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Abstract A non-ionic surfactant, polyoxyethylene 10
lauryl ether (POLE), was used for the microwave-as-
sisted extraction (MAE) of priority phenolic compounds
from soil samples. A central composite design was ap-
plied to optimize the extraction parameters, namely,
time and power. Under the optimized conditions, the
method was applied to different soil samples in order to
analyze the influence of soil characteristics on the phenol
extraction. Results demonstrated that most of these
compounds can be recovered from the soils investigated
in good yields (higher than 80%). The standard devia-
tion is lower than 9% (n = 6) for most analytes. Vali-
dation of the method by analyzing a reference soil
sample containing eight phenols and a comparison with
Soxhlet extraction are also reported.

Keywords Phenols Æ Micellar medium Æ Extraction
methods Æ Microwave Æ Soils Æ High-performance liquid
chromatography

Introduction

Phenolic compounds are prevalent in environmental
waters and soils due to their widespread use in industrial
processes [1]. These compounds are generated in the
production of plastic, dyes, drugs, pesticides, antioxi-
dants, and paper, and in the petrochemical industry [2].
Pentachlorophenol (PCP) is used as a wood preservative
[3]. Furthermore, common pesticides, such as lindano
and hexachlorobenzene, can be metabolized to PCP by
plants, animals, and microorganisms. Phenol is gener-

ated from lignin degradation in paper production [4] and
chlorophenols can be generated from phenols as the
result of chlorinating drinking water. Nitrophenols are
formed photochemically in the atmosphere from vehicle
exhaust [5]. As a result of years of use, these compounds
have contaminated soils, surface waters, and ground-
waters, and affected fish populations.

Phenolic compounds can cause toxicity, persistence,
and bioaccumulation effects in animal and vegetable
organisms and may be dangerous for human health.
Phenols have been included in the US Environmental
Protection Agency (EPA) list of priority pollutants due
to their toxicity [6]. Furthermore, the European Union
(EU) has classified several phenols as priority contami-
nants [7].

Determination of phenols from contaminated soil is
required to evaluate the extent of pollution and to
apply the best soil remediation technology. The
extraction step has so far been performed by following
the official methods issued by national and interna-
tional environmental protection agencies, such as the
EPA 3500 B and International Organization for Stan-
dardization (ISO) TC 190/SC3/WG6 methods. These
require the use of relatively large volumes of organic
solvents and there is therefore great concern regarding
their negative environmental effects and their disposal.
Moreover, the procedures involved in the extraction of
phenols from soil samples (e.g., by Soxhlet extraction)
are usually lengthy, non-selective, and entail a great
deal of sample handling, which increases the risk of
errors [8, 9].

Recent concerns about the hazardous nature and
environmental dangers of organic solvents applied in
environmental sample preparations have led to the
development of several extraction techniques that are
free of organic solvents or only use low volumes of
these solvents, such as solid-phase microextraction
(SPME), supercritical fluid extraction (SFE), subcritical
water extraction (SBWE), and microwave-assisted
extraction (MAE) [10–14]. The last of these, MAE, has
been successfully applied to the extraction of organic
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compounds from soil, sediments, plants, and animal
tissues [15–18], and needs less organic solvent and a
shorter extraction time than traditional extraction
methods. In general, the compounds can be extracted
more selectively and quicker with similar or better
recoveries in comparison with conventional extraction
processes [17].

However, there are several disadvantages to using
organic solvent for MAE. First, most organic solvents
may be dangerous to the operators and may result in
environmental pollution due to waste solvent disposal.
Second, the organic solvent should generally be capable
of absorbing the microwave energy. In some cases, a
material must be added to absorb the energy and
transfer it to the sample. This could mostly be achieved
by adding water to the sample matrix [19]. Moreover,
organic solvent at a relatively high temperature and
pressure may corrode the equipment [20].

The use of micellar system to substitute the organic
solvents as extractant in MAE solves several problems
caused by these solvents. Therefore, MAE with micellar
medium, MAME, seems to be a viable alternative to
other extraction techniques [21]. The main advantages
are a shorter extraction time, a reduction in the amount
of sample required for the analysis, higher sample
throughput, less cost, and great safety, since it does not
require the use of hazardous organic solvents.

The aim of this study was to apply the MAME
process, with the non-ionic surfactant polyoxyethylene
10 lauryl ether (POLE), to the extraction of phenolic
compounds from soil samples. The performance and
application of this method in soils is important because
of the difficulty in extracting the analytes from such
complex matrices. We studied the extraction of phenols
from various types of soils with a view to analyzing the
influence of soil organic matter and pH on the
desorption of phenols. Fifteen phenolic compounds,
including the priority, and three different types of soil
were studied.

Experimental

Reagents

Phenolic compounds were obtained from Sigma-Aldrich
(Madrid, Spain) and prepared by dissolving appropriate
amounts of the commercial products in methanol to
obtain a concentration of 200 lg L–1. Working solu-
tions were prepared by further diluting these concen-
trations. The phenolic compounds are listed in Table 1
(numbers and abbreviations identify the compounds in
figures). The certified reference soil with phenolic com-
pounds was obtained from Resource Technology Cor-
poration (provided by LGC Promochem, Barcelona,
Spain). The non-ionic surfactant used in this study,
polyoxyethylene 10 lauryl ether (POLE), was obtained
from Sigma-Aldrich and prepared in deionized water.
HPLC-grade methanol was obtained from Panreac
Quı́mica S.A. (Barcelona, Spain).

All the solvents and analytes were filtered through a
0.45-lm nylon membrane filter, and ultra-high-quality
water obtained from a water purification system was
used throughout.

Apparatus

The chromatograph system consists of two Waters 510
pumps fitted with a Waters Rheodyne 7725 I injector,
with a 20-lL sample loop and a Waters 996 photodi-
ode array detector. The system and the data manage-
ment were controlled by Millennium software from
Waters (Waters Cromatografı́a S.A. Barcelona, Spain).
The stationary-phase column was a Waters Nova-Pack
C18, 3.9 · 150 mm, 4-lm particle diameter. The ana-
lytical column and the mobile phase reservoir were
water-jacketed and thermostated at 25±1�C with a
circulating bath.

Table 1 List of phenolic
derivatives, retention times, and
wavelengths

No. Compound Abbreviation k (nm) tR (min)

Mobile
phase 1

Mobile
phase 2

1 Phenol PH 270 5.3 3.5
2 4-Nitrophenol 4-NP 315 8.7 –
3 2,4-Dinitrophenol 2,4-DNP 270 10.3 –
4 para-Cresol PC 280 11.9 –
5 2-Nitrophenol 2-NP 280 12.9 –
6 2-Chlorophenol 2-CP 280 14.0 6.2
7 4-Chlorophenol 4-CP 280 19.5 7.5
8 2,4-Dimethylphenol 2,4-DMP 280 24.7 –
9 4,6-Dinitro-ortho-cresol 4,6-DNOC 270 25.3 –
10 4-Chloro-meta-cresol 4-CMC 280 28.1 9.9
11 2,4,6-Trimethylphenol 2,4,6-TMP 280 29.1 –
12 2,4-Dichlorophenol 2,4-DCP 290 29.4 10.8
13 4-Chloro-3,5-dimethylphenol 4-C-3,5-DMP 280 31.4 12.1
14 2,4,6-Trichlorophenol 2,4,6-TCP 290 33.0 13.5
15 Pentachlorophenol PCP 303 38.2 18.2
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The microwave oven used in this study was a Mul-
tiwave (Anton Paar, Graz, Austria) with a 6 EVAP rotor
and 6 MF100 vessels (Anton Paar, Graz, Austria).

Procedures

Soil characteristics

The soil samples were air-dried at room temperature for
more than 2 weeks and sifted to a particle size of less
than 0.3 mm. To determine the soil pH, 5 g of each soil
was mixed with 20 mL of distilled water; the slurry was
stirred and then allowed to separate before the surper-
natant pH was measured potentiometrically. The or-
ganic matter content was determined by the Sauerlandt
method (organic matter oxidation by potasic dichromate
and sulfuric acid).

In order to study the influence of soil pH and organic
matter on the extraction of phenols, three different soil
samples were chosen from two gardens and a pine forest.
Characteristics of the soils are given in Table 2.

Preparation of spiked soils

Phenols-free soil samples were collected from different
locations on Gran Canaria (Canary Islands). After
sieving, soil fractions with particle size under 0.3 mm
were taken. These samples were air-dried at room tem-
perature. These sediment samples were spiked as fol-
lows: to optimize the method, 2 g of each soil was spiked
with a volume of a chlorophenol solution to obtain a
concentration of each analyte of 2 lg g�1. The same
amount of soil was spiked with a solution of fifteen
phenolic derivatives to obtain a final concentration of
4 lg g�1 for analytical applications. The samples were
then stored in the dark at room temperature for 24 h
before analysis.

The samples identified as ‘‘aged’’ samples were spiked
with the mixture of phenolic derivatives to obtain a
concentration of each analyte of 4 lg g�1 . The samples
were stored in a refrigerator at 4�C for 1, 2, 4, and
8 weeks. It was assumed that the phenols were uniformly
distributed in the sample and that, as the sediment still
retained residual moisture throughout the storage peri-
od, any analyte–matrix interactions would have oc-
curred over the weathering period and to a similar extent
to those in real contaminated sediments with similar
properties.

Microwave-assisted micellar extraction

Once the sediment sample was transferred to the vessel,
8 mL of the surfactant solution with a concentration of
5% (v/v) was added and the sediment was subjected to
the MAME process. The vessels were then allowed to
cool down to room temperature, 10–15 min before being
opened. The extracted solution was filtered with a 0.45-
lm syringe-driven filter and transferred to a glass tube
before injection.

Liquid chromatography analysis with UV detection

Analysis of the extracted samples was carried out by using
high-performance liquid chromatography with UV
detection. The separation and determination of the
compounds under study were performed by injecting 20-
lL aliquots obtained into the liquid chromatograph, and
the absorbance for each analyte, corresponding to the
wavelength maxima, was then measured. The retention
time and the wavelength for each compound are listed in
Table 1. The eluent used for the separation of the mixture
of 15 phenols was water (with 1% acetic acid)/methanol
(70:30) for 16 min (isocratic), up to 100% methanol for
24 min. The eluent used for the separation of the eight
chlorophenol mixture was methanol/water (40:60) up to
100% methanol for 20 min. In both instances, the
flow-rate was 1 mL min�1 . The range of calibration
curve concentration was between 100–2,000 and 100–
1,200 lg L�1, respectively. These curveswere obtained by
duplicate injection of the solution containing 2% (v/v)
polyoxyethylene 10 lauryl ether, 5% (v/v) methanol, and
the corresponding analyte concentration. A linear rela-
tionship was obtained between peak areas and the analyte
concentrations, with high correlation coefficients (0.995).

Soxhlet extraction

The fresh and aged samples were Soxhlet extracted over
16 h using 70 mL of acetone/hexane (1:1). After the
extraction step, the extract was evaporated to dryness
using a rotary evaporator, dissolved in methanol, and
analyzed by HPLC.

Statistical analysis

All statistical tests (ANOVA, experimental design) were
performed by using Statgraphics plus software, Version
4.0 (Manugistic, Rockville, MD, USA).

Results and discussion

Optimization of MAME methodology

Parameters that have a major influence on the MAME
process are extractant volume and irradiation time and
power. Optimization of MAE conditions has been re-

Table 2 Soil characteristics

Soil Particle size (%) pH Organic
matter (%)

0.3 mm 0.2 mm 0.15 mm 0.1 mm

Tafira 44.4 17.2 14.6 23.8 8.3 4.8
San Roque 52.1 20.0 13.2 14.6 8.3 12.5
Pine forest 56.5 17.8 12.8 12.8 5.9 3.9
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ported in several applications and many studies have
used factorial, central composite, and orthogonal array
designs to find the optimal conditions [15, 22–26].

Optimization experiments were performed using soil
samples with an organic matter content of 4.8% and a
pH of 8.3 (Tafira soil) and a mixture of eight chlor-
ophenols. A concentration of 5% (v/v) of polyoxyeth-
ylene 10 lauryl ether was used to achieve the
optimization process, as a higher surfactant concentra-
tion did not improve the recoveries.

The extractant volume must be sufficient to ensure
that the entire sample is immersed; this parameter was
optimized previously. We studied the influence of the
volume of surfactant solution on the extraction effi-
ciency of phenols by varying the volume of surfactant
and keeping the sample mass constant: 4, 8, and 12 mL
of surfactant 5% (v/v) and 2 g of sample were used. The
results obtained, Table 3, show that 4 mL is not suffi-
cient to wet the sample, but use of 8 mL allows one to
wet the samples satisfactorily. When the volume of
surfactant is higher, the temperature in the vessels also
increased and the data obtained for phenol and 2-
chlorophenol, using 12 mL surfactant, show that some
solutes seem to degrade at high temperatures. We
therefore chose 8 mL for the MAME optimization.

Microwave irradiation conditions

The time and power of irradiation are parameters that
are interrelated, so their influence on the extraction
efficiency was investigated by applying a statistical ap-
proach using a factorial design. This reduces the devel-
opment time and provides less ambiguous data. We used
a central composite design, 22 + star with three central
points. The experimental design, involving 11 runs, was
used as an approach to the response surface of the
microwave extraction process. The experimental design
parameters and the response values in the screening
design are shown in Table 4. Other variables involved
in the extraction process were kept constant, namely,
surfactant concentration (5% v/v), surfactant vol-
ume (8 mL), and soil sample amount (2 g). The con-
centration of chlorophenols spiked was also kept
constant at 2 lg g�1 .

The data analysis of the results given in Table 4 was
performed using a regression analysis and the response
surface (Y) was taken as a function of the considered
variables (xI) using polynomials. The general polyno-
mial function is

Y ¼ b0 þ b1x1 þ b2x2 þ b3x1x2 þ b4x
2
1 þ Rb5x22

where Y is the recovery, x1 and x2 the variables con-
sidered in the optimization process, and bI are the
parameters to be calculated.

Figure 1a shows the response surface for 4-CMC.
The amount of analyte extracted increases with the
microwave power at short time intervals. This behavior
is similar for the other target compounds, except for PH
(Fig. 1b). The recoveries for this analyte increase with
the power and time. However, these conditions increase
the temperature inside the vessels and degradation of
more substituted analytes can occur, increasing the
amount of phenol obtained. Therefore, a power level of
700 W and a time interval of 3 min were chosen for
subsequence studies.

Influence of other parameters

Once the microwave irradiation parameters were opti-
mized, we studied the effect of the solution pH on the
recovery using the optimal time and power. When
working with soil samples, the extraction process might
also be influenced by the pH of the extracting solution as
it can alter the ionic form of the analytes under study.
To investigate the effect of this parameter on the process,
samples containing 2 g of soil in an acid and basic
medium, achieved by adding HCl or NaOH, were sub-
jected to MAME using a surfactant concentration of 5%
(v/v) and the aforementioned power and time. The
results obtained showed that there is no significant
variation on the recoveries for most analytes under
study. However, the more polar compounds, such as PH
and 2-CP, show a slight increase in the recoveries when
the pH was increased. This may be due to a basification
of the extract producing phenolate ions, which are
non-volatile [27, 28] and losses of the most volatile
compounds are thus avoided. Despite this, we decided
not to modify the pH solution as no significant changes
were obtained.

In order to determine the influence of analyte con-
centration on the extraction process, samples spiked
with the mixture of chlorophenols in the concentration
range of 2–8 lg g�1 were extracted using MAME. The
values obtained demonstrate that this parameter has no
influence on the extraction process for this range of
concentrations.

Analytical applications

Once the MAME conditions were optimized, the same
soil used in the optimization procedure (Tafira soil) was

Table 3 Recoveries (%)a obtained using different surfactant vol-
umes

Compound Surfactant volume

4 mL 8 mL 12 mL

PH 80.4 116.8 150.2
2-CP 89.9 92.1 102.3
4-CP 41.1 98.3 102.0
4-CMC 47.2 92.5 117.6
2,4-DCP 65.6 82.7 90.2
4-C-3,5-DMF 60.5 76.2 95.3
2,4,6-TCP 70.0 87.7 81.2
PCP 73.9 112.0 113.9

aMean of three determinations
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spiked with a mixture of 15 phenolic derivatives to a
final concentration of 4 lg g�1. This new mixture con-
tained the chlorophenols and 11 phenolic derivatives
included in the EPA list of priority pollutants. These
compounds behave differently to the chlorophenols, and
therefore different interactions between matrix and
analytes could occur. The values obtained show that the
previously established conditions are adequate for most
of the analytes studied, except for methylphenols, for
which the recoveries are lower (Table 5). Figure 2 shows
the chromatogram obtained for an extract of 15 phe-
nolic derivatives after MAME procedure.

To determine the method accuracy and precision, six
soil samples containing the 15 phenolic compounds were

extracted simultaneously for 3 min and 700 W (optimal
conditions), 24 h after being spiked. The average
recoveries and RSD for the 15 phenolic derivatives are
shown in Table 5. As can be seen, the recovery values
for most of the analytes extracted are higher than 80%.
The extraction yields for alkylphenols, PC, 2,4-DMP,
and 2,4,6-TMP, were very low, probably due to their
interacting more strongly with the soil than is the case
with the other phenols [29]. The other compounds
present in the mixture with methyl groups behave more
similarly to chlorophenols than to alkylphenols. The
behavior of nitrophenols is similar to that of chlor-
ophenols. The corresponding values of RSD are under
9% for 13 of the 15 compounds studied.

Comparison of MAME with Soxhlet extraction

Soxhlet extractions were performed for comparison
purposes. Figure 3 compares the recovery values
achieved with MAME and those obtained with Soxhlet
extraction for Tafira soil. The results obtained with
MAME are in line with the values obtained using
Soxhlet extraction, except for 2,4,6-TMP and 2,4-DCP.

Table 4 Design matrix and response values in the screening design

Design Recovery (%)a

Power (W) Time (min) PH 2-CP 4-CP 4-CMC 2,4-DCP 4-C-3,5-DMP 2,4,6-TCP PCP

300 3 75.5 81.4 35.9 84.1 92.3 82.1 99.0 117.4
300 9 69.8 85.1 29.9 78.7 88.5 78.1 92.8 113.2
300 15 66.2 81.5 20.3 74.7 87.1 80.8 96.2 109.4
500 3 65.4 87.3 18.9 81.2 93.8 84.4 100.0 115.1
500 9 64.2 77.0 20.9 77.4 87.6 73.5 92.7 105.9
500 9 63.4 80.1 19.7 72.7 85.5 74.8 95.9 110.0
500 9 60.6 74.6 19.3 71.3 82.2 70.4 89.6 102.6
500 15 64.7 62.2 24.1 76.4 85.4 75.5 94.2 110.7
700 3 87.3 86.7 62.9 107.2 97.5 103.3 105.7 116.6
700 9 90.7 84.7 79.5 96.4 98.6 97.6 107.0 115.0
700 15 91.8 86.6 76.6 96.9 98.0 94.8 101.4 110.2

aMean of three determinations

Fig. 1 Response surface for the effect of time and power on the
extraction of 4-chloro-meta-cresol (a) and phenol (b)

Table 5 Average recoveries and relative standard deviations for
studied phenolsa

Compound Recovery (%) RSD (%)

PH 79.64 4.07
4-NP 92.07 2.23
2,4-DNP 106.03 2.51
PC 8.70 20.69
2-NP 80.61 1.50
2-CP 86.00 4.51
4-CP 61.90 8.11
2,4-DMP 15.91 5.96
4,6-DNOC 97.90 1.89
4-CMC 88.01 2.65
2,4,6-TMP 5.06 17.08
2,4-DCP 98.87 4.56
4-C-3,5-DMP 95.08 4.26
2,4,6-TCP 91.85 1.35
PCP 105.13 3.98

aMean of six extractions
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The compounds eluted in the first 20 min cannot be
quantified due to the high amount of interferences in this
part of the chromatogram.

Influence of matrix nature

In order to study the influence of soil characteristics on
the extraction, we applied the MAME procedure to soils
with different levels of organic matter, pH, and texture.
The effect of organic matter on phenols sorption was

studied by using soil with the same pH and different
content of organic matter (Tafira, 4.8%; and San Ro-
que, 12.5%). Table 6 shows the recoveries obtained for
these soil samples tested after 24 h of conditioning. The
results obtained with San Roque soil are better than
those achieved using Tafira soil. The main difference is
the good recoveries of alkylphenols in the soil with a
higher content of organic matter. However, the mo-
nonitrophenols have recovery values slightly lower than
80% in this type of soil.

The pH of soil can affect the sorption of phenols
because the organic matter (in particular, the humic
acids) behaves rather differently depending on this
parameter, altering its sorbent capacity. The influence of
soil pH on phenol extraction was studied using an acid
soil (pine forest, pH 5.9) and an alkaline one (Tafira,
pH 8.3). These soils have a similar organic matter con-
tent of 4–5%. The results obtained (Table 6) indicate
that the recoveries of 13 phenols are higher than 80% in
the acid soil, whereas the values obtained in the alkaline
soil are slightly lower. Furthermore, the alkylphenols are
extracted satisfactorily, but their recoveries are lower
than those obtained in the samples that are high in or-
ganic matter.

The texture of a soil is extremely important in the
sorption process. If a soil is mostly made up of clay and
organic matter, a significant amount of sorption will
take place. Clay, above all when intermixed with organic
particles, is by far the most adsorbent of the three main
soil textures (clay, silt, and sand) due to its small particle
size, high surface area, and high surface charge. Al-
though the soils tested in this study are sandy ones, the
Tafira soil has a higher amount of particles with a
smaller size. Alkylphenols interacted more strongly with
this kind of soil, which is probably due to this fact. It
could explain the poor recoveries of these types of
compounds in this soil. The results obtained indicate
that for these soil types, with a high sand content, the
soil texture is the parameter that has greater influence on

Fig. 2 Chromatogram of an extract of a spiked sample soil after
MAME procedure. Chromatographic conditions as described in
the text. Numbers correspond to those listed in Table 1

Fig. 3 Comparison of MAME with Soxhlet extraction technique
for fresh sample soils (Tafira soil) after 24 h of conditioning

Table 6 Recoveries (%)a of phenolic compounds obtained from
different types of soil

Compound Pine forest Tafira San Roque

PH 80.6 79.6 83.1
4-NP 90.7 92.1 77.4
2,4-DNP 103.4 106.0 104.2
PC 70.1 8.7 62.1
2-NP 82.1 80.6 61.8
2-CP 83.7 86.0 69.8
4-CP 79.0 61.9 80.6
2,4-DMP 81.0 15.9 100.4
4,6-DNOC 99.9 97.9 101.9
4-CMC 91.4 88.0 104.1
2,4,6-TMP 61.3 5.1 114.7
2,4-DCP 88.1 98.9 108.9
4-C-3,5-DMP 89.6 95.1 100.3
2,4,6-TCP 81.9 91.9 94.5
PCP 98.5 105.1 117.9

aMean of three determinations
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the sorption process than the soil pH or organic matter
content.

On the other hand, taking into account that the
surfactants have a high capacity to extract humic and
fulvic acids and that the phenols can be adsorbed into
organic matter, this fact may explain the high recoveries
of the compounds extracted from San Roque soil, with a
higher organic matter content.

Influence of aging time

Decreasing recoveries resulting from aging of matrices is
a well-known phenomenon [30]. The analytes present in
recent soils samples are more easily extracted than those
that have had a longer contact time. This can be ex-
plained according to whether the analytes are incorpo-
rated by adsorption (short periods) or by sequestration
(longer periods) [31]. The former phenomenon occurs at
the early stages of sorption, where hydrogen bonding
and Van der Waals forces prevail. On the other hand,
sequestration involves sorption at remote microsites
within the soil matrix [32].

In order to study the aging effects, we applied the
MAME procedure to the three soils for different time
periods after conditioning. The soil samples were spiked
with the phenol mixture and stored at 4�C in the dark
before their extraction. Figure 4a–c shows the recoveries
obtained for the different groups of phenolic compounds
in San Roque soil with the time aging. It can be seen that
the recoveries decrease slightly during the two first weeks
for the nitro and chlorophenols (Fig. 4a, b), but the
amount of analyte extracted remains practically con-
stant for these last compounds after this time. In the
same figure, it can be observed that the recoveries of 2-
nitrophenol, 4-nitrophenol, and 2-chlorophenol increase
slightly with time. This can be attribute to the fact that
the more substituted analytes suffer microbial degrada-
tion and chemical transformation, such as losses of
atoms of chloro or nitro groups, so they are converted
into more simple compounds.

In Fig. 4c, it can be observed that the behavior of
alkylphenols is quite different. In general, the recovery
values decrease sharply with aging time up to 1 month.
From then onwards, para-cresol increases its recovery as
the aging time progresses, but we suspect that, as is the
case of monochloro and mononitrophenols, this may be
due to the degradation of other compounds with a
greater number of substituents. As can be seen in the
same figure, 4-C-3,5-DMP behaves in a more similar
way to chlorophenols than to alkylphenols. The behav-
ior of the analytes over time in the others soils tested is
similar to that obtained for San Roque soil.

Comparison of MAME with Soxhlet extraction

To compare the extraction of aged samples, Soxhlet
extractions were performed using 2 g of Tafira soil with
8 weeks of conditioning. Figure 5 shows the recoveries

Fig. 4 Recoveries obtained after MAME procedure for the
different groups of phenols against ageing time: nitrophenols (a),
chlorophenols (b), and alkylphenols (c)
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obtained with both the MAME and Soxhlet methods. It
can be observed that, in general, the values obtained are
quite similar, except for 2,4-DMP. Consequently, the
MAME procedure is a viable alternative for the
extraction of phenols from both fresh and aged soil
samples.

Validation with a certified soil

Recoveries obtained with spiked compounds may not
be representative of those obtained with native com-
pounds. Spiked analytes are generally lightly coated on
the surface of the matrix, whereas native ones can be
strongly adsorbed inside the porous matrix. This can be
explained by the diffusional and the kinetic limitations
of the sorption process, and the several interactions,
which may have been simultaneously established be-
tween native analyte and the matrix [33–35]. This is the
reason why it is necessary to validate the extraction
procedure with certified reference matrices. For this
purpose, we used a certified reference material with
phenolic derivatives. The soil, sandy loam with
pH 6.96, was contaminated with phenols from a wood-
treating site in the Rocky Mountain region of the
United States. The proposed extraction procedure was
applied to 2 g of this soil using the optimal conditions.
To check the presence of interfering species, the stan-
dard addition method was adopted to analyze the ex-
tracts. Table 7 reports the phenols present in the
certified soil and gives the certificate values, the confi-
dence intervals, and the amounts of each analyte that
we obtained using the MAME procedure. The recov-
eries obtained, falling within the certified range for all
compounds analyzed, indicate that the proposed
extraction procedure is suitable.

Conclusions

Nowadays, efforts are being directed towards the
development of analytical techniques which rapidly
achieve an accurate measurement of organic pollutants
in environmental samples. According to the results ob-
tained, the applicability of the proposed method pro-
vides a viable alternative to other extraction techniques.
The main advantages of MAME are shorter extraction
times, higher sample throughput, and organic-free sol-
vents, which result in reduced costs and environmental
toxicity.

Acknowledgements This study was funded by the Spanish Ministry
of Science and Technology Project No. PPQ2002/04683.

References

1. Moore JW, Ramamoorthy S (1984) Phenols in organic chem-
icals in nature waters. Applied monitoring and impact assess-
ment. Springer, Berlin Heidelberg New York

2. Martı́nez D, Pocurull E, Marcé RM, Borrull F, Calull M (1996)
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120:1745–1749

4. Mckague AB (1981) J Chromatogr A 208:287–293
5. Tremp J, Mattrel P, Fingler S (1993) Water Air Soil Pollut

68:113–123
6. Environmental Protection Agency (1984) EPA method 604

phenols in Federal Register, Part VIII, 40 cFR Part 136, p 58
7. Drinking Water Directive 80/778/EEC (1980) Commission of

the European Communities, Brussels
8. DiCorcia (1973) J Chromatogr 80:69–76
9. Hoshika Y (1977) J Chromatogr 144:181–187

10. Prosen H, Zupancic-Kralj L (1999) Trends Anal Chem 18:272–
282

11. Kawata K, Ibaraki T, Tanabe A, Yagoh H, Shinoda A, Suzuki
H, Yasuhara A (2001) J Chromatogr A 911:75–83

12. Li B, Yang Y, Eaton CD, He P, Jones AD (2000) J Chromatogr
A 873:175–184

13. Buchhloz KD, Pawliszyn J (1994) Anal Chem 66:160–167
14. Lopez-Avila V, Young R (1994) Anal Chem 66:1097–1106
15. Llompart MP, Lorenzo RA, Cela R, Jocelyn Paré JR (1997)
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matogr A 869:515–522
25. Padrón Sanz C, Eiguren Fernández A, Sosa Ferrera Z, Santana

Rodrı́guez JJ (2002) J AOAC Int 85:44–49

26. Mahugo Santana C, Sosa Ferrera Z, Santana Rodrı́guez JJ
(2004) Anal Chim Acta 524:133–139
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