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a b s t r a c t

The application of ultrasound-assisted extraction (UAE) to the sample preparation of environmental and
food samples has increased in the last years. This technique has been used in the development of methods
eywords:
AE
onication
ontaminants
etals

for the analysis of numerous contaminants, including organic compounds (pesticides, pharmaceuticals,
polycyclic aromatic hydrocarbons, polyhalogenated flame retardants, etc.) and heavy metals. The aim of
this work is to review the application of this extraction procedure to the analysis of contaminants in food
and soil and the comparison of its use with other well-established extraction procedures. The advantages
and disadvantages of this technique together with the possibility of coupling UAE with other analytical
oil
ood

techniques will be also discussed.
© 2009 Elsevier B.V. All rights reserved.
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. Introduction

A wide range of organic and inorganic contaminants are found
n the environment as a consequence of diverse anthropogenic
ctivities or natural processes. Their presence in the different envi-
onmental compartments may cause adverse effects on human
ealth and animals, including cancer and disruption of the immune
ystem. In addition, these compounds can persist in the environ-
ent and bioaccumulate along the food chain. Soil is a primary

errestrial reservoir of persistent contaminants and water and the
tmosphere are their main transport vectors. On the other hand,
ood can be contaminated after treatment with pesticides and bio-
ides or by indirect exposure to these chemicals or other substances
hrough the environment and during storage or food processing.

Traditional sample preparation procedures for the analysis of
ontaminants consist in a solvent extraction or digestion step,
enerally followed by a purification of the extract in the case of
rganic contaminants. Proper pre-treatment of contaminated sam-
les, including leaching of strongly bound compounds, is crucial
nd considered to be the most laborious step of the analytical pro-
ess. Traditional methods for sample preparation are laborious,
ime consuming and usually involve large amounts of solvents for
rganic compounds or acids for inorganic contaminants. In addi-
ion, more than one clean-up stage is usually required for organic
ompounds in food analysis prior to detection. As a consequence, a
ariety of sample preparation methods have been developed over
he past decades with the objectives to improve the extraction per-
ormance as well as to reduce overall analysis time and cost. During
he last years, several fast extraction techniques were developed
o overcome the limitations of conventional methods. Pressurised
iquid extraction (PLE), also named accelerated solvent extraction
ASE), and microwave-assisted extraction (MAE) are techniques
hat can be used instead of Soxhlet for the extraction of organic
ompounds, because they are rapid compared to the several hours
eeded for Soxhlet extraction and, in turn, much less solvent is
equired.

Ultrasonic energy causes an effect known as cavitation, which
enerates numerous tiny bubbles in liquid media and mechanical
rosion of solids, including particle rupture. Sonication provides
n efficient contact between the solid and the extractant, usu-
lly resulting in a good recovery of the analyte [1]. Sonication is
sed in sample preparation to assist the treatment of solid sam-
les, in the extraction, digestion and slurry formation, as well as in

iquid sample preparation to assist liquid–liquid extraction (LLE),
omogenisation or emulsification.

Ultrasound-assisted extraction (UAE) is used for the extraction
f analytes from solid samples, applying ultrasound radiation in a
aterbath or with other devices, such as probes, sonoreactors or
icroplate horns [2]. The most available and cheapest source of

ltrasound irradiation is the ultrasonic bath [3–5], but at present
more efficient system using a cylindrical powerful probe for

he sonication of samples has been developed [6–8]. The choice
etween baths and probes depends on the requirements for the
articular analysis of contaminants. If the aim is the total solid-

iquid extraction, the use of a powerful probe could be better
ecause the necessary time for extraction is lower, however, when
great number of samples need to be analysed the bath is the better
ption.

The extraction efficiency of a contaminant from a sample by UAE
epends on each specific situation, because not all contaminants
ehave identically having different matrix-contaminant interac-

ions. Then, to maximise extraction it is necessary to optimise
ifferent factors such as type of solvent and irradiation conditions
temperature and amplitude of sonication). Other parameters that
nfluence extraction efficacy are: sonication time, sample particle
ize, sample amount and the ultrasound device employed.
1217 (2010) 2415–2440

Currently, special attention is paid to the analytical sam-
ple preparation procedures in order to ensure reduction of the
extractant amount used. An interesting application of ultrasound
radiation is the dynamic ultrasound-assisted extraction (DUAE),
where the sample is introduced in an extraction cell placed in
an ultrasonic waterbath [9,10] or in a waterbath equipped with
an ultrasonic probe. DUAE can be used as an open system where
fresh extraction solvent is continuously pumped through the sam-
ple increasing the analyte transfer or as a closed system, where
the extraction solvent is recirculated avoiding the dilution of the
extract (Fig. 1). Moreover, it is possible the online coupling of the
sample preparation and the instrumental analysis with DUAE.

The aim of this review article is to give an overview of the
application of UAE to the analysis of contaminants in soil and food
samples.

2. Organic contaminants

2.1. Soil

The contamination of soil is caused mainly by man-made chem-
icals due to the application of these compounds, the leaching from
landfills or direct discharge of industrial wastes along other possi-
ble sources of pollution. Among the organic compounds frequently
analysed in soil we have selected five groups: pesticides, polycyclic
aromatic hydrocarbons (PAHs), flame retardants, pharmaceuticals
and other industrial organic compounds, all considered as sub-
stances showing high exposure and potential health hazards.

2.1.1. Pesticides
The analytical methods, based on UAE, developed for the deter-

mination of pesticides in soil are summarised in Table 1. Initially,
the determination of pesticides in soil using UAE was performed
employing large volumes of solvent [25], but nowadays the aim
is to achieve good extraction efficiencies with a low solvent con-
sumption. The application of UAE to the extraction of pesticide
residues from soil is generally carried out using an ultrasonic
bath [4,5,10,13,15,21–23]; however, an analytical method applying
sonoreactors for the determination in soil of Cl-containing herbi-
cides has been recently reported by Ueno et al. [26]. In the case
of multiresidue analysis, where pesticides and their degradation
products include non-polar and mid-polar compounds, a polarity
of the extraction solvent compatible with all the analytes should
be selected.

In the optimisation of ultrasonic extraction, different solvents
with a wide range of polarities, like n-hexane, ethyl acetate, ace-
tone and a mixture of petroleum ether and acetone have been
assayed. A miniaturised extraction technique based on ultrasound
radiation, named sonication assisted extraction in small columns
(SAESC), was developed for the determination of pesticides in soil
by Sánchez-Brunete et al. [21]. Fig. 2 shows a schematic diagram of
the extraction of soil samples using SAESC. The analysis of fungi-
cides, insecticides and herbicides in soil samples was reported by
this research group using SAESC with three different solvents, ethyl
acetate, methanol and acetone. In general, recoveries obtained
with methanol and acetone were lower than those obtained with
ethyl acetate, due to the low extraction efficiency of methanol for
non-polar compounds and the high concentration of co-extractive
impurities obtained with acetone., This technique was also applied
to the extraction of carbamate pesticides, whose polarity is higher,

and in this case, methanol was selected as extraction solvent
since the recovery results obtained ranged from 82 to 99% for all
the carbamates studied [15]. The same solvent was used in the
determination of the herbicide metribuzin and its metabolites and
N-methyl carbamates in soil, as reported by Huertas-Perez et al. [4]
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Table 1
Analytical methods developed for the determination of pesticides in soil.

Compounds Sonication extraction conditions Clean-up Determination Ref.

Solvent [ml] Time (min) Temp. (◦C) Type Technique
(derivatisation)

Recovery (%) RSD (%) LOD (�g/kg) Levels found
(�g/kg)

Alachlor-metabolites MeOH–water (75:25, v/v) [40] 10 × 2 RT UB SPE-Oasis: AcEt, MeOH GC–MS n.a. 100 [11]
Chlorothalonil Acetone [50] 30 × 2 RT UB SPE-Oasis: DCM

SPE–10% Florisil:
DCM–n-hexane (6:4,
v/v)

GC–MS (BSTFA) 80–91 4–6 1–5 n.d. [12]

Chlorpyrifos,
endosulfan

AcEt [10] 15 × 2 RT UB GC–ECD 93–99 3–5 10 1–150 [13]

Diuron, linuron and
metabolites

Acetone, MeOH, DCM [21] 20 × 3 35 UB LC–UV–DAD 60–85 0.5–5 0.6–4.6 7.6–36.0 [14]

Metribuzin and
metabolites

MeOH [45] 20 RT UB SPE-Lichrolut:
MeOH:AcEt (4:1, v/v)

MEKC 87–104 5.5–9.6 19–23.4 [4]

Carbamates MeOH [10] 15 × 2 RT UB LC–FD (OPA) 82–99 0.4–10 1.6–3.7 [15]
Methyl carbamates ACN [5] 15 × 2 40 UP C18: MeOH LC–FD (OPA) 96–105 4.6–5.4 12 [16]
OC Petroleum ether–acetone (1:1, v/v)

[25]
20 RT UB SPE–2% alumina:

n-hexane–AcEt (7:3, v/v)
GC–ECD 88–102 2–6 1.6–3.4 13.5–21.4 [17]

OC DCM [20] 15 × 2 RT UB GC–ECD 80–109 0.8–13.5 0.1–1 [18]
OC n-Hexane–acetone (5:2, v/v) [60] 20 × 2 RT UB SPE-GCB: 10%

acetone–ACN
GC–ECD,
GC–MS

79–106 0.4–5.7 0.002–0.005,
0.03–0.5

[19]

Acidic herbicides 40% ethanol–20% MeOH in
buffered water pH 12 [20]

10 × 2 RT UB FPIA 80–132 0.08–5 [20]

Acidic herbicides,
neutral-basic
herbicides

MeOH pH 2 [10],
AcEt [10]

15 × 2 RT UB GC–MS
(F3B–MeOH),
GC–MS

85–99 1–2.8 10, 10 [21]

Insecticides AcEt [10] 15 × 2 RT UB GC–MS 90–108 1–11 10 20–160 [22]
Fungicides AcEt [10] 15 × 2 RT UB GC–ECD,

GC–NPD,
GC–MS

80–104 1–8 2–10 [23]

Insecticides and
herbicides

DCM–acetone–AcEt–cyclohexane
(2.1:1:1, v/v/v) [20]

1 × 2 RT UB GC–ECD,
GC–NPD

67–120 2–15 3.6–53.1 5–230 [3]

Multiclass AcEt [10] 15 × 2 RT UB GC–MS 87–106 2.4–10.6 0.02–1.6 5–228 [5]
Multiclass Acetone–DCM (1:1, v/v) [100] 5 × 2 RT UP SPE–6% Florisil: diethyl

ether–n-hexane (1:1,
v/v)

GC–ECD 72–129 1.1–10.7 0.2–0.9 1.5–365 [24]

AcEt: ethyl acetate; ACN: acetonitrile; BSTFA: N-O-bis(trimethylsilyl)trifluoroacetamide; DCM: dichloromethane; ECD: electron-capture detector; F3B: boron trifluorure; FD: fluorescence detector; FPIA: fluorescence polarization
immunoassay; GC: gas chromatography; GCB: graphitized carbon black; LC: liquid chromatography; LOD: limit of detection; MEKC: micellar electrokinetic chromatography; MeOH: methanol; MS: mass spectrometry; n.a.: not
available; n.d.: not detected; NPD: nitrogen-phosphorus detector; OC: organochlorine; OPA: o-phthaldehyde; RT: room temperature; SPE: solid-phase extraction; UB: ultrasonic bath; UP: ultrasonic probe.
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ig. 1. Schematic diagram of the dynamic ultrasound-assisted extraction (DUAE):
xtraction chamber; UB: ultrasonic bath; SV: switching valve.

nd Caballo-López and Luque de Castro [27], respectively. Recently,
SAESC method was applied for the simultaneous analysis of 50
esticides of different chemical classes and with a wide range of
olarity with ethyl acetate, obtaining a good reproducibility (rel-
tive standard deviation (RSD) < 11%) and low limits of detection
LODs) [5]. In the case of acidic herbicides, such as chlorophenoxy
cids, UAE was carried out, after the acidification of the sam-
le, with methanol or aqueous mixtures of ethanol and methanol
20,21]. For industrial soils, a solvent of medium polarity like ace-
one is preferred in order to break out soil aggregates and allow
ntensive contact between particles and solvent [17].

Other extraction parameters of UAE, such as solvent volume,
umber of sonication cycles and extraction time have to be taken

nto account in order to obtain satisfactory results (Table 1). Vagi et
l. [18] reported that with the different solvent volumes assayed in
he extraction of organochlorine pesticides similar recoveries were
btained, and the increase of the volume of solvent had no effect on
he extraction efficiency. Nevertheless, the optimal volume of sol-
ent depends on the type and quantity of matrix used and the target
ompound analysed. In some of the methods presented in Table 1,
he sonication cycles are usually performed with a 10 ml volume
f solvent for a 5 g sample of soil. The effect of sonication time on
he extraction of pesticides was studied and it was observed that
he recoveries did not clearly improve when the extraction time
ncreased from 30 to 40 min [17]. The performance of two 15 min
onication cycles allowed obtaining satisfactory pesticide recover-
es [13,15,21–23]. The complete UAE procedure for pesticides in soil
ormally takes 15–60 min before their determination (Table 1).

In general, UAE is performed at room temperature, which allows
he extraction of pesticides without noticing degradation, and an
nhancement in the recovery yields due to a temperature increase
s usually not observed.

After the extraction of pesticides from soil and sediment
amples, a further clean-up step is frequently necessary due to
he interferences co-extracted along with the target compounds
17,19,24,29]. Solid-phase extraction (SPE), carried out with differ-

nt sorbents, has been often chosen as the purification procedure.
ladik and Kuivila [12] reported a SPE with Florisil for the clean-
p of extracts in the determination of chlorothalonil and three
egradates. The same sorbent was used in the determination of
yrethroid, organophosphate and organochlorine pesticides [24].

Fig. 2. Schematic diagram of SAESC (sonication assi
an open system and (B) as a closed system. S: solvent; PP: peristaltic pump; EC:

Oasis and graphitized carbon black cartridges have also been used,
particularly to remove polar materials [12,19].

Various studies have compared different extraction techniques
for extracting pesticides from soil samples. Lesueur et al. [6]
applied a new ultrasonic system, based on an cylindrical probe,
for extraction of 24 pesticides from soil samples and the results
were compared with those obtained by different extraction meth-
ods, such as PLE, QuECheRS and the European Norm DIN method.
The results revealed that this new UAE method was successful to
recover the selected pesticides with a good repeatability (mean
standard deviation of 8.5%), whereas some of the pesticides studied
were not recovered with the other methods.

Soxhlet, PLE and UAE were compared by Villaverde et al. [29] for
the extraction of pesticides from sediment samples. Although all
extraction techniques produced acceptable recoveries for the pes-
ticides studied, the UAE method was selected due to the simplicity
of the extraction procedure.

In the last years, hyphenation of sonication with other sam-
ple extraction techniques, such as MAE [27] and solid-phase
microextraction (SPME) [28], has been developed for the analy-
sis of pesticides in soil. Caballo-López and Luque de Castro [27]
performed the analysis of dacthal and its di-acid metabolite in
soil and sediments after UAE and in situ focused microwave-
assisted derivatization prior to gas chromatography (GC) with
electron-capture detection (ECD), with a substantial shortening of
the extraction time. The same authors have published a simulta-
neous SPE and continuous ultrasound irradiation system for the
analysis of N-methylcarbamates pesticides in soil with recoveries
higher than 96% for all the pesticides studied [16]. Lambropoulou
and Albanis [28] have developed a method for the extraction
of fungicides in soil samples where SPME was coupled to UAE.
The extraction involved the homogenisation of the sample with
water-acetone assisted by sonication and pesticides were iso-
lated with a fused silica fibre. This method was shown to be
an inexpensive and fast sample preparation method for deter-
mination of target analytes at low nanogram per gram levels in

soils.

The determination of pesticides has been predominantly car-
ried out by GC coupled to sensitive and specific detection systems,
such as the ECD for halogenated pesticides [10,13,19,23] and the
nitrogen-phosphorus detector (NPD) [10,23] for pesticides with

sted extraction in small columns) procedure.
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Table 2
Analytical methods developed for the determination of PAHs in soil.

No. of PAHs
analysed

Sonication extraction conditions Clean-up Determination Ref.

Solvent [ml] Time
(min)

Temp.
(◦C)

Type Technique Recovery
(%)

RSD (%) LOD (�g/kg) Levels found
(�g/kg)

2 Isopropanol–water
(8:2, v/v) [30]

10 × 2 55 UB SPE-Oasis-Florisil:
DCM–diethyl ether
(8:2, v/v)

GC–MS 46–110 4–40 80 n.d. [30]

13 Cyclohexane [6] 30 × 2 RT UB LC–FD 70–98 2–15 >0.2 �g/l 15–282 [31]

16 Acetone [20] 15 × 2 RT UB SPE-C18: acetone LC–FD 80–97 1–4 10–15 500–1700 [32]
LC–UV

16 Acetone–water
(1:1, v/v) [90]

5 × 3 RT UB SPE-silica:
n-hexane–DCM
(1.5:1, v/v)

GC–FID 2–40 1470–6610 [33]
GC–MS

16 Acetone–petroleum
ether (1:1, v/v) [30]

15 RT UB SPE-silica:
petroleum
ether–DCM (3:2,
v/v)

GC–MS 75–120 <5 2–42 16–3884 [34]

16 Acetone–toluene
(1:1, v/v) [100]

20 × 2 RT UB LC–FD 88–110 3–12 [35]
LC–DAD

16 AcEt [10] 15 × 2 RT UB GC–MS 91–100 0.4–9.3 0.03–0.3 0.08–1.1 [36]
16 DCM [80] 75 RT UB SPE-C18: acetone LC–UV 81–90 <21 5–500 10–13 [37]
16 n-Hexane–acetone

(1:1, v/v) [30]
15 × 2 RT UB SPE-silica:

n-hexane–DCM
(10:1, v/v)

GC–MS 93–110 3.5–6.9 1.0 50–2500 [38]

16 n-Hexane–DCM
(1:1, v/v) [30]

10 × 3 RT UB SPE-alumina:
n-hexane–DCM
(10:1, v/v)

GC–MS 44–114 <20 0.1–2 [39]

27 AcEt [10] 15 × 2 RT UB GC–MS 90–102 <15 0.03–0.3 42.8–61.3 [40]
29 DCM [60] 15 × 2 RT UB SPE-silica:

n-hexane–DCM
(9.5:0.5, v/v)

GC–MS 80–120 <15 1–3 2–5000 [41]
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cEt: ethyl acetate; DAD: diode array detector; DCM: dichloromethane; FID: fla
erformance liquid chromatography; LOD: limit of detection; MS: mass spectrome
PE: solid-phase extraction; UV: ultraviolet detector; UB: ultrasonic bath.

itrogen or phosphorus in the molecule. In the case of acidic [21]
nd phenolic pesticides a derivatization of these compounds is usu-
lly performed to reduce their polarity, increase their volatility and
mprove the LOD for its determination by GC. On the other hand, a
uorescent derivative is obtained for their analysis by liquid chro-
atography (LC) [6,12]. Gas chromatography–mass spectrometry

etection (GC–MS) has been also used in multiresidue methods
or pesticide analysis in soil [5,21,22,24]. Carbamate pesticides are
olar compounds and can be determined directly by LC with flu-
rescence detection (FD) after post-column derivatization [15,16]
r with ultraviolet (UV) or diode array detection (DAD) [14]. The
hromatographic techniques described above provide LODs in the
rder of �g/kg.

.1.2. PAHs
Table 2 summarises the analytical methods developed for the

etermination of PAHs in soil that have applied UAE. In general,
he extraction of PAHs from soil is carried out in an ultrasonic bath
30–32,36,37,40,41].

Some authors have reported that the extraction of PAHs from
oil with polar solvents, such as methanol and acetonitrile, is not
ffective, however, when solvents with lower polarity such as
ichloromethane, ethyl acetate and acetone are employed good
xtraction yields are achieved. Acetone and ethyl acetate were the
olvents most used since they are relatively less toxic than other

olvents like dichloromethane. Ethyl acetate was used in the extrac-
ion of PAHs from uncontaminated soil [36,40] whereas for highly
ontaminated soils acetone was the solvent chosen [32]. The SAESC
rocedure described above was also applied for the analysis of PAHs
ith good results (recoveries > 90%) [36,40].
nization detector; FD: fluorescence detector; GC: gas chromatography; LC: high
d.: not detected; PAHs: polycyclic aromatic hydrocarbons; RT: room temperature;

The appropriate extraction time for the UAE procedure and
its influence in the recovery assays were also studied. It was
observed that prolonged sonication cycles, longer than 60 min, did
not improve the extraction efficiency due to the evaporation of the
most volatile PAHs during the extraction process. Although differ-
ent extraction periods were applied (15–75 min), in general two
cycles of 15 min were carried out in the extraction of these com-
pounds. The temperature of ultrasonic bath was also evaluated and
similar recoveries were obtained for these compounds when UAE
was carried out at different temperatures. Thus, the extraction from
soil samples is generally performed at room temperature. More-
over, Banjoo and Nelson [38] reported that when the extraction of
these analytes was carried out at high temperatures, losses up to
16% of thermally labile PAHs were observed due to volatilisation
and oxidation.

In general, no clean-up of sample extracts is required for agri-
cultural soils. On the other hand, industrial soil samples frequently
contain pollutants that either may interfere in the determination or
are capable of damaging the analytical column. Therefore, a purifi-
cation of extracts is often necessary to minimise interferences. SPE,
in columns or cartridges, is the technique usually applied for the
purification of extracts. Different kinds of sorbents with a wide
range of polarities, such as octadecyl-bonded silica (C18), Florisil,
silica, Oasis, etc., can be used depending on the nature of the analyte.
In the methods summarised in Table 2 where a clean-up was carried
out, the purification procedure usually consists on a column chro-

matography with silica, C18, alumina or Florisil, and elution with a
mixture of dichloromethane and n-hexane [33,38,39,41] followed
by the concentration of the eluates.

The extraction of PAHs from soil comparing different method-
ologies has been carried out by several authors. As an example,
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ollender et al. [35] reported the extraction of PAHs in two con-
aminated soils using four different extraction procedures: UAE,
oxhlet extraction, supercritical fluid extraction (SFE), and PLE,
ith solvents of different polarities. In the case of UAE, recoveries
igher than 88% were achieved when the extraction was per-

ormed with acetone–toluene for the uncontaminated soil and with
cetone–ethanolamine for the highly contaminated one. Barco-
onilla et al. [42] also compared PLE and UAE, and similar results
ere achieved in the recovery assays carried out with both tech-
iques. PLE requires lower solvent volumes and shorter extraction
imes, reducing the costs and toxic wastes generated, neverthe-
ess, the high cost of PLE equipment is an important drawback
o be taken into account and thus UAE can be considered a good
lternative.

Bossio et al. [30] developed a method based on UAE for the deter-
ination of PAHs together with other persistent pollutants, such

s personal care products and fire retardants, in soil and sediment
amples. These authors demonstrated that UAE is an attractive and
ffective procedure for the extraction of contaminants from solid
atrices. The major advantages of UAE in comparison to other

xtraction methods such as PLE or Soxhlet include ease of use and
ow cost, and moreover it is less time consuming than Soxhlet.

The extraction of PAHs in contaminated soils where four differ-
nt extraction procedures, Soxhlet, UAE, Curie point pyrolysis and
AE, were compared using the same solvent was reported by Buco

t al. [43]. Although similar results were achieved in the recovery
ssays carried out with the different extraction techniques, Curie
oint pyrolysis seems to be a good alternative for low-molecular-
ass PAHs with small subsample size and short operating time.
An interesting approach to enhance extraction yields is the

pplication of UAE to assist other extraction procedures, such as SFE
nd Soxhlet extraction. In the case of SFE, an ultrasound transducer
as installed inside the extractor [44] whereas for the Soxhlet

xtraction, UAE was applied, by means of a probe, in the sample
artridge zone before the siphoning of the Soxhlet chamber [45].
ltrasound-assisted pressurised solvent extraction (UAE-PSE) for

he extraction of aliphatic and polycyclic aromatic hydrocarbons
rom soil is another example of the hyphenated methods that pro-
ide good extraction efficiencies [46].

The determination of PAH residues has been carried out by GC
ith flame ionisation detection (FID) or GC–MS but it can be also
erformed by LC with FD and UV detection (Table 2). When the
nalysis was carried out with gas chromatography coupled to tan-
em mass spectrometry (GC–MS/MS), due to the high selectivity
f the triple quadrupole, no further clean-up steps were necessary
42]. The LODs achieved with the different detection systems are of
he order of �g/kg. The PAH levels encountered when real samples
ere analysed were generally low and phenanthrene, pyrene and

enzo[a]pyrene were the most frequently detected PAHs in the soil
amples.

.1.3. Pharmaceuticals
Several extraction methods have been developed to determine

he concentration of pharmaceutical compounds, including antibi-
tics and hormones, in soil samples. Table 3 shows the extraction
onditions and determination characteristics of these methods.

The extraction of different classes of antibiotics, based on ultra-
onication with different extraction solvents, such as aqueous
olutions or weakly acidic buffers combined with organic solvents,
as been recently reported [47,48]. Many antibiotics contain polar

unctional groups, therefore, depending on the pH of the medium,

hey can be protonated or dissociated and buffer solutions are
eeded. Furthermore, tetracyclines (TCs) form chelate complexes
ith metal ions and bind to proteins and silanol groups, therefore,
a2EDTA (disodium ethylendiamine tetracetate), a chelating agent,

s used to improve the extraction of these compounds [47]. Ta
b
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Blackwell et al. [48] reported a simple and rapid UAE method for
he simultaneous extraction of three antibiotics, oxytetracycline,
ulfachloropyridazine and tylosin. The extraction was performed
ith a mixture of methanol, ethylenediaminetetracetic acid (EDTA)

nd buffer at pH 7, followed by the clean-up of the extracts by
tandem SPE method using anion exchange and Oasis polymeric

artridges.
In the case of quinolones (Qs) and fluoroquinolones (FQs), due

o the strong sorption to soil together with their different acid–base
roperties, an exhaustive optimisation of the extraction step is
equired. Turiel et al. [49] developed a method for the simultane-
us analysis of several Qs and FQs in soil samples. The method was
ased on the extraction of these analytes by SAESC and the forma-
ion of antibiotic-Mg(II) complexes. These same authors developed

method for the determination of FQs in soil using molecu-
arly imprinted solid-phase extraction (MISPE) in cartridges [50].
arious molecular imprinted polymers (MIP) were prepared to
btain a MIP-based material with the proper characteristics to
e used both as a selective sorbent for MISPE and as a selective
tationary phase. The main advantage of this method is the fact
hat the analytes can be separated from the matrix-interfering
ompounds in the MIP column directly connected to the UV
etector.

The analysis of antibiotics has been usually carried out by LC
ith UV or FD (Table 3). However, the current trend in the anal-

sis of antibiotics in environmental samples is the use of liquid
hromatography–mass spectrometry (LC–MS). Martinez-Carballo
t al. [47] applied liquid chromatography–tandem mass spec-
rometry (LC–MS/MS) for the determination of TCs, sulfonamides,
rimethoptim and FQs in soil. This method achieved high sensitiv-
ty and selective detection, therefore, a less rigorous clean-up was
equired.

Estrogens, natural and synthetic, are another group of phar-
aceutical products determined in soil. In general, the extraction

s carried out using polar or semipolar organic solvents or mix-
ures (acetone–methanol or acetone–n-hexane), followed by a
lean-up stage with SPE cartridges. The purification procedure
sually consists on a column chromatography with C18 or Oasis,
nd elution with acetonitrile [51] or alkaline acetonitrile [52]
ollowed by the concentration of the eluates before GC or LC
nalysis.

Estrogens are polar compounds and, therefore, are usually
etermined by LC with UV or MS detectors. Nevertheless, the analy-
is can be also carried out by GC–MS with or without derivatisation
Table 3). In general, due to the high polarity of these compounds, a
erivatisation is conducted prior to GC–MS to reduce the polarity,
nhance their mobility on the GC column and improve the LODs.

Termes et al. [53] proposed a method for the determina-
ion of estrogens with GC–MS/MS after silylation with MSTFA
N-methyl-N-trimethyl silyltrifluoro-acetamide). This method
equired derivatisation of the estrogens to improve peak
hape and sensitivity in their GC–MS determination. In previ-
us works, different silylation agents, such as MSTFA, BSTFA
N-O-bis(trimethylsilyl)trifluoroacetamide) and MSTFA/TMCS
trimethylchlorosilane), were used for determination of
strogens.

The presence of multiple chemicals in the environment, though
ach at very low concentrations, may exert additive effects that
esult in significant detrimental impacts on wildlife and humans.
hus, it is necessary to develop analytical methods that allow the
imultaneous determination of different contaminants at trace lev-

ls. UAE was employed to determine six different pharmaceuticals,
hree endocrine disrupting compounds and estrone in soil. Soil
as extracted with acetone–ethyl acetate followed by a SPE C18

lean-up procedure and analysis by GC–MS after derivatisation
ith MTBSTFA [54].
1217 (2010) 2415–2440 2421

2.1.4. Polyhalogenated flame retardants
Polyhalogenated aromatic hydrocarbons (PAHs) represent a

large family of highly lipophilic and environmentally persistent
substances, of which polychlorinated biphenyls (PCBs), polybromi-
nated diphenyl ethers (PBDEs), polybrominated biphenyls (PBBs),
tetrabromobisphenol-A (TBBPA), tetrachlorobisphenol-A (TCBPA)
and hexabromocyclododecane (HBCD) have been used as flame
retardants. It has been reported that TBBPA may degrade to
bisphenol-A (BPA) during anaerobic soil processes and, therefore,
BPA may be used as a marker of contamination due to the use of
flame retardants. Table 4 shows the analytical methods, based on
UAE, that have been developed for these compounds in soil.

PCBs are compounds with a low polarity, thus, extrac-
tion solvents such as n-hexane, petroleum ether, acetone,
dichloromethane and mixtures are the most commonly used. In
general, mixtures of acetone and n-hexane in different proportions
have been found to provide the best recoveries [55,56].

Aydin et al. [55] applied a miniaturised UAE method for PCBs
in soil samples that used less solvent than traditional methods,
reducing the cost associated with solvent purchase and waste dis-
posal, with recoveries that ranged from 90 to 98% and lower LODs
(3–6 ng/kg) than other techniques.

The purification of extracts usually consists on a column chro-
matography with polar adsorbents, alumina or Florisil among
others, and elution with a non-polar organic solvent such as
n-hexane followed by the concentration of the eluates. Another col-
umn chromatography applied in the clean-up stage of PCB extracts
is gel permeation chromatography (GPC) performed with Bio-beads
equilibrated with a mixture of cyclohexane–ethyl acetate (Table 4).

There are several papers in the available literature compar-
ing different methods to extract PCBs from soils. Bianco et al.
[56] concluded that using the same extraction solvent, acetone–n-
hexane, UAE provided extraction efficiencies comparable to those
achieved with MAE. Sporring et al. [61] reported the extraction of
PCBs from soil where six different extraction techniques, Soxhlet,
Soxtec, UAE, SFE, MAE and PLE, were compared using the same sol-
vent, n-hexane:acetone (1:1, v/v). Similar results were achieved
in the recovery assays carried out with the different extraction
techniques.

The determination of PCBs in soil, after the extraction and purifi-
cation of the sample, is generally performed with GC given that
these compounds have a high thermal stability and low polar-
ity. The detection systems used with GC were ECD, since PCBs
are organochlorine compounds, or MS, obtaining LODs in the sub-
nanogram per gram level.

PBDEs are another group of flame retardants studied in soil.
Sánchez-Brunete et al. [57] developed an UAE method for the deter-
mination of these compounds where soil was extracted twice with
ethyl acetate in an ultrasonic bath for 15 min. PBDEs are generally
determined by capillary GC, using preferably selected ion monitor-
ing (SIM)-MS, both in electron impact (EI) [57] or negative chemical
ionisation (NCI) mode and GC–MS/MS [62]. Fig. 3 shows the chro-
matogram and a partial view of the SIM chromatogram, with the
corresponding mass spectra, of a soil collected in an industrial
area that contained residues of two PBDEs. The analysis of eight
hydroxylated brominated diphenyl ethers (OH-PBDEs) by UAE with
hexane:dichloromethane (1:1, v/v) was reported by Mas et al. [58].
The thermal instability and low volatility of these PBDE metabo-
lites make GC analysis difficult and entail the prior derivatisation
of the analytes to increase their sensitivity, volatility and selectiv-
ity, therefore, this research group applied LC coupled to negative
ion-spray ionisation (ISP) MS/MS for the simultaneous analysis of

OH-PBDEs in soil with LODs at picogram per gram levels.

An isotope dilution method for the determination of TBBPA,
TCBPA and BPA by GC–MS in agricultural and industrial soil sam-
ples was developed in our laboratory [59]. The compounds were
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extracted from soil by SAESC with a low volume of ethyl acetate.
For dirty soil samples, such as industrial soil, a simultaneous clean-
up on an acidified Florisil–anhydrous sodium sulphate mixture was
carried out to remove interferences. Due to the high polarity of
TBBPA and TCBPA, poor chromatographic peaks were obtained and
derivatisation was necessary when they were determined by GC.
After the extraction, solvent was evaporated and analytes were
derivatised with BSTFA and determined by isotope dilution gas
chromatography with electron impact mass spectrometric detec-
tion in the selected ion monitoring mode (GC–MS-SIM), using
13C12-labelled compounds as internal standards. Suzuki et al. [60]
developed a rapid UAE method to determine TBBPA together with
HBCD diastereoisomers in soil using acetone that did not require
a clean-up step, obtaining good extraction yields. In this case the
analytes were determined by LC–MS and LC–MS/MS.

Organic anthropogenic waste indicators (AWIs) are a broad
range of industrial, agricultural and household chemicals that
include products such as flame retardants, hormones, steroids, pes-
ticides and personal care products. Bossio et al. [30] applied UAE
for the determination of AWIs from soils collected in Washing-
ton. The extraction was performed twice with isopropanol:water
in an ultrasonic bath for 10 min followed by a SPE clean-up and
the extracts were analysed by GC–MS. The developed method
makes evident that UAE can be employed to extract simultaneously
organic contaminants that vary considerably in their physico-
chemical properties.

The coupling of UAE with other sample preparation techniques
has also been applied for the analysis of flame retardants in soil
samples. In this way, Salgado-Petinal et al. [62] developed a method
for the determination of PBDEs where UAE, including a simul-
taneous “on batch” clean-up step, was carried out followed by
headspace solid-phase microextraction (HS-SPME) and, thus, being
a suitable alternative for PBDEs extraction from environmental
solid matrices. Yu and Hu [63] combined stir-bar sorptive extrac-
tion (SBSE) with UAE for the determination of non-polar PBDEs and
polar TBBPA. This novel method was found to be rapid and sensitive.
The extraction involved the homogenisation with acetone assisted
by sonication and subsequently PBDEs and TBBPA were isolated
with fused polydimethylsiloxane (PDMS) bars. This method was
shown to be a fast and simple procedure for the determination of
target analytes at low nanogram per gram levels in soil.

2.1.5. Other industrial contaminants
UAE has been applied to the determination of other industrial

contaminants in soil as it is shown in Table 5. Campillo et al. [64]
reported the extraction of chlorophenols (CPs) from soil using dur-
ing 30 s an ultrasounds probe directly immersed in the suspension
prepared. Due to the high polarity of CPs many authors have rec-
ommended the derivatisation of these compounds to convert them
into less polar forms, thus improving peak shape and sensitivity
during GC. The derivatisation procedure most frequently used is
acetylation using acetic anhydride. A purge-and-trap concentra-
tion system coupled to a GC equipped with a microwave-induced
atomic emission detector was used to determine CPs.

Llompart et al. [65] reported a comparative assessment of the
extraction of o-cresol, m-cresol and p-cresol in soil by three dif-
ferent extraction procedures, SFE, MAE and UAE with or without
a one-step in situ derivatisation. Although similar results were
achieved in the recovery assays carried out with the different
extraction techniques, SFE and MAE appeared to be good alterna-

tives, although the high cost of the equipments is a drawback to be
considered when compared with UAE.

Nonylphenol (NP) and nonylphenol ethoxylates (NPEOx) can be
extracted from soil samples by UAE followed by an enrichment step
onto C8 SPE cartridges prior to separation using LC–FD [66].
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ig. 3. Chromatograms of a soil sample collected in an industrial area containing B
BDEs B-47 and B-100 and (B) a partial view of the SIM chromatogram with the cor

The commercially known parabens are esters of the p-
ydroxybenzoic acid widely used as preservatives in pharmaceu-
ical preparations, personal care products and food and beverages.
uñez et al. [67] have studied the concentration of parabens in soil
ith a method based on the sample preparation by SAESC, followed

y LC–MS/MS with low limits of quantitation (LOQs).

.2. Food

The presence of residues of organic contaminants in food can
e the result of the use of pesticides and veterinary drugs in crops
nd food-producing animals or the exposure of food via environ-
ental routes. The application of UAE to the analysis of organic

ontaminants in food is reviewed in this section. The compounds
tudied have been divided in four main groups: pesticides, PAHs,
harmaceuticals, and other industrial contaminants.

.2.1. Pesticides
In the last years, an increasing number of works have been

ublished where pesticide residues in food of plant and animal
rigin have been determined using UAE as extraction technique
Table 6). The selection of solvent used in the extraction depends
n the polarity of the target analyte and the food product analysed.
or pesticides with a low polarity the extraction may be carried
ut with non-polar solvents such as n-hexane [68], however for

ore polar compounds solvents such as acetone, ethyl acetate,

ichloromethane, or mixtures of these provide better extrac-
ion efficiencies, When pesticide residues belonging to different
hemical classes with a wide polarity range are determined simul-
aneously, such as the analysis of multiclass pesticides (Table 6), the
.6 ng/g) and B-100 (1.3 ng/g): (A) a GC–MS chromatogram showing the presence of
nding mass spectra (from Ref. [55]).

solvent selection is critical. In the particular case of multiresidue
methods for the determination of pesticides in fruits or vegetables,
which have low lipid content, the extraction is performed with a
semipolar solvent as acetonitrile or ethyl acetate [78–80]. On the
other hand, food with a high lipid content such as eggs or honey
require a low polarity solvent (i.e. n-hexane or petroleum ether) to
enhance the analyte extraction from the matrix, although other sol-
vents (acetone or ethyl acetate) are added to increase the polarity
due to the nature of the target analyte [69]. In the case of carba-
mates and other polar pesticides, such as quaternary ammonium
compounds, the extraction was carried out using buffer solutions
and methanol [16,73,74,81].

Although UAE is primarily used in the extraction of pesticides
from solid samples using the appropriate solvent, it has been also
applied in the LLE of fungicides and organophosphorus insecticides
from beverages, such as wine and must with the addition of NaCl
to enhance the partitioning from the aqueous phase to the organic
phase due to the “salting out” effect [70,71].

The ultrasonic extraction is carried out using several devices
such as waterbaths, probes and sonoreactors but, in general, UAE of
pesticides in food has been mainly performed in an ultrasonic bath
at room temperature without temperature control (Table 6). How-
ever, the new ultrasonic waterbaths provide temperature control
allowing the optimisation of this parameter. A different approach
in the application of ultrasonic radiation is the DUAE, where it is

possible to couple online the sample preparation with the instru-
mental analysis. This new technique was used by Caballo-López and
Luque de Castro [16] for the determination of N-methylcarbamates
in fruits and vegetables using a flow injection system coupled to
an UAE chamber and a SPE minicolumn for analyte concentra-



2424 J.L. Tadeo et al. / J. Chromatogr. A

Ta
b

le
5

A
n

al
yt

ic
al

m
et

h
od

s
d

ev
el

op
ed

fo
r

th
e

d
et

er
m

in
at

io
n

of
in

d
u

st
ri

al
co

m
p

ou
n

d
s

in
so

il
s.

C
om

p
ou

n
d

s
So

n
ic

at
io

n
ex

tr
ac

ti
on

co
n

d
it

io
n

s
C

le
an

-u
p

(d
er

iv
at

iz
at

io
n

)
D

et
er

m
in

at
io

n
R

ef
.

So
lv

en
t

[m
l]

Ti
m

e,
(m

in
)

Te
m

p
(◦ C

)
Ty

p
e

Te
ch

n
iq

u
e

R
ec

ov
er

y
(%

)
R

SD
(%

)
LO

D
(�

g/
kg

)
Le

ve
ls

fo
u

n
d

(�
g/

kg
)

C
h

lo
ro

p
h

en
ol

s
Po

ta
ss

iu
m

ca
rb

on
at

e
(5

%
,w

/v
)

[2
0]

0.
5

R
T

U
P

(A
ce

ti
c

an
h

yd
ri

d
e)

G
C

–A
ED

75
–1

29
8–

18
0.

08
–0

.5
[6

4]

Ph
en

ol
s

D
ic

h
lo

ro
m

et
h

an
e

[3
0]

3
×

3
R

T
U

P
G

C
–M

S
[6

5]

N
on

yl
p

h
en

ol
an

d
n

on
yl

et
h

ox
y-

la
te

s

W
at

er
–M

eO
H

(3
0:

70
,

v/
v)

[5
]

15
×

2
45

U
B

SP
E-

C
8
:

M
eO

H
an

d
A

C
N

LC
–F

D
78

–9
7

3.
5–

15
.6

60
–5

20
[6

6]

Pa
ra

be
n

s
A

C
N

[9
]

15
×

2
R

T
U

B
LC

–M
S/

M
S

83
–1

10
2.

7–
10

.3
0.

04
–0

.1
4

0.
63

–6
.3

5
[6

7]

A
C

N
:a

ce
to

n
it

ri
le

;A
ED

:a
to

m
ic

em
is

si
on

d
et

ec
to

r;
G

C
:g

as
ch

ro
m

at
og

ra
p

h
y;

LC
:l

iq
u

id
ch

ro
m

at
og

ra
p

h
y;

FD
:fl

u
or

es
ce

n
ce

d
et

ec
to

r;
M

eO
H

:m
et

h
an

ol
;M

S:
m

as
s

sp
ec

tr
om

et
ry

;M
S/

M
S:

ta
n

d
em

m
as

s
sp

ec
tr

om
et

ry
;S

PE
:s

ol
id

-p
h

as
e

ex
tr

ac
ti

on
.U

B
:

u
lt

ra
so

n
ic

ba
th

;
U

P:
u

lt
ra

so
n

ic
p

ro
be

.

1217 (2010) 2415–2440

tion before the chromatographic system. The extraction chamber
was introduced in a waterbath at 40 ◦C and a probe provided the
ultrasound radiation. The authors compared their method with the
reference method of the Environmental Protection Agency (Method
8313) based on manual shaking with acetonitrile, solvent exchange
and SPE clean-up. Although the recoveries obtained with both
methods were similar, the proposed method allows the extraction
of the analytes in 2 min whereas the official method required 4 h
for this step.

Following the extraction, a centrifugation or filtration of the
extracts is normally required before concentration and/or clean-
up stages. In general, the clean-up of the extracts after the UAE is
performed with SPE columns or cartridges with different adsor-
bents, such as Oasis MCX (mixed mode cation exchange), C18,
NH2-sorbent, and Florisil (Table 6). On the other hand, for food rich
in lipids, as animal tissues or eggs, it is usually necessary a more
thorough purification of the extracts to remove lipidic interferences
that may hinder the chromatographic analysis. Hence, Zhao et al.
[69] performed a sulphuric acid–silica gel clean-up before the SPE
purification with Florisil when determining �-HCH in meat and
eggs.

The extraction of pesticides in food based on UAE has been
compared with other procedures by several authors. Kolbe and
Andersson [72] carried out the extraction of o-phenylphenol from
citrus fruits with UAE and steam distillation using a modified Cle-
venger apparatus combined with LLE. The authors concluded that
the latter was time consuming (2 h reflux) and labour extensive
(manual LLE). UAE was compared with the traditional shake flask
extraction method in the determination of pesticides in honey [75]
and it was observed that with UAE the recoveries were higher
(71–75% with the shake flask method and 92–94% with UAE) and
the method was faster than the conventional procedure.

An interesting approach in sample preparation is to couple UAE
with other extraction techniques to take the most of both proce-
dures in order to achieve good extraction yields, with lower solvent
consumption, and be cost effective. Table 7 shows the analytical
methods developed for the determination of pesticide residues
where UAE has been coupled to other extraction techniques. Matrix
solid-phase dispersion (MSPD) assisted with ultrasonic radiation
was used by Albero et al. [82,85–87] and Sánchez-Brunete et al.
[83,84] for the determination of pesticides in honey, pollen and
fruit juices. After the MSPD procedure, where the sample was
blended with an adequate adsorbent and transferred to a col-
umn for its subsequent elution with an appropriate solvent, the
columns were placed in an ultrasonic bath during 10–15 min. The
assistance of ultrasound radiation improved the extraction of pes-
ticide residues and the MSPD procedure allowed the simultaneous
extraction and clean-up shortening the sample preparation process
and avoiding possible analyte loss. Recently, an ultrasonic-assisted
MSPD method was developed for the determination of triazines and
organophosphorus pesticides in fruits and two different sonication
devices, an ultrasonic bath and a sonoreactor, were tested [88]. In
this case, a 1 min sonication with the sonoreactor yielded higher
extraction efficiencies than those obtained when the waterbath
was employed. The determination of acaricides in honey by direct
immersion solid-phase microextraction (DI-SPME) performed in an
ultrasonic bath instead of by magnetic stirring is another example
of the coupling ultrasound with other extraction procedures [89].
Shrivas and Wu [91] developed an analytical method for the deter-
mination of organochlorine pesticides in fish combining UAE with
single-drop microextraction (SDME). The UAE was performed with

methanol for 10 min followed by the SDME procedure that was car-
ried out with 0.6 �l of toluene. This procedure was compared with
a method based on Soxhlet extraction followed by SPME, and the
extraction time was 96 times lower and the recovery higher with
this new method.
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Table 6
Analytical methods for the determination of pesticide residues in food.

Analytes Matrix Solvent [ml] Time
(min)

Temp. (◦C) Type Clean-up Determination Ref.

Technique Recovery (%) RSD (%) LOD (�g/kg)

OC insecticides Medicinal plants n-Hexane [25] 5 Ice and salt
bath

UP Florisil cartridge: n-
hexane + n-hexane–DCM
(85:15)

GC–ECD >66 30–3000 (LOQ) [68]

�-HCH Meat and eggs Acetone:petroleum
ether (1:1) [120]

5 × 3 RT UP Sulfuric acid silica gel
column: petroleum ether

GC chiral–ECD 88–95 1.0–6.9 [69]

OP insecticides Must and wine Acetone:DCM (1:1)
[20]

10 RT UB GC:ECD, NPD, MS 82–107 2.1–16.5 0.02–0.1 ng [70]

Fungicides Must and wine Acetone:DCM (1:1)
[20]

10 RT UB GC:ECD, NPD, MS 77–107 1.9–13.7 0.02–0.1 ng [71]

O-phenylphenol Citrus fruit DCM [150] 15 × 2 RT UB GC:AED, GC–MS 101–106 3–8 2 [72]
N-

methylcarbamates
Pear, apple,
cucumber

Water (pH 10) [5] 2 40 UP DUAE C18 Hydra: MeOH LC–FD post-column
derivatization

85–101 1–3 3–12 [16]

Chlormequat and
mepiquat

Fruits, vegetables,
juices, baby food,
bread, mushrooms,
beer, coffee powder

1:4
MeOH:ammonium
formate buffer
solution (100 mM;
pH 3.5) [25]

10 RT UB ENVI-18 SPE cartridge LC–MS/MS >78 <11 0.03 pg (CQ), 0.1 pg (MQ) [73]

Chlormequat Fruits MeOH–ammonium
formate (100 mM;
pH 3.5; 75 + 25) [50]

10 RT UB ENVI-18 SPE cartridge LC–MS/MS 86–92 7.9–13.4 30 [74]

Atrazine and
simazine

Honey Benzene–water
(1:1) [60]

20 × 3 <35 UB TLC-video
densitometry

92–94 2.4–2.8 [75]

Amitraz and
metabolites

Pears AcEt [25] 15 RT UB LC–MS/MS 70–106 9–19 <10 [76]

Triazines Potato UHQ water [15],
DCM/acetone/n-
hexane (1:1:1)
[10]

10 × 2 RT UB Oasis MCX:
NH4OH/MeOH (15:85)

Non-aqueous CE 93–116 6–8 1.7–4.0 [77]

Multiclass Potato and carrots ACN [3] 45 RT UB LC–MS/MS 70–90 <5 0.5–2 [78]
Multiclass Apples ACN [50] 2 RT UP L–L partitioning, drying

and NH2-SPE with
acetone

GC–MS 70–110 1–20 0.07–18.84 (LOQ) [79]

Multiclass Leafy vegetables AcEt [45] 35 25–45 UB LC–MS/MS 83–98 0.5–2.4 0.3–1.4 (LOQ) [80]
Multiclass Fruit, vegetables,

cereals
Ammonium
acetate–acetic acid
solution 20 mM in
MeOH–water (95:5)
[40]

30 RT UB LC–MS/MS 70–120 <20 10–60 [81]

AcEt: ethyl acetate; ACN: acetonitrile; AED: atomic emission detector; CE: capillary electrophoresis; CQ: chlormequat; DCM: dichloromethane; DUAE: dynamic ultrasound-assisted extraction; ECD: electron-capture detector; FD:
fluorescence detector; GC: gas chromatography; LC: liquid chromatography; LOD: limit of detection; MCX: mixed mode cation exchange; MeOH: methanol; MQ: mepiquat; MS: mass spectrometry; MS/MS: tandem mass spectrometry;
NPD: nitrogen-phosphorus detector; OC: organochlorine; OP: organophosphorus; RT: room temperature; SPE: solid-phase extraction; TLC: thin layer chromatography; UB: ultrasonic bath; UHQ: ultra high quality; UP: ultrasonic probe.
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The determination of pesticide residues in food has been pre-
dominantly performed with LC or GC (Table 6). For volatile or
thermally stable compounds, GC systems with selective detectors,
such as NPD or ECD have been employed, but nowadays GC coupled
to mass spectrometry is a well-established instrumental technique
for the analysis of trace contaminants since it allows the determina-
tion and the confirmation of the identity of residues at trace levels.
Although GC has been widely employed in the determination of
pesticide residues, LC–MS/MS is becoming at present an essential
analytical tool taking into account the number of works where this
technique has been used.

2.2.2. PAHs
The determination of PAH residues in food has been mainly

focused on the 16 PAHs included in the US-EPA (United States
Environmental Protection Agency) priority list or on those consid-
ered as mutagenic or carcinogenic by the Scientific Committee on
Food of the European Commission. The analytical methods devel-
oped for the determination of PAHs in food based on UAE are
shown in Table 8. The extraction of PAH residues from food is
usually carried out employing solvents with a low polarity such
as n-hexane or dichloromethane. Rodríguez-Sanmartín et al. [92]
studied the possibility of using ultrasound radiation in the extrac-
tion of total PAHs from mussels. They selected an ultrasound
waterbath device with temperature control, since it had been pre-
viously reported a decrease in PAH recovery attributed to the aging
of ultrasound probes and to the increase of temperature observed
during extended sonication periods. Finally, the extraction was
carried out in two steps, using two different organic solvents;
dichloromethane and n-hexane in an ultrasonic bath for 10 min.
The extracts were combined, evaporated and reconstituted in n-
hexane for its purification by adsorption chromatography with a
column packed with Florisil and eluted with a mixture of n-hexane
and dichloromethane.

In the analysis of hydroxylated PAH metabolites and their cor-
responding conjugates in infant food including milk formulae and
infant cereals, the extraction was carried out with a mixture of
acetonitrile and ethyl acetate, due to the polarity of these com-
pounds, in the presence of tert-butyl hydroquinone, an antioxidant,
to avoid the losses of these compounds [93]. To obtain the free
hydroxylated metabolites it was necessary an enzymatic hydroly-
sis in buffer solution and in absence of oxygen in order to reduce
their degradation. The clean-up of the extracts was performed with
C18 cartridges where different elution mixtures were assayed and
the best results were obtained with a mixture of methanol and ethyl
acetate.

Although the determination of PAHs is usually carried out
in fatty food due to the lipophilic nature of these compounds,
Nieva-Cano et al. [94] developed an analytical method for the deter-
mination of 16 PAHs in non-fatty food, such as potato (raw and
mashed) and toasted bread. After a sonication period of 8 min with
a mixture of ethyl ether–methylene chloride (1:1, v/v) and water
(except for raw potato due to its high water content), the extract
was centrifuged and the supernatant evaporated to dryness and
redissolved in acetonitrile for LC analysis. In this case, no clean-up
was necessary and the recoveries were in the range of 70–86%.

The application of ultrasound radiation to improve the efficacy
of other extraction techniques has also been used in the deter-
mination of PAHs. Our research group developed a MSPD method
assisted with sonication to determine 16 PAHs in honey [95]. The
method, based on a previous work where pesticide residues in

honey were determined [83], allowed recoveries higher than 80%
and the simultaneous extraction of the analytes and clean-up of
the extracts. The coupling of UAE and MSPD has advantages such
as the increase in the extraction yield, due to ultrasound radia-
tion, and the avoidance of a further purification step as the eluates



J.L. Tadeo et al. / J. Chromatogr. A

Ta
b

le
8

A
n

al
yt

ic
al

m
et

h
od

s
fo

r
th

e
d

et
er

m
in

at
io

n
of

PA
H

re
si

d
u

es
in

fo
od

.

A
n

al
yt

es
M

at
ri

x
So

lv
en

t
[m

l]
Ti

m
e

(m
in

)
Te

m
p

.(
◦ C

)
Ty

p
e

C
ou

p
le

d
C

le
an

-u
p

D
et

er
m

in
at

io
n

R
ef

.

Te
ch

n
iq

u
e

R
ec

ov
er

y
(%

)
R

SD
(%

)
LO

D
(�

g/
kg

)

To
ta

lP
A

H
s

M
u

ss
el

s
D

C
M

[6
5]

10
×

2
R

T
U

B
A

d
so

rp
ti

on
ch

ro
m

at
og

ra
p

h
y

co
lu

m
n

:
Fl

or
is

il
:

n
-h

ex
an

e–
D

C
M

(6
0:

40
)

Sp
ec

tr
ofl

u
or

im
et

ry
94

–1
00

2–
3

21
[9

2]

n
-H

ex
an

e
[2

5]

PA
H

s
an

d
h

yd
ro

xy
la

te
d

PA
H

s
m

et
ab

ol
it

es
In

fa
n

t
fo

od
N

at
iv

e
PA

H
:

n
-h

ex
an

e
[3

0]
10

×
3

R
T

U
B

N
at

iv
e

PA
H

:
si

li
ca

ca
rt

ri
d

ge
s

LC
-F

D
92

–1
03

2–
7

0.
01

–0
.7

[9
3]

H
yd

ro
xy

la
te

d
PA

H
:

A
C

N
:A

cE
t

(7
:3

)
w

it
h

0.
8g

/l
te

rt
-b

u
ty

l
h

yd
ro

qu
in

on
e

[2
0]

H
yd

ro
xy

la
te

d
PA

H
:

ce
n

tr
if

u
ge

d
;

d
ri

ed
an

d
re

d
is

so
lv

ed
N

H
4
A

c/
H

A
c

p
H

5.
5

in
cu

ba
ti

on
+

A
C

N
an

d
C

18
ca

rt
ri

d
ge

M
eO

H
:A

cE
t

(1
:1

)

LC
–M

S/
M

S

16
PA

H
s

Po
ta

to
to

as
te

d
br

ea
d

Et
h

yl
et

h
er

–D
C

M
(1

:1
)

[3
]

8
R

T
U

B
LC

–F
D

70
–8

6
4–

11
0.

04
2–

33
[9

4]

16
PA

H
s

H
on

ey
n

-H
ex

an
e–

A
cE

t
(9

:1
)

[1
0]

15
×

2
R

T
U

B
M

SP
D

G
C

–M
S

80
–1

01
6–

15
0.

04
–2

.9
[9

5]

A
cE

t:
et

h
yl

ac
et

at
e;

A
C

N
:a

ce
to

n
it

ri
le

;D
C

M
:d

ic
h

lo
ro

m
et

h
an

e;
FD

:fl
u

or
es

ce
n

ce
d

et
ec

to
r;

G
C

:g
as

ch
ro

m
at

og
ra

p
h

y;
H

A
c:

ac
et

ic
ac

id
;L

C
:l

iq
u

id
ch

ro
m

at
og

ra
p

h
y;

M
eO

H
:m

et
h

an
ol

;M
S:

m
as

s
sp

ec
tr

om
et

ry
;M

S/
M

S:
ta

n
d

em
m

as
s

sp
ec

tr
om

et
ry

;
M

SP
D

:
m

at
ri

x
so

li
d

-p
h

as
e

d
is

p
er

si
on

;
PA

H
s:

p
ol

yc
yc

li
c

ar
om

at
ic

h
yd

ro
ca

rb
on

s;
R

T:
ro

om
te

m
p

er
at

u
re

;
U

B
:

u
lt

ra
so

n
ic

ba
th

.

1217 (2010) 2415–2440 2427

obtained by MSPD are usually clean enough and ready for direct
injection.

PAHs are fluorescent because of their aromatic structure, there-
fore, spectrofluorimetry and LC–FD have been frequently used in
the determination of PAH residues in food (Table 8).

2.2.3. Pharmaceuticals
Pharmaceuticals, including antibiotics, are mainly determined

in food of animal origin due to the veterinary treatment of food-
producing animals with these compounds. Table 9 summarises
the analytical methods based on UAE developed for the deter-
mination of antibiotics and other pharmaceuticals in food. TCs, a
group of broad-spectrum antibiotics, have been studied in salmon
[96], propolis [97] and swine muscle and kidney [98]. In these
three works, UAE was carried out using pH 4 Na2EDTA–McIlvaine
buffer, a mixture of citric acid and disodium hydrogen phosphate,
due to the polar nature of tetracyclines. Na2EDTA is a chelating
agent used to avoid complex formation of the antibiotics with inor-
ganic ions present in the matrix. The use of Na2EDTA–McIlvaine
buffer solution combined with SPE has been the standard method
for the extraction of TCs from tissue matrices. The purification
of the extracts was carried out with Oasis HLB cartridges where
polar and non-polar interactions are established with these ana-
lytes. For propolis samples, a two-step purification was performed,
first with an Oasis HLB cartridge and afterwards with a carboxylic
acid cartridge, whereas in the case of salmon and swine tissues
trichloroacetic acid was added after the UAE for the denaturaliza-
tion of proteins, avoiding the second clean-up of the extracts.

FQs and Qs present acid–base properties and are compounds
with a relatively high polarity, thus the extraction is usually carried
out with high or moderately polar solvents such as methanol, ace-
tonitrile or acetone. In the case of baby food, Díaz-Alvarez et al. [99]
developed a method where good recoveries were accomplished
when the extraction was carried out with methanol followed
by two different SPE clean-up procedures, using a strong anion-
exchange (SAX) cartridge or a MIP. The clean-up performed with
SAX cartridges allowed the simultaneous determination of Qs and
FQs, whereas the MIP approach enabled the analysis of FQs exclu-
sively but with lower LODs. FQ residues have also been determined
in other products of animal origin such as bovine milk [100] and
royal jelly [101] using EDTA to avoid complex formation. In the case
of royal jelly, acidic KH2PO4 was used to precipitate proteins and
extract FQs, because the extraction with organic solvents did not
provide good recoveries due to amount of lipophilic interferences
co-extracted. After extraction, the clean-up was carried out with
C18 cartridges and analytes were eluted with methanol containing
5% of ammonia, in particular for FQs with NH groups.

Although acidic aqueous solutions containing chelating agents
have been often used in the determination of TCs residues in food,
acetonitrile has been frequently used in the analysis of other antibi-
otics [102–106] and drugs as barbiturates and benzodiazepines
[107,108]. In this way, Hammel et al. [102] developed a method
to analyse in honey a total of 42 antibiotics, belonging to differ-
ent chemical classes, where four subsequent LLE steps assisted by
sonication were carried out. All the extractions were performed
using acetonitrile as solvent but in each stage a different reagent
was added to improve either the extraction or the chromatographic
determination. As an example, in the third extraction step non-
afluoropentanoic acid (NFPA) was added as ion pairing agent since
aminoglycosides do not present an adequate retention on the chro-
matographic column selected.
A Chinese research group developed two analytical methods
for the determination of barbiturates and benzodiazepines in pork
applying UAE with acetonitrile in an ultrasonic waterbath at 30 ◦C
and a SPE procedure to clean-up the extracts [107,108]. The novelty
of these works is the use of a new SPE absorbent made of mul-
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Table 9
Analytical methods for the determination of antibiotic and pharmaceutical residues in food.

Analytes Matrix Solvent [ml] Time (min) Temp. (◦C) Type Coupled Clean-up Determination Ref.

Technique Recovery (%) RSD (%) LOD (�g/kg)

Tetracyclines Salmon muscle pH 4
Na2EDTA–McIlvaine
buffer and
n-hexane [20]

15 Ice/salt UB Oasis HLB: 1%
TFA in MeOH

LC–FD 84–93 4.1–5.8 50 (LOQ) [96]

Tetracyclines Propolis Na2EDTA–McIlvaine
buffer; 0.1 M [40]

30 × 2 50 UB Oasis HLB: AcEt LC–UV 86–99 2.8–6.3 100–150 (LOQ) [97]

Carboxylic acid
cartridge:
0.01 M oxalic
acid (pH 4)–ACN
(6:4; v/v)

Tetracyclines Swine muscle
and kidney

pH 4
Na2EDTA–McIlvaine
buffer [50]

15 Ice/salt UB Oasis HLB: 1%
TFA in MeOH

LC–FD, LC–MS 65–90 50 (muscle) [98]
100 (kidney)

Quinolones and
fluoroquinolones

Baby food MeOH [8] 15 RT UB SAX cartridges
85% formic acid
and 6% formic
acid in MeOH)

LC–UV 87–100 2.1–13.1 SAX: 30–110,
MIPS: (FQ) 9–45

[99]

MIP cartridge:
1:1.
MeOH–acetic
acid

Fluoroquinolones Bovine milk EDTA–McIlvaine
buffer; pH 4 [10]

15 RT UB SPE-Bond Elut
Plexa cartridge:
MeOH

LC–MS/MS 63–94 0.4–7.9 0.002–0.409 [100]

Fluoroquinolones Royal jelly K2HPO4
(0.1 M) + Na2EDTA
(3%; w/v) pH 2.5
[30]

30 × 2 25 UB C18 cartridge:
MeOH–ammonia
(95:5; v/v)

LC–FD 62–89 4.8–13.2 2–40 (LOQ) [101]

Antibiotics Honey ACN [4] 2 × 4 RT UB LC–MS/MS 68–98 27–80 [102]
Sulfonamides Chicken meat ACN [5] 1 UP PMME CE–UV 96–104 2.3–8.5 3.5–16.7 [103]
Sulfonamides Pork and

chicken
ACN [5] 10 RT UB LC–UV 67–83 1.4–5.6 4.6–7.3 ng/l [104]

Ivermectin Milk and
mozzarella
cheese

ACN [10] 10 × 2 RT UB C18 cartridge:
terbuthylmethyl
ether

LC–FD 78–83 10–13 0.2 ppb [105]

Ivermectin and
moxidectin

Milk; curd and
cheese

ACN + deionized
water [2]

8 × 2 RT UB C18 cartridge:
MeOH

LC–FD 82–92 2.2–12.2 Milk: 0.1 �g/l,
curd and
cheese: 0.25

[106]

ACN [2]

Benzodiazepines Pork ACN [40] 10 30 UB SPE MWCNT:
hexone–acetone
(92.5:7.5; v/v)

GC–MS 75–104 1.3–10 2–5 [107]

Barbiturates Pork ACN [50] 30 × 2 30 UB SPE MWCNT:
acetone–AcEt
(3:7; v/v)

GC–MS/MS 75–96 2.1–7.8 0.1–0.2 [108]

AcEt: ethyl acetate; ACN: acetonitrile; AED: atomic emission detector; CE: capillary electrophoresis; EDTA: ethylenediaminetetracetic acid; FD: fluorescence detector; FQ: fluoroquinolones; GC: gas chromatography; LC: liquid chromatography;
LOD: limit of detection; LOQ: limit of quantitation; MeOH: methanol; MIP: molecularly imprinted polymer; MS: mass spectrometry; MS/MS: tandem mass spectrometry; MWCNT (multi walled carbon nanotubes) PMME: polymer monolith
microextraction; RT: room temperature; SAX: strong anion exchange; SPE: solid-phase extraction; TFA: trifluoroacetic acid; UB: ultrasonic bath; UP: ultrasonic probe; UV: ultraviolet detector.
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iwalled carbon nanotubes (MWCNT). This new material has very
nteresting structural and mechanical properties such as a large
pecific surface area, hence its applicability as sorbent. The authors
ssayed the absorption capacity of MWCNT in comparison with
18 and concluded that this new material was particularly more
ffective in the extraction of diazepam and phenobarbital.

UAE has also been applied coupled to other extraction pro-
edures exploiting the benefits of combining techniques when
nalysing antibiotics. As an example, Li et al. [103] carried out
he extraction of sulfonamides from chicken meat using an ultra-
onic probe and the extracts were subject to a polymer monolith
icroextraction (PMME), an alternative to SPME.
As described above, antibiotics are polar compounds there-

ore LC is the appropriate analytical tool for the determination
f residues in food using UV or FD (Table 9). In the case of iver-
ectin, the extracts were derivatised by acetylation in the presence

f methylimidazole as catalyst before FD [105,106]. LC–MS/MS was
pplied in the determination and confirmation of a high number of
ntibiotic residues, 22 FQs in bovine milk [100] and 42 antibiotics
n honey samples [102].

.2.4. Industrial contaminants
A summary of the analytical methods, based on UAE, where

ndustrial contaminants in food have been studied is shown in
able 10. Nania et al. [109] monitored perfluorinated compounds
n fish from the Mediterranean Sea. The samples were extracted
hree times with methyl tert-butyl ether at room temperature
or 15 min each time. After the extraction, the combined extracts
ere evaporated to dryness and reconstituted in methanol for its
irect analysis by LC–MS/MS without any purification stage. Other

ndustrial contaminants analysed were CPs in clams [110]. Sev-
ral extraction solvents were assayed and the best results were
btained with the mixture methanol–water with 5% of triethyle-
amine (TEA) with the ultrasonic bath set at 30 ◦C for 10 min.

n this case, the clean-up step could not be avoided due to the
o-extraction of matrix components, such as proteins and lipids,
hich interfered with the determination of CPs by ion chro-
atography, and Oasis HLB cartridges eluted with methanol and

ichloromethane were used as the SPE procedure.
In September 2008, the contamination of infant formulae with

elamine in China was reported. Unfortunately, this has not been
he first time this compound has been encountered in food or
eedingstuffs. Two research groups developed analytical methods,
ased on UAE, for the determination of melamine residues in dairy
roducts, fish and fish feed [111,112]. In both works, the extraction
as carried out with aqueous solutions containing trichloroacetic

cid, to precipitate proteins, since melamine is a strong polar
ompound. Xu et al. [112] added lead acetate solution after the
xtraction to deposit proteins and carried out a purification step
ith a cation exchange cartridge, whereas Yan et al. [111] did not
erformed clean-up of the extracts before the analysis with cap-

llary zone electrophoresis. As mentioned above, melamine is a
trong polar compound; therefore the GC determination with a
eak polar column is not suitable due to the peak tailing. However,

trong polar columns provide symmetrical and sharp peaks but pro-
uce high column bleeding and are not appropriate for GC–MS. To
vercome this drawback, Xu et al. [112] proposed the coupling of
wo chromatographic columns, a short polyethylene glycol column
ith strong polarity on top of a long DB-5 column with a quartz

apillary connector obtaining good results with this approach.
. Inorganic contaminants

Among the inorganic contaminants of special concern are the
eavy metals. The term heavy metal includes many definitions, Ta
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ome based on density, some in atomic number or atomic weight
nd some in chemical properties or toxicity. The application of UAE
o the determination of heavy metals as toxic, persistent and accu-

ulative metals in soil and food is the scope in this work, and it
ncludes elements such as As, Cd, Pb, Cr, Cu, Hg, Ni, Se, Zn, Sn, Mo
nd Ge though not every one is dense, or entirely metallic.

The analysis of metals can be accomplished by the commonly
vailable atomic absorption or emission spectroscopic techniques
nd, among them the following techniques have been consid-
red in this work: flame atomic absorption spectrometry (FAAS);
ame atomic emission spectrometry (FAES), beam injection flame

urnace atomic absorption spectrometry (BIFF-AAS), graphite fur-
ace atomic absorption spectrometry (GF-AAS), hydride generation
tomic absorption spectrometry (HG-AAS), cold vapour atomic
bsorption spectrometry (CV-AAS), electrothermal atomic absorp-
ion spectrometry (ETAAS), inductively coupled plasma atomic
mission spectrometry (ICP-AES), inductively coupled plasma opti-
al emission spectrometry (ICP-OES) and inductively coupled
lasma mass spectrometry (ICP-MS). ICP-AES has the capability of
imultaneous multi-element analysis with low enough LODs. Nev-
rtheless, when a lower LOD is required the use of ICP-MS is a more
ppropriate technique. When no multi-element analysis is required
TAAS is a useful technique with low LODs. Another suitable tech-
ique for the determination of hydride forming elements, such as
s, Sn, Se and Sb, is HG-AAS. Analysis of metals in solid samples by

hese instrumental techniques commonly requires the total disso-
ution of the sample to avoid the adverse effects of the matrix on
he analysis. To obtain a suitable solution for analysis, it is necessary
o transfer the analyte to a liquid phase by slurry or dissolution of
ample with the assistance of chemical reagents, heat or pressure.
his process is carried out to determine the metal species or the
otal metal content in a sample.

The total metal content in soil or food is a poor indicator of the
ioavailability, mobility or toxicity. The interaction of metals with
iota is dependent on their chemical forms, being the impact of
ome metals highly related with their oxidation state and/or inor-
anic/organic structure, rather than to their total concentration.
he analysis to identify and quantify one or more chemical forms
f an element present in a sample is known as speciation.

In this section a general view of the application of UAE tech-
iques to the determination of total metals and their species in soil
nd food is given.

.1. Soil

Soil is a complex system with physico-chemical characteristics
hat vary over time and space. Major components include Fe, Al,

n, Mg and Ca, among others. Other elements are described as
race elements when they are beneficial and as heavy metals when
hey are present in amounts considered excessive or are hostile to
iving organism at any level like Cd, Cu, Zn, Hg, Ni, Pb, As, Cr, Mo, Se,
nd Ge. In addition, the presence of heavy metals in soil can result
n the accumulation of heavy metals in food supplies.

.1.1. Total metal content
The total metal content in soil includes fractions that are not

mmediately available to plants, micro-organisms and fauna, but
orrelation between total metal content and uptake by plants has
een demonstrated [113].

The conventional techniques employed for sample preparation
n the determination of total heavy metals have been dry ash-

ng, wet acid digestion and microwave digestion. These techniques
mploy high amounts of acid and long sample preparation times.
n addition, the use of concentrated acids or oxidizing agents to
xtract metals produces nitrous vapours formation after organic
atter destruction and cause matrix interferences in the determi-
1217 (2010) 2415–2440

nation of metals, as well as contamination of sample extracts. To
avoid these drawbacks, the assistance of ultrasounds for sample
preparation has gained importance as an alternative method.

The UAE of metals from solid samples is based on the leaching
of metal ions from powdered materials in slurries containing a sol-
vent, generally a diluted acid solution. For inorganic matrices as
soil, the most important benefit of ultrasound is the particle frag-
mentation and the micro-cracks that produce a better penetration
of solvent to extract the metals. The mechanical effect of ultrasound
helps to reduce particle size and disperse the particles to dissolve a
solid sample in a liquid, whereas the chemical effect of ultrasound
increases the reactions in sample digestion using the temperature
and pressure produced by ultrasound irradiation.

To optimise the extraction several factors such as type of solvent,
irradiation conditions, sonication times, sample characteristics and
type of sonication device, as indicated above, have to be taken into
account. Table 11 shows some of the analytical methods used to
determine total heavy metals in soil based on UAE sample prepara-
tion. To validate the method, some authors use contaminated soil
as standard reference material or comparison with the traditional
procedures. The amount of soil employed varies between 5 g and
2 mg and the particle size from 200 �m to 75 �m. The best particle
size for UAE depends on several parameters as sample matrix com-
position, ultrasonic processor, operating frequency, type of acid and
its concentration and sonication time. Usually, small particles facil-
itate the extraction as a result of the increased contact of the surface
with the liquid medium, moreover, when the particle size dimin-
ishes, the concentration of acid and sonication time also decreases
and less amount of sample is required.

Table 11 shows that the reagents commonly employed are
HNO3, HCl or a mixture of both. Though this mixture was efficient
to extract Hg from a soil sample, Collaisol et al. [114] preferred the
use of HNO3 + KCl to decrease the medium corrosivity and increase
the formation of a stable mercury halide compound, which is in
accordance with the analytical technique used for the final deter-
mination of this metal. An exception to the reagents commonly
employed was the use of concentrated hydrofluoric acid (HF) in the
determination of Ge by ETAAS, where the treatment by ultrasound
(the tip was close to the tube that contained the soil with the acid
and was immersed in a waterbath) and subsequent extraction of Ge
from the acid medium in organic solvent and aqueous phase before
determination by ETAAS gave complete extraction of Ge from soil
avoiding sample mineralisation and losses by volatilisation [115].

Extraction procedures in aqua regia may cause problems in the
ETAAS measurements due to the presence of chloride. These inter-
ferences could be avoided by the addition of an adequate matrix
modifier [119] or in the case of ICP-OES, with measurements opti-
mising the plasma conditions [120].

On the other hand, the time required to total recovery of heavy
metals from contaminated soils is also a function of temperature
and time of sonication. In this sense, Jamali et al. [121] reported
that extraction of Cd, Cr, Ni, Pb and Zn from soil required 10–20 min
and temperatures from 70 to 90 ◦C, whereas Cu required a longer
sonication time (30 min) at 90 ◦C.

3.1.2. Speciation in soil
The toxicity, bioavailability, bioaccumulation and transport

properties of a metal depend on its chemical form, therefore, quan-
tification of these forms give more information about the metal
behaviour than the quantification of the total metal content. Then,
the manner in which an element is bound to soil influences the

mobility and ultimately the bioavailability and toxicity of the ele-
ment to organisms. Speciation can be divided into three classes
according to Ure [122]: (a) classical, regarding the specific chemi-
cal compounds or oxidation states of elements [As (III)–As (V) or Cr
(III)–Cr (VI)]; (b) functional, in relation to the observed behaviour
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of the element and it is characterised by terms such as plant avail-
able or mobile species; and (c) operational, taking into account the
situation where the reagent used to extract the sample defines the
species, e.g. acetic acid soluble or moderately reducible species.

Operational speciation is referred to sequential extraction as a
method for fractionation of potentially toxic elements. The eval-
uation of metal bioavailability or speciation in a solid matrix as
sediment or soil is usually carried out by single extraction or
sequential extraction procedures.

The two protocols most widely used for sequential extraction
were initially developed for the assessment of the potential impact
of sediment bound to the potentially toxic elements and were
developed by Tessier et al. [123] in 1979 and by the Community
Bureau of Reference of the Commission of the European Communi-
ties (BCR) [124]. The Tessier procedure used five extraction steps:
(1) fraction exchangeable, the soil sample is extracted with a vol-
ume of 0.5 M MgCl2 at pH 7 adjusted with NaOH or HCl, after
centrifugation the residue is washed with water; (2) fraction bound
to carbonates, the residue from step 1 is extracted with 0.5 M
CH3COONa at pH 5 adjusted with CH3COOH; (3) fraction bound
to Fe–Mn oxides, the residue from step 2 is extracted with 0.04 M
NH2OH·HCl at pH 2 adjusted with CH3COOH; (4) fraction bound
to organic matter and sulphides, the last residue is extracted with
0.02 M HNO3 and H2O2 at pH 2; after centrifugation the residue
is washed with 3.2 M CH3COONH4; (5) residual, the residue is
extracted with aqua regia. The method developed by BCR used three
steps, where the first two steps of the Tessier method were replaced
by an extraction in CH3COOH.

The major limitation to the use of sequential or single extrac-
tions has been the time consuming for routine analysis, because a
long mechanical shaking time is needed. In addition, large amounts
of sample and extractant volumes were used. Then, ultrasonic
extraction emerged as an alternative to develop more rapid sequen-
tial or single extraction methods. However, the application of
ultrasound energy can change the extraction mechanism as com-
pared to the common procedures [125].

The procedures that use ultrasound energy to determine the
bioavailability of heavy metals in soil usually validate the extrac-
tion method by comparison with the results obtained when one of
the traditional procedures is carried out in the same soil, using the
reagents recommended in the original protocols. Sun et al. [126]
used an ultrasonic bath to accelerate the sequential method of
Tessier obtaining similar or higher extraction efficiencies than the
conventional Tessier method for Cu, Fe, Mn, Ni, Pb and Zn in soil, and
a reduction of the total operational time from 18 to 8 h. In a similar
manner, Väisänen and Kiljunen [127] optimised an UAE procedure
for the analysis of As, Cd, Cu, Pb and Zn in soil by comparing the
obtained results for each fraction with those obtained when the
Tessier method was employed. They noted that re-adsorption of As
with Fe after fractionation 2 occurred when UAE is performed, but
the results produced by the UAE and Tessier methods were com-
parable. The Tessier method was shortened from 20 h to 54 min,
more samples can be pre-treated for analysis and low volume of
reagents were needed when UAE was employed. Marín et al. [128]
used a probe sonicator for the sequential extraction of Zn from soil,
shortening the BCR procedure from 50 to 2.5 h.

The metal that can be dislodged by washing procedures in a
simple extraction has been considered as the sum of exchange-
able, carbonate and reducible fractions extracted by the traditional
sequential procedure. Chelating agents such as EDTA, diethylene-
triamine pentaacetic acid (DPTA) and nitriloacetic acid (NTA) are

commonly used to determine this mobile metal fraction from soil
that is a function of metal–soil interactions. Different authors have
used ultrasound energy to carry out this single extraction proce-
dure, evaluating the best solvent and sonication time for each metal
[128–130].
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On the other hand, the classical classification of metal speciation
ccording to Ure [122] has been also performed by single extrac-
ion, but using separation techniques such as LC to determine one
r more individual chemical species [128,131,132]. Table 12 gives
summary of the methods used for metal speciation with UAE. In
ll cases, the sonication conditions were selected after a previous
ptimisation. The sonication time was of great importance in the
etermination of As(III), where a time higher than 30 s produced the
ransformation of As(III), being also very important the selection of
he extraction medium [132]. An online procedure using flow injec-
ion (FI) reported the extraction of Cr(VI), which was carried out
y continuous UAE and where the leaching reagent was circulated
hrough the soil sample, contained in a extraction chamber and
mmersed in a waterbath at 50 ◦C, with the probe placed at 1 mm
rom the top surface of the extraction chamber. The direction of the
xtractant was changed every 45 s. The leaching extract was con-
ucted subsequently to a pre-concentration minicolumn packed
ith SAX resin, where the analyte retained was eluted and, after

eaction with DPC (1,5-diphenylcarbazide), the Cr–DPC coloured
omplex was determined by photometry at 540 nm [133].

.2. Food

Sample preparation of food to determine metals has been car-
ied out by traditional methods of sample digestion in oxidizing
cids using hot plates or microwave heating. The applicability of
hese techniques are dependent on the food type, as carbohydrates
re completely mineralised with nitric acid at 180 ◦C while protein,
ats and amino acids are incompletely digested and need a strong
cid to be completely digested. Alternative methods are dry ash-
ng, solvent extraction, pressure-assisted chelating extractions and
AE with acids or enzymatic hydrolysis. The main instrumental

echniques used for the analysis of trace elements in food samples
re those described above for the determination of metal in soils.

.2.1. Total metal content
The extraction of total metal content by UAE is normally called

cid leaching extraction, pseudo-digestion or slurry extraction,
ecause it involves the dissolution of metals without the sample
estruction occurring with the digestion techniques. These terms
re employed indistinctly in many occasions, but whereas acid
eaching extraction or pseudo-digestion employs strong reagents,
oft reagents are generally used to prepare a slurry sample.

Therefore, the slurry sample, which combines the advantages
f both liquid and solid sampling, is generally applied when
amples are easy to prepare, do not require aggressive chemical
re-treatment and involve minimal sample handling, although it
equires particle sizes lower than 100 �m that need much time for
rinding, mainly for food with high content in fibre and fat tissues.
ypical slurry sample preparation is used in the control of metal
ontent in food. Sola-Larrañaga and Navarro-Blasco [134] deter-
ined mineral content in infant formulae using an ultrasonic probe

o accelerate alkali solubilisation of powder infant formula in a
olution of tetramethylamonium hydroxide for Ca or in ammonium
ydroxide for P, Mg, Zn, Fe, Mn and Cu, followed by quantification
y ICP-OES or FAAS, and obtained acceptable results when certified
tandard materials were analysed. In this way, Figueiras et al. [135]
sed a probe ultrasonic processor to achieve the solubilisation of
etals (Ca, Cd, Mg, Mn, Pb and Zn) from plant tissue (0.1 g, parti-

le size <50 �m) in an alkali solution (0.1 M EDTA at pH 10) and

ubsequent determination by FAAS and ETAAS.

The collapse of bubbles, created by sonication of sample
olutions in a liquid (generally an acid), generates high local tem-
erature and pressure that along with the oxidative power of the

iquid result in quantitative metal extraction. Ta
b

le
12

Sp
ec

ia
ti

on
of

m

M
et

al
sp

ec
ie

s

Zn C
r(

V
I)

Sb
(I

II
);

Sb
(V

)
A

s(
II

I)
;

A
s(

V
);

A
s(

II
I)

;
A

s(
V

);

a
V

er
su

s
ce

rt
ifi

ed
ac

id
;

FI
:

fl
ow

in
m

on
om

et
h

yl
ar

s



togr. A

s
m
p
s

t
e
s
T
r
t
p
r

t
m
n
o
w
s
a
w
p
w
t
u
w
t
t
fi

c
c
s
a
n
T
p
c
p

u
w
c
l
m
u

s
e
c
a
t
a
o
f
a
m
n
t
p
[
f
d
i

J.L. Tadeo et al. / J. Chroma

When UAE is employed as sample preparation procedure in food
amples, the same factors indicated in the sample preparation for
etals determination in soil have to be taken into account. For this

urpose, procedures involving optimisation of several variables
imultaneously have been developed [136–138].

Table 13 summarises the methods used for the determination of
oxic metals in food by UAE as sample preparation procedure. Gen-
rally, the slurry or leaching extracts are diluted after sonication for
ubsequent quantification of metals. The methods summarised in
able 13 are the ones selected after their optimisation by the cor-
esponding authors. For this reason, toxic metals can be included
ogether with the non-toxic metals indicating the optimum com-
romise conditions for the determination of several metals by the
eported instrumental technique.

The use of sonication probes versus ultrasonic baths minimises
he inhomogeneity of energy distribution, but ultrasonic tips are

ore expensive, have shorter lifetimes and allow to process a lower
umber of samples. In an ultrasonic bath, the maximum intensity is
btained in the region over the transducer and the intensity decays
ith the distance. To improve the sonochemical effects in an ultra-

onic bath, the iodine method has been used. The I2 formed from
potassium iodide (KI) solution by radicalar and redox reaction
ith H2O2 formed in the water sonication indicated the cavitation
rocess, when highest amount of I2 was formed a higher cavitation
as produced. With this procedure, Nascentes et al. [140] studied

he effect of several parameters such as the water volume in the
ltrasonic bath, the temperature, the addition of detergent to the
aterbath and the horizontal and vertical position of the sample

ube in the bath. Arain et al. [137] reported that the temperature of
he ultrasonic waterbath is important for the recovery of Pb from
sh samples.

The selection of size particle depends on the sample matrix
omposition, the analyte–particle interactions and the slurry con-
entration, besides other variables of the UAE. To obtain particle
ize reduction in a low time, some authors ground the material in
cryogenic mill, obtaining an adequate size particle with homoge-
eous distribution between fibre and fat content in food [139,145].
hey used a particle size <62 �m to extract Pb from vegetal sam-
les using an ultrasonic probe or bath, whereas a higher size particle
an be used to extract Pb from animal samples using an ultrasonic
robe.

The amount of sample is related with the ultrasound device
sed, generally, when ultrasonic probes are employed a sample
eight of up to 0.2 g is used whereas for ultrasonic baths this weight

an be higher, 0.5 g. Figueiras et al. [135] and Krishna and Arunacha-
am [146] noticed a significant decrease in the recovery of some

etals when the amount of sample was larger than 0.1–0.15 g,
sing an ultrasonic probe.

The reagents more widely used for metal analysis in food
amples by UAE are acids, though an alkali solution can be also
mployed. In general, more sonication time requires lower con-
entration of acid and the use of the ultrasonic probes need
lso lower acid concentration than ultrasonic baths. Nevertheless,
he best conditions for ultrasonic extraction are dependent on
nalyte–matrix interactions, the type of matrix and the technique
f quantification used. Higher acid concentrations were needed
or Pb than for Cd extraction from vegetal tissues, whereas both
nalytes were extracted with the same acid concentration in ani-
al tissues [139]. Furthermore, a higher acid concentration was

eeded to extract Zn from fish than from mussel and to extract Zn
han Cd and Cu from fish [142]. For some metals, the re-adsorption

henomenon occurs when high concentration of acid is employed
138]. On the other hand, mixtures of acid with H2O2 are often used
or extraction of metals from different food matrices, because oxi-
ation of food samples with high organic matter content is usually

ncomplete when only acids are employed [121,137,144]. Copper
1217 (2010) 2415–2440 2433

extraction in mussel was low when H2O2 was not used, indicat-
ing that organic matter had an important role in controlling the
release of Cu. Cypriano et al. [141] used a mixture of HCl and H2O2
in the sample preparation of palm oil, because the use of HNO3
produced organic-nitro compounds that interfere with electroan-
alytical techniques and the use of HCl or H2O2 alone do not cause
clarification of the oil. Cava-Montesinos et al. [143] reported that
the residual HNO3, after sonication of milk with aqua regia, causes
a decrease in fluorescence signal of the hydride generation atomic
fluorescence spectrometry (HG-AFS) that was minimised adding
hydroxylamine to liberate the metal ions (As, Sb, Se and Te).

The temperature is other important factor, a temperature
around 50 ◦C normally increases the extraction efficacy but when
the temperature of the extraction medium is similar to that of the
ebullition of the liquid phase, sonication efficiency decreases due
to the diminished surface tension of the medium and increased
vapour pressure inside the bubbles, which cause a reduction in the
shock waves [147].

3.2.2. Dynamic ultrasound-assisted extraction
When the concentration of metals in a matrix is below the LODs

of the detector used, it is necessary to increase it using procedures
such as pre-concentration with a chelating agent, an ion changeable
resin or a solid sorbent. In order to determine trace metals using
conventional AAS, the use of FI sample pre-concentration has been
reported. In this case, the coupling of continuous ultrasonic extrac-
tion with FI is successful to achieve quantitative recoveries of trace
metals from several matrices. This technique is usually called DUAE
and is widely used when FAAS (with low sensitivity) is the detector
employed. In this procedure, the sample is introduced in an extrac-
tion cell and placed in an ultrasonic waterbath or in a waterbath
using an ultrasonic probe near the cell and the extractant flows
through the sample in a continuous manner [148]. In this dynamic
extraction the drawback is the dilution of the extract. Nevertheless,
to avoid this disadvantage the same volume of solvent can circu-
late continuously through the solid in the same direction or the flow
direction can be changed at time intervals using programmed peri-
staltic pumps. These DUAE techniques are usually online coupled
with the instrumental analysis for metals determination.

Some examples of analyses of metals using DUAE are sum-
marised in Table 14. Whereas Ruiz-Jiménez et al. [148] did not
coupled DUAE with FI, other authors coupled DUAE with FI and
the analytical techniques used for the determination of toxic met-
als in food samples [149–152]. The sonicated acid extract was
homogenised in a mixing coil, after the addition of a buffer solu-
tion in order to obtain the optimum pH value, and conducted to
a pre-concentration minicolumn where the metals were retained
by formation of metal chelates. Then metals were eluted and con-
ducted to the detector where they were continuously monitored.
This method allowed a total sampling frequency of 13–28 sam-
ples per hour [151]. DUAE conditions were optimised for each toxic
metal in each food sample. In general, the acid concentration, the
sonication time and the amount of sample were the variables with
the highest effects.

3.2.3. Enzymatic hydrolysis
An alternative to the acid digestion procedures is the sam-

ple treatment by enzymatic hydrolysis, which can be employed
to avoid the use of concentrated acids and the treatment of
wastes. This technique uses moderate temperature and pH, pre-
venting losses by volatilisation, permits high selectivity because

the enzymes act only on certain chemical bounds, can distinguish
between fractions of elements bonded to the different components
of the matrix and can minimise organometallic species alteration.
The enzymes used for chemical speciation are hydrolases (pro-
teases, amylases and lipases among others) that act by breaking
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Table 13
Food sample preparation by UAE for metal analysis.

Metals Matrix Sonication extraction conditions Determination Ref.

Device Amount/particle
size

Digestion liquid Time (temperature) Technique Recovery (%)a RSD (%) LOD (�g/kg)

Cd; Pb Vegetable and
animal

UB and UP 50–200 mg/ < 212
or <63 �m

5 ml HNO3 0.7–2.8 M 5–10 min (40–70 ◦C) BIFF-AAS 96–111 7.1–10.7 33(Cd) 1600(Pb) [139]

Cu; Zn; Cd; Pb; Cr;
Ni

Vegetables UB 0.2 g/ < 75 �m 2 ml HNO3:H2O2

(2:1) + 2 ml H2O
30 min (70–90 ◦C) FAAS 94–111 2.8–6.8 n.a. [121]

ETAAS

Ca; Mg; Mn; Zn Vegetables UB with 0.2%
(w/v) of
detergent

0.3 g/<75 �m 15 ml HNO3 0.14 M 10 min (25 ◦C) FAAS 72–106 0.3–5.2 n.a. [140]

Ca; Cd; Mg; Mn;
Pb; Zn

Vegetables UP 0.1 g/ < 50 �m 5 ml EDTA 0.1 M at pH
10

3 min FAAS–GF-
AAS

92–108 0.7–10.2 2000(Ca); 100 (Mg);
1300 (Mn); 700(Zn)
8(Cd); 93(Pb)

[135]

Cu; Pb Palm oil UB 100 �l (0.09 g) 2 ml HClconc:H2O2

(1:1)
60 min (25 ◦C) SCP 98–105 0.7–10.2 13 (Cu); 50(Pb) [141]

Ca; P; Mg; Zn; Fe;
Cu; Mn

Infant formula UB 0.4 g/powder 10 ml of aqueous
solution with 250 �l of
TMAH (10%) or 250 �l
NH4OH (25%)

2–5 min FAAS 97–103 0.6–3.9 30-400 in ICP-OES [134]
ICP-OES 190–8600 in FAAS

As; Cd; Pb Fish UB 0.2 g/ < 65 �m 3 ml HNO3:H2O2 (1:1) 5 min (80 ◦C) ETAAS 98–99 4.0–7.5 n.a. [137]

Cd; Cu; Zn; Fish and
mussel

UB 0.5 g/≤300 �m 6 ml HNO3(4M):HCl
(4 M):H2O2 (0.5 M)
(1:1:1)

30 min (56 ◦C) FAAS (Zn) 81–153 2.9–15.1 20 (Cd); 130 (Cu); 630
(Zn)

[142]
GF-AAS (Cd;
Cu)

As; Se; Ni; V Fish and
shellfish

UP 0.01 g/<100 �m 1.5 ml HNO3 (3% or
0.5% for Se)

3 min ETAAS 93–106 2.6–9.3 600 (As); 300 (Se); 200
(Ni); 400(V)

[138]

As; Sb; Se; Te; Bi Milk UB 1 g slurry 2 ml HNO3:ClH
(1:3) + 1 ml antifoam
A + 0.25 g
hydroxylamine
hydrochloride

10 min (25 ◦C) HG-AFS 95–102b 1.2–3.8 2.5(As); 1.6(Sb); 3(Se);
6(Te); 7(Bi) ng/l

[143]

As; Ni; Mg; Zn; Pb;
Cd; Al; Fe

Tea UB 100 mg/powder 2 ml HNO3:H2O2(2:1) 15–20 min (80 ◦C) ETAAS 87–100 2.2–13.3 n.a. [144]

Cu; Fe; Mn; Zn; Ca;
K; Na; Mg

Seaweed UB 0.2 g/<50 �m 7 ml HNO3 (3.7 M) 35 min (65 ◦C) FAAS 97–103 0.2–4.4 40(Cu); 240(Fe);
20(Mn); 500(Zn);
4750(Ca); 500(K);
2370(Na); 240(Mg)

[136]
FAES

Ca; Mg; Mn; Zn Fish feed UP 0.1 g//<60 �m 10 ml HCl 0.1M 10 s 3× FAAS 98–100 1.3–1.7 MQL:5800(Ca);
4200(Mg); 1400(Mn);
2100(Zn)

[145]

Major; minor and
trace elements

Lichen and
mussel

UP 0.1 g/200–300
mesh

5 ml HNO3 (1%) 4 min ICP-MS and
ICP-AES

>90 and <10
(Fe, Al)

3.3–15.4 n.a. [146]

aVersus certified value; bversus spiked samples AES: atomic emission spectrometry; BIFF-AAS: beam injection flame furnace atomic absorption spectrometry; EDTA: ethylenediaminetetracetic acid; ETAAS: electrothermal atomic
absorption spectrometry; FAAS: flame atomic absorption spectrometry; FAES: flame atomic emission spectrometry; GF-AAS: grafite furnace atomic absorption spectroscopy; HG-AFS: Hydride generator-atomic fluorescence
spectrometry; ICP-OES: inductively coupled plasma-optical emission spectrometry; LOD: limit of detection; MQL: Method quantification limit; MS: mass spectrometry; n.a.: not available; SCP: Stripping chronopotentiometry;
TMAH: tetramethylammonium hydroxide; UB: ultrasonic bath; UP: ultrasonic probe.
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Table 14
Food sample preparation by dynamic ultrasound extraction (DUAE) for metal analysis.

Metal Matrix Sonication extraction conditions Determination Ref.

Device Amount/particle size Reagent Time
(temperature)

Pre-concentration/detector Recovery (%)a RSD (%) LOD (�g/g)

Pb; Cd Plants UP 250 mg/n.a. 2 ml HNO3 (8%;
w/v) 0.25 ml/min;
direction changed
each 80 s

5 min (n.a.), tip of
probe position:
1 mm from
extraction cell

Without/ETAAS off line 98–100 0.8–10 0.04(Cd) 2.6(Pb) �g/l [148]

Pb; Cd Mussel UB 50–80 mg/<30 �m 2 ml HNO3 3 M 2 min for Cd; 3 min
for Pb (RT)

Chelating resin/FAAS online 100.5–99.5 3.0–4.5 0.011 (Cd) [149]
3.5 ml/min
Direction changed
each 30 s

0.25 (Pb)

Cr; Co Seafood UB 60 mg/ < 30 �m 2 ml HNO3 3 M 2.5 min for Cr;
3 min for Co (RT)

Chelating resin/FAAS online 98–99b 1.9–3.8 0.09 (Cr) [150]
3.5 ml/min 0.11 (Co)
Direction changed
each 20 s

Ni Seafood; cereal;
meat; legume;
dried fruit and
cheese

UB 60 mg/<30 �m 2 ml HNO3 3 M (for
legume) and 1.5 M
(for the other)

0.5 min for cheese;
1.5 min for legume
and dried fruit;
2.5 min for
seafood; 3 min for
meat and cereal
(RT)

Chelating resin/FAAS online 105–100 2.2–2.6 0.12 [151]

3.5 ml/min
Direction changed
each 20 s

Cr Mussel UB 35 mg/<100 �m 1 ml HCl
3 M + HNO3 (3 M)

5 min (20 ◦C) FI-FAAS 97–102 n.a. 0.12 [152]

aVersus certified value; bversus spiked samples; ETAAS: electrothermal atomic absorption spectrometry; FAAS: flame atomic absorption spectrometry; FI-FAAS: flow injection- flame atomic absorption spectrometry; LOD: limit
of detection; n.a.: not available; RT: room temperature; UB: ultrasonic bath; UP: ultrasonic probe.
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Table 15
Ultrasound-assisted enzymatic digestion (UAED) of metals in food.

Metal Matrix Sonication extraction conditions Determination Ref.

Device Amount/particle
size

Reagent Time
(temperature)

Detector Recovery (%)a RSD (%) LOD

Se Yeast; oyster and mussel UP 10 mg for yeast 1 mg protease XIV (for
yeast) or 10 mg (for
oyster and
mussel) + 1 ml H2O

5 s ICP-MS 106–96 5.5–6.2 n.a. [154]
50 mg for oyster
and mussel/n.a.

SeMet Yeast UP 10 mg/n.a. 1 mg protease
XIV + 1 ml H2O

30 s LC–ICP-MS n.a. n.a. n.a. [154]

As (total); As(III);
As(V); DMA;
MMA

Rice UP 300 mg/<125 �m (1) 10 mg
�-amilase + 3 ml H2O
and sonication

60 s (with
amilase) + 120 s
with protease

ICP-MS (for total As)
LC–ICP-MS (for speciation)

99.7b 0.8 0.05 (As(III)) and
0.2 (for all the
other species)
�g/kg

[155]

(2) +30 mg protease
XIV and sonication

As; As(III); As(V);
DMA; MMA;
AsB; AsC

Chicken and fish UP 150 mg for chicken;
100 mg for fish/n.a.

30 mg protease
XIV + 3 ml H2O (for
chicken); 5 ml water

240 s (for chicken)
60 s (for fish)

ICP–MS (for total As) 80–82b 0.5–4.2 13.6(AsB);
19.6(As(III));
12.7(DMA);
14.3(MMA);
19.4(As(V)) ng/l

[132]
LC–ICP-MS (for speciation)

As; Al; Cd; Cr; Cu;
Fe; Mn; Ni; Pb;
Zn

Mussel UB 200 mg/powder 7 ml PDHP/PHP (0.5 M
for pancreatin or 0.2 M
for tripsin) at pH 8 or
7 ml of NaCl 1% at pH 1
for pepsin

30 min (37 ◦C) ICP-AES 67–113 0.9–9.5 n.a. [156]

As; Cd; Cr; Cu; Fe;
Mn; Ni; Pb; Zn

Seaweed UB 200 mg/powder 7 ml PDHP/PHP (0.3 M)
at pH 6 for �-amylase
or pH 8 for tripsin) or
7 ml of NaCl 1% at pH 1
for pepsin

30 min (37 ◦C) ICP-AES 3.3–103 0.8–7.0 n.a. [157]

aVersus certified value; bcalcutated as [As total (sum of species)/As certified value] × 100; AES: atomic emission spectrometry; AsB: arsenobetaine; AsC: arsenocholine; DMA: dimethylarsenic acid; ICP-MS: inductively coupled
plasma-mass spectrometry; LC: liquid chromatography; LOD: limit of detection; MMA: monomethylarsonic acid; PDHP:potassium dihydrogen phosphate; PHP: potassium hydrogen phosphate; SeMet: seleniomethonine; UB:
ultrasonic bath; UP: ultrasonic probe.
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Table 16
Speciation of metals in food.

Metal Matrix Sonication extraction conditions Determination Ref.

Device Amount/particle
size

Reagent Time (temperature) Separation of
species/detector

Recovery (%)a RSD (%) LOD (ng/g)

Hg2+; MeHg+ Fish UB 300 mg/n.a. 3 ml KOH 25% (w/v) in
MeOH (3 times after
heating in waterbath at
70 ◦C for 30 min)

30 min × 3 (70 ◦C) LC–ICP-MS 99 3–4 n.a. [158]

3 ml TMAH 25% (w/v)
in MeOH (3 times after
heating in waterbath at
70 ◦C for 30 min)

30 min × 3 (70 ◦C) LC–ICP-MS n.a.

5 ml HCl 5 M 5 min (RT) LC–ICP-MS n.a.

Se(IV); Se(VI);
Te(IV); Te(VI)

Milk UB 2000 mg 4 ml HNO3:HCl
(1:3) + 2 ml antifoam
A + 5 ml H2O

10 min (RT) Without
pre-reduction/HG-AFS

93–108b 3.9–12.5 0.012 ng/ml (Se IV),
0.023 (Te IV)

[159]

MBT; DBT; TBT Mussel; oyster UP 100 mg (mussel);
500 mg (oyster)

5 ml MeOH/HAc
(1:1)-centrifugation 2×

30 s ×2 Derivatization with
NaBH4/MISPE
clean-up/GC–FPD

86–124 1.1–13.5 3 for all matrices
and species

[160]

As(III); As(V);
DMA; MMA

Fish; mussel UB 1000 mg/powder 10 ml HNO3

(3 M) + Triton XT 114
(0.1%)

20 min (RT) Not required/HG-AFS 93–106b 3–6 0.62 (As(III)); 2.1
(As(V)); 1.8
(MMA); 5.4 (DMA)

[161]

As(III); As(V);
DMA; MMA

Vegetables UB 1000 mg/powder 10 ml H3PO4

(1 M) + Triton XT-114
(0.1%)

10 min (RT) Not required/HG-AFS 91–100b 0.1–0.8 3.1 (As(III)); 3.0
(As(V)); 1.9
(MMA); 1.5 (DMA)

[162]

As(III); As(V) Mushroom UB 1000 mg/powder 10 ml H3PO4

(1 M) + Triton X-100
(0.1%) + 0.5 ml antifoam
A

10 min (RT) Not required/HG-AFS 91–108b 4–10 Around 6.5 for
As(III) and As(V)

[163]

aVersus certified value; bversus spiked samples AFS atomic fluorescence spectrometry; DBT: dilbuthyltin; DMA: dimethylarsinic acid; FPD: flame photometric detector; GC: gas chromatography; HAc: acetic acid; HG: hydride
generation; LC: liquid chromatography; LOD: limit of detection, ICP: inductively coupled plasma; MeHg+: methyl mercury; MeOH:methanol; MBT:monobutyltin; MISPE: molecular imprinted solid-phase extraction; MMA:
monomethylarsonic acid; MS: mass spectrometry; RT: room temperature; TBT: tributyltin; TMAH: tetramethylamonium hydroxide; UB: ultrasonic bath; UP: ultrasonic probe.
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olecules by catalysing the introduction of water under certain
onditions, such as pH, temperature and ionic strength. Neverthe-
ess, the main drawback of the enzymatic hydrolysis is the long time
equired to complete the process, usually from 12 to 25 h. Therefore,
he application of ultrasound energy to accelerate the enzymatic
ydrolysis procedures has been recently used with different types
f samples and it is called ultrasound-assisted enzymatic digestion
UAED). A tutorial about of UAED was presented by Vale et al. [153]
ndicating the factors that affect its efficiency, such as pH hydroly-
is conditions, temperature, type of enzyme and sonication device,
ime and amplitude. Table 15 shows some examples of the works
sing UAED for metal extraction in food samples.

Capelo et al. [154] employed a protease for extraction of Se in
everal matrix samples. They reported that the use of acidic con-
itions or longer sonication times did not improve the extraction
fficacy of Se, and optimised the relation enzyme/matrix, select-
ng 2 mg/10 mg and reporting that the use of a buffer solution was
ot necessary to achieve a good enzymatic activity. This proce-
ure was carried out in only 5 s to extract the total content of Se
nd in 30 s for the extraction of selenomethionine (SeMet) using
n ultrasonic probe, versus 5–24 h in the conventional enzymatic
ydrolysis. Evaluation of different treatments for extraction (sol-
ent and enzymes), sample/enzyme ratios, sonication time and
mplitude, temperature and immersion depth of the probe into the
olution was carried out for Sanz et al. [132,155] in rice, fish and
hicken to select the best extraction conditions. They concluded
hat sonication produces a disruption of the cell membranes which
lleviates enzyme attack and then an extraction enhancement is
btained. They also reported a strong inter-relationship between
he nature of the sample and the optimum extractant for maximum
pecies recovery [132].

Peña-Farfal et al. [156] reported that the main variables affect-
ng the extraction of several metals from mussels, using enzymatic
ydrolysis and ultrasonic energy, were the ultrasound frequency,
H, sonication temperature and ionic strength. All metals studied
an be extracted using the same conditions for each of the protease
nzyme assayed (trypsin, pepsin and pancreatin), where variables
nherent to the enzymatic activity, such as pH, ion strength and
emperature were significant. The authors have also reported that
he lowest LODs were obtained using trypsin and pancreatin. Nev-
rtheless, the extraction of metals, except Cr and Fe, in seaweeds
as only quantitative when pepsin was used in the enzymatic
ydrolysis [157].

.2.4. Metal speciation in food
The measurement of the total metal concentration in food does

ot give enough information of the potential risk of this element
o biota. Nowadays, it is clear that the assessment of the envi-
onmental impact and the risk to human health is based on the
dentification and quantification of the different chemical forms
f the elements. In the sample treatment procedure for analysis
f element species, these can be quantitatively extracted avoiding
pecies interconversion and, after isolation from the matrix, they
ave to be separated, identified and quantified. At present, the use
f hyphenated techniques, which implies the combination of the
eparation technique with a sensitive detector, is usually selected
s the best procedure.

The speciation of As in food samples has been most studied
sing ultrasound energy as the procedure for sample prepara-
ion, since the inorganic forms As(III) and As(V) have been related
o an increase of cancer risk. In the case of Hg, the two major

pecies found in environmental and biological samples are Hg2+

nd methylmercury (MeHg+), being the last one of the most
oxic Hg species. The toxicity effect of organotin compounds are
trongly dependent on the compound and matrix considered, being
utyltins the most toxic compounds. Table 16 summarises the
1217 (2010) 2415–2440

analysis of some metal species in food when using an extraction
procedure with ultrasonic energy.

A comparison of different reagents used in the UAE of Hg species
in fish was carried out by Reyes et al. [158]. They reported that
alkali digestion versus acid digestion provided the best extraction
efficiency for total Hg content and caused the lowest levels of trans-
formation of the Hg species (from Hg2+ to MeHg+ and vice versa).
Cava-Montesinos et al. [159] also reported the absence of losses
or transformation of the Se and Te species during sonication of
milk samples in aqua regia, but no optimisation of the ultrasonic
conditions was carried out. In a study of Sn speciation in food sam-
ples, Gallego-Gallegos et al. [160] used a sonication probe for the
extraction of Sn species and reported that adsorption into the probe
tip increased the standard deviation between consecutive sample
extractions. To solve this problem, they added a second extraction
cycle, after centrifugation of extracts, with the aim to avoid possible
re-adsorption of the extracted species. The amplitude and the time
of sonication were also evaluated, reporting that methylbutylin was
re-adsorbed when ultrasonic time was longer than 30 s. In this work
low LODs, using GC–FPD (flame photometric detection) analysis,
were obtained after applying a clean-up step based on the use of
an imprinted polymer especially designed for tributyltin.

The speciation of As has been the procedure most studied in
food. Some authors have used acid reagents with a surfactant to
extract As species by UAE in an ultrasound bath and these species
have been determined without subsequent separation by chro-
matographic techniques [161–163].

4. Conclusions

The main advantage of UAE versus traditional extraction tech-
niques, in the preparation of samples to determine contaminants
in soil and food, is the reduction of the preparation time. In addi-
tion, other advantages such as the low reagent consumption under
milder conditions of temperature and pressure, which diminishes
laboratory wastes and possible errors in trace analysis caused by
volatilisation or sample contamination, together with the relative
low cost of ultrasonic equipment and its simple use have also to
be taken into account. The possibility of coupling UAE with other
extraction techniques like SPME and MSPD may offer additional
advantages in the analysis of contaminants. Moreover, DUAE can
also be coupled online with the instrumental techniques often
employed in the determination of analytes. Further development of
these lines will surely increase the application of UAE to the analysis
of contaminants in soil and food.
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[66] L. Nuñez, E. Turiel, J.L. Tadeo, J. Chromatogr. A 1146 (2007) 157.
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