
B[b]F 32.2 (17.4) 23.9 (13.7) 26.4 (20.2 31.9 (3.4) 29.6 (6.6) 31.2 (9.3) 28.3 (5.5) 30.2 (5.3) 32.6 (4.9) 27.3 (5.1)
B[k]F 22.5 (19.1) 17.1 (15.5) 18.5 (23.9) 21.8 (2.4) 19.7 (7.0) 21.6 (6.8) 20.4 (4.5) 21.6 (3.6) 22.4 (4.6) 18.7 (4.6)
B[a]P 36.0 (16.5) 27.8 (9.8) 31.9 (16.2) 31.6 (6.2) 33.0 (5.4) 35.9 (6.6) 32.4 (8.1) 33.3 (3.0) 37.7 (4.2) 32.7 (3.7)
I[c,d]P 54.4 (6.8) 49.3 (4.8) 51.8 (7.2) 54.1 (3.5) 53.6 (2.9) 56.1 (4.1) 54.2 (2.9) 54.7 (3.2) 57.6 (2.3) 53.4 (1.8)
DB[a,h]A 39.8 (2.9) 37.7 (1.1) 38.3 (3.4) 35.7 (3.3) 38.9 (1.5) 39.4 (2.1) 38.8 (0.5) 39.5 (6.7) 39.2 (2.2) 38.8 (0.8)
B[g,h,i]P 27.4 (11.1) 22.8 (9.1) 24.5 (11.5) 26.8 (8.4) 26.5 (4.2) 28.4 (6.8) 26.3 (5.0) 26.4 (1.5) 28.8 (3.5) 25.9 (3.2)
Total PAHS

(average
RSD)

320.6 (16.0) 262.9 (14.5) 282.0 (18.1) 309.1 (4.6) 296.1 (7.0) 309.3 (7.0) 286.8 (4.6) 309.7 (5.0) 326.2 (4.0) 287.7 (3.3)

SeeTable 1for details for each extraction procedures. Average RSD for each extraction procedures are given in brackets.

the two-tailed unpaired Studentt-test (at the 95% confidence
interval) on the values of the individual PAHs extracted from
three replicate sediment samples. In each case, the level of
significance was determined and when this value was greater
than 0.05, the null hypothesis was accepted. The accuracy
of the optimized ultrasonication method was determined by
comparison of certified values from the NIST Standard Ref-
erence Material (SRM 1941a).

3.1. Comparison of ultrasonic extraction procedures
with methanolic KOH reflux method

Analysis of the dried homogenized sediment yielded 12
of the US EPA’s 16 priority PAHs.Fig. 1shows the GC–MS
chromatogram of the contaminated sediment after ultrasonic
extraction with then-hexane–acetone solvent and clean-up
with the miniaturized silica gel column. Ultrasonic extraction

F owing procedure
C
s
(

ig. 1. GC–MS total ion chromatogram of contaminated sediment sh

with n-hexane–acetone (1:1, v/v) solvent and extract cleaned-up with minia

tandard, chrysene-d12; 6, Chr; 7, B[b]F; 8, B[k]F; 9, B[a]P; ISTD3, Internal stand
internal standard for quantification of aliphatics); b, B[e]P; c, perylene. Analyte
12 of the EPA 16 priority PAHs. Sediment ultrasonicated according to

turized silica gel column. 1, Phe; 2, Ant; 3, Flt; 4, Pyr; 5, B[a]A: ISTD2, Internal
ard, perylene-d12; 10, I[c,d]P; 11, DB[a,h]A; 12, B[g,h,i]P; a, 5�-androstane

peaks are enlarged for clarity as shown above.
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of the sediment using then-hexane–acetone solvent mixture
(procedure C) extracted comparable quantities of PAHs com-
pared to the methanolic KOH reflux method.

Statistical evaluation utilizing the unpaired Studentt-test
indicated no significant differences (p values >0.050) be-
tween the individual PAHs analyte values (n= 3) extracted
by ultrasonication procedure C and the methanolic KOH re-
flux method. However, there were slight differences in the
PAH profiles extracted by the two methods. Lower amounts
of PAHs, that consisted of five and six molecular rings such
as B[k]F, B[a]P, DB[a,h]A and B[g,h,i]P, were extracted by
ultrasonication procedure C as compared to the methanolic
KOH extraction. The reverse was true for the three and four
molecular ring PAHs such as Ant, Flt, and Chr. This may
be attributed to the loss of the more volatile three and four
molecular ring PAHs or the greater extraction efficiency of
the more tightly bound five and six molecular ring PAHs
by the methanolic KOH extraction as compared to C. Com-
parison of the precision of the procedures, by analysis of
the relative standard deviation (RSD) of the PAHs extracted,
showed that ultrasonication procedure C was more precise
than the methanolic KOH extraction as well as the other two
ultrasonication procedures. The average RSD values of ul-
trasonication procedure C were lower than the reflux method
and ultrasonication procedures A and B (Table 2). The lower
R oba-
b f the
s ed to
t ures
u

well
a dures
m ect
o AHs
w hich
u d
n ared
w Hs
e re on
t nt.
T ared
w per-
a an-
t the
o AHs
e y of
a tudy,
t ing
d one,
a

son-
i oom
t were
o tone.
H sta-
t n the

extraction procedures were not significant (p values >0.05).
It could be argued that ultrasonication at room temperature
using acetone solvent, compared with methnolic KOH sol-
vent, can penetrate the pores of a sediment matrix to a greater
extent and provide a more efficient contact between the sedi-
ment particles and itself as the extracting solvent thus result-
ing in higher quantities of PAHs being extracted.

3.2. Optimization of ultrasonic extraction procedure

Ultrasonication procedure C utilizing then-hexane–
acetone mixture was chosen to be further optimized since
it gave the greatest recovery of PAHs compared to the other
two ultrasonication procedures.

3.2.1. Influence of time and number of extraction cycles
on dry sediment

For the determination of PAHs, an ultrasonic extraction
time of 30 min has been used[10,12,36]. From the extrac-
tions performed in the present study, reducing the overall
time of ultrasonic extraction from 60 to 30 min (Table 2)
showed no significant differences on the quantities of PAHs
extracted in ultrasonication procedures C and D (both utiliz-
ing n-hexane–acetone mixture with two extraction cycles).
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ith the reflux method. The differences in quantities of PA
xtracted could be largely due to the effect on temperatu
he mode of extraction utilizing the methanolic KOH solve
he higher temperature from the reflux method comp
ith the ultrasonic procedures A and B done at room tem
ture (28◦C), probably facilitated the release of greater qu

ities PAHs into the extracting solvent by the breakdown
rganic matrix of the sediment. Greater quantities of P
xtracted would also result from the increased solubilit
nalytes in the solvent at higher temperatures. In this s

he effect of temperature on ultrasonic extraction utiliz
ifferent solvents such as methanolic KOH was not d
nd should be considered in further studies.

Comparison between the extraction efficiency of ultra
cation procedure A with procedures B and C (done at r
emperature) indicated that greater quantities of PAHs
btained when the ultrasonication media contained ace
owever, when considering the large RSD (up to 10%)

istical analyses indicated that the differences betwee
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edures E). Although the differences in quantities of P
xtracted were not statistically significant, higher quant
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ltrasonication procedures E when compared with ultras
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.2.2. Influence of water in the sediment
The presence of water in sediment samples has been s

n previous studies[6,36,39] to reduce the extraction ef
iency of PAHs. However, improvement in the extraction
ciency of wet samples depends on the choice of extra
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ion. Budzinski et al.[31] have shown that the quantity
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In this study, wet homogenized sediment (40% water
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ould be utilized for extracting naturally wet sediments.

rasonication of the wet homogenized sediment was
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xtracted in ultrasonication procedure F (wet sedim
ompared with ultrasonication procedure E (dry sedim
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sediment particles that could have decrease the surface area
for equilibrium partitioning of analytes between the sediment
particles and solvent mixture.

3.2.3. Influence of acetone on the wet sediment
To prevent clumping of the wet sediment, acetone was

initially added and the flask contents ultrasonicated for 5 min
after whichn-hexane was added (extraction procedure G).
This sequence of initially adding acetone resulted in rela-
tively higher quantities of PAHs extracted from the sediment
compared to ultrasonication procedure F. The increase in
extraction efficiency of the PAHs was significant (p values
<0.05) for the three and four molecular ring PAHs such as
Phe, Flt, Pyr, B[a]A and Chr but not significant for the five
and six molecular rings such as B[b]F, B[k]F, B[a]P, I[c,d)P,
DB[a,h]A and B[g,h,i]P.

The n-hexane–acetone solvent mixture has been used
in other studies to extract quantitative amounts of PAHs
in matrices such as soil, sediment and plant material
[10,26,31,36,51]. Use of hydrophobic extracting solvents
which are immiscible with water can reduce the extraction
efficiency of PAHs in naturally wet sediments. However, this
problem can be overcome by using acetone as a solvent. Ace-
tone can penetrate the pores of a wet matrix thereby reducing
the surface area for equilibrium partitioning of analytes be-

tween the sediment particles and itself as the solvent. Since
acetone can reduce the moisture content of a sample during
successive extractions and it is miscible in both water and
non-polar solvents (such asn-hexane), it can be used with
hydrophobic solvents to extract organics in wet sediments.
Compared with chlorinated solvents, acetone is environmen-
tally friendly and its use in ultrasonic extraction procedures
can eliminate tedious sample preparation steps (such as air-
drying, freeze-drying or use of anhydrous sodium sulfate)
when extracting naturally wet samples for organic analytes.

3.2.4. Influence of number of extraction cycles on wet
sediment

Previous studies on ultrasonic extractions of either wet or
dry soil/sediments utilized a single extraction cycle[10,12]
whereas in other studies[6,11,36]repeated extractions were
done on the matrix using fresh solvent. In the present study,
increasing the number of extraction cycles from three (ex-
traction G) to four (extraction H) (with addition of acetone to
prevent clumping) led to an increase in the quantities of PAHs
extracted with the exception of Phe and DB[a,h]A (Table 2).
However statistical analyses indicated that the differences
between the quantities of PAHs extracted in the procedures
were not significant (p values >0.05). Extraction I showed
a decrease in extraction efficiency on further increasing the
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able 3
ecovery of aliphatic and aromatic hydrocarbons calculated from com

ompound Certified and non-certified values SRM1941a
concentration (�g/kg dry weight)

RSD (

romatic hydrocarbons (certified values)
Nap 1010± 140 13.9
Acy 37 ± 14 37.8
Ace 41± 10 24.4
Flu 97.3± 8.6 8.8
Phe 489± 23 4.7
Ant 184 ± 14 7.6
Flt 981 ± 78 8.0
Pyr 811± 24 3.0
B[a]A 427 ± 25 5.9
Chra 380 ± 24 6.3
B[b]F 740 ± 110 14.9
B[k]F 361 ± 18 5.0
B[a]P 628± 52 8.3
I[c,d]P 501± 72 14.4
DB[a,h]Ab 73.9± 9.7 13.1
B[g,h,i]P 525± 67 12.8

liphatic hydrocarbons (non-certified values)c

n-C12 164 ± 10 6.1
n-C14 264 ± 35 13.3
n-C16 147 ± 19 12.9
n-C17 269 ± 38 14.1
Pristane 61± 25 41.0

n-C18 151 ± 15 9.9 1
n-C22 128 ± 11 8.6 1
n-C24 168 ± 16 9.5 1

a Concentration is sum of chrysene and triphenylene.
b Concentration is sum of dibenz[a,h] anthracene and dibenz[a,c]anthracene.
c The non-certified values have not been confirmed by an independent ana
e useful for comparison with results obtained using a similar procedure.
n with Standard Reference Material (SRM1941a)

Ultrasonication (n= 3) concentration
�g/kg dry weight)

RSD (%) Ultrasonication %
recovery

63± 27 3.5 75.5
29 ± 2 6.9 78.4
31 ± 2 6.5 75.6
80 ± 5 6.3 82.2
30± 21 4.9 87.9
70± 10 5.9 92.4
19± 40 4.4 93.7
57± 35 4.6 93.3
09± 21 5.1 95.8
04± 17 4.2 106.3
82± 28 4.1 92.2
49± 24 6.9 96.7
93± 27 4.6 94.4
65± 21 4.5 92.8
88 ± 3 3.4 119.1
01± 25 4.2 114.5

74 ± 5 6.8 45.1
53± 10 6.5 58.0
35± 20 14.8 91.8
07± 18 5.9 114.1
62 ± 5 8.1 101.6

58± 20 12.7 104.6
20± 6 5.0 93.8
80± 13 7.2 107.1

lytical technique as required for certification. The non-certified concentrations can
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number of extraction steps, probably as a result of losses of
hydrocarbons due to volatilization from the process (Table 2).

3.3. Recovery and precision of the ultrasonic extraction
procedure as determined by analysis of Standard
Reference Material (SRM1941a)

Table 3presents the results of the recoveries of aromatic
and aliphatic hydrocarbons from the Standard Reference
Material (SRM 1941a) using the optimized ultrasonication
extraction procedure H. Distilled water was added to the
Standard Reference Material to obtain moisture content of
approximately 40% prior to ultrasonic extraction. Satisfac-
tory recovery values were obtained for most PAHs, which
were greater than 90%. Lower recovery values were obtained
for the more volatile two and three molecular ring PAHs such
as Nap, Acy, Ace, Flu and Phe. Similar results were obtained
from other studies, which utilized rotary evaporation and a
gentle stream of nitrogen for concentration of extracts be-
fore analysis[52]. The recoveries obtained for DB[a,h]A and
B[g,h,i]P were above 110% and could be attributed to the
overestimation of the chromatographic peaks by co-eluting
compounds for those PAHs.

The precision of the procedure was relatively good, since
the RSD of the PAHs extracted was less than 5%, with the ex-
c

of less than 10%. Good recoveries were also obtained for the
aliphatic hydrocarbons and the isoprenoid pristane, which
were also greater than 90% with the exception of the more
volatilen-C12 andn-C14, which had low recoveries of 45%
and 58%, respectively. Although the values of the aliphat-
ics and pristane in the Standard Reference Material (SRM
1941a) are noncertified values, which have not been con-
firmed by an independent analytical technique, comparison
was made since the procedure of analysis was similarly done,
i.e. GC/MS and compatible column used[49]. The precision
of the ultrasonic procedure of extraction for the aliphatic hy-
drocarbons and pristane was also good, since the RSD were
less than 15%.

3.4. Procedure comparison by general parameters

Similar volumes of solvents were used for the ultrasoni-
cation and the methanolic KOH reflux procedures. Both pro-
cedures can extract organics from naturally wet sediments
without the use of chemical drying agents such as anhy-
drous sodium sulfate during the extracting stage. The ex-
traction time of ultrasonication (30 min) was considerably
much lower than the reflux procedure (12 h) thus facilitating
a higher throughput of batches of extracted samples per day.
The extraction stage of the reflux procedure (to obtain the
o ation

F
s
a
p
e

eption of Acy, Ace, B[a]A and DB[a,h]A which had RSDs
ig. 2. GC–MS total ion chromatogram of soil sample contaminated with b
olvent and extract cleaned-up with miniaturized silica gel column. (a) Aliphat
nd isoprenoid hydrocarbons, pristane and phytane. (b) Aromatic fraction c
henanthracene/anthracene, (D) methylated pyrene and (E) methylated chr
ach chromatogram.
rganic extract) was more tedious than the ultrasonic
unker C fuel oil. Extraction by ultrasonication with acetone/hexane (1:1, v/v)
ic fraction showing resolved peaks ofn-decane (C10) ton-tetratriacontane (C34),
onsisting of; (A) methylated napthalene, (B) methylated fluorene, (C) methylated
ysene hydrocarbons. The intensity of peaks is expressed as relative abundance for
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procedure since it involves filtration of the sediment mate-
rial and a further liquid–liquid extraction step, which uti-
lize additional glassware, apparatus and solvents. Although
a liquid–liquid extraction step is included in the ultrasoni-
cation procedure for wet sediments, it was not required for
dry sediments. The overall cost of the ultrasonic extraction
procedure was lower than the reflux procedure since it utilize
low cost apparatus and glassware.

3.5. Application of procedure for environmental samples

The optimized ultrasonication procedure has been used
in our laboratory to extract hydrocarbons from naturally wet
sediments from rivers, and coastal and marine areas in the
GOP, Trinidad. The procedure has extracted levels of total
PAHs ranging from 50 to 2500 ug/kg dry weight in soil and
marine sediments. The method of extraction was also used for
chemical fingerprinting and source determination of hydro-
carbons in soils and sediments. For this purpose the method
was able to extract a wide range of hydrocarbons which is
a critical factor when to aid in the fingerprinting process.
The complete separation of the saturated and unsaturated hy-
drocarbons by use of the miniaturized silica gel chromato-
graphic column was also useful.Fig. 2 shows the GC–MS
chromatogram of the aliphatic and aromatic fractions of a
s the
e nica-
t gel
c

4

ried
h nt
m Hs
c lizes
m x-
t the
u ic
K ix-
t nt
t ds of
e ic
e to be
m from
r olic
K

iency
o he
s for a
f trac-
t nt-
i cy-
c wet
s de-

crease the extraction efficiency of then-hexane–acetone. The
optimized ultrasonic extraction procedure was found to ex-
tract pristane and aliphatic and aromatic hydrocarbons from
the SRM 1941a with recoveries greater than 90% for most
analytes. The method has been used in our laboratory to ex-
tract hydrocarbons from naturally wet sediments from rivers,
and coastal and marine areas. The wide range of hydrocarbons
extracted and the complete separation of the aliphatic and aro-
matic hydrocarbons obtained by the optimized method, was
found to be very useful in the application of fingerprinting
and source determination of oil contaminated samples. The
major advantage of ultrasonication is the much lower extrac-
tion time and the elimination of an additional clean-up stage
involving additional glassware and apparatus. This method
with excellent extraction efficiency, precision and recovery
of hydrocarbons combined with little sample preparation and
use of low cost apparatus makes it an ideal technique for lab-
oratories engaged in analyzing a large number of sediment
samples.
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