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A new and fast method for the determination of priority phenols

in marine sediment samples by high-performance liquid
chromatography using microwave-assisted micellar extraction is
optimized. This study is carried out using the nonionic surfactants
polyoxyethylene 9 lauryl ether (polidocanol) and genapol X-080 as
extractants. Parameters studied include surfactant concentration,
solution pH, extraction time, and power. Once the method is
optimized, it is applied to different spiked marine sediments from of
the Canary Islands coastlines (Spain). The results obtained indicate
that a power irradiation of 500 W for 2 min achieved the best
extraction efficiency (~ 100% recovery) and less than 10% relative
standard deviation. Detection limits are obtained in the 2-20 pg/g
range for the phenols studied. Finally, the proposed method provides
a simple, fast, and organic solvent-free procedure to analyze
phenols from marine sediment samples.

Introduction

Phenolic compounds are widely involved in commercial appli-
cations, such as coal conversion, petroleum refining, paper man-
ufacturing, dye synthesis, and photo processing (1,2). They also
have substantial applications in agriculture as herbicides, insecti-
cides, and fungicides. As a result, they are often found in waters
(3-5), soils (6), and sediments (6,7). However, phenolic com-
pounds are not only generated by human activity, they are also
formed naturally (e.g., during the decomposition of leaves or
wood) (8). Because of the widespread presence of phenolic com-
pounds in our environment and their high toxicity (9), many phe-
nolic compounds are listed as U.S. Environmental Protection
Agency (EPA) priority pollutants (10). Because of the increasing
concern to human health, efforts have been devoted to quanti-
tating phenols from environmental samples, such as waste water,
sea water, ashes, sediments, and soils (11-17). High-performance
liquid chromatography (HPLC) is frequently used for the analysis
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of phenolic compounds because, unlike in gas chromatography,
no derivatization of compounds is needed (18). An extraction step
is required prior to their determination.

The extraction of organic pollutants from solid samples
requires the use of organic solvents. The most frequently used
methods for the extraction of organic pollutants from these types
of samples are Soxhlet extraction and the use of an ultrasonic
bath. Traditional methods use large volumes of solvents under
aggressive shaking or temperature conditions (or both). Soxhlet
extraction is particularly suitable for the types of pollutants that
are strongly adsorbed on matrices but require long extraction
times and the use of large volumes of frequently toxic solvents.
Moreover, they can degrade the analytes (19,20).

In the last few years, microwave-assisted extraction (MAE) has
become a viable alternative to conventional techniques, and MAE
exhibits many substantial improvements in analytical sample
preparation because it requires much lower volumes of organic
solvent, reduces extraction time, and increases sample
throughput through extraction of multiple samples (21,22). The
number of procedures used for the extraction of organic com-
pounds from environmental matrices by microwave energy has
increased (23-25). However, the organic solvents are used as
extractants in most of them.

An alternative to these types of extractants would be the use of
micellar systems. The extraction of organic compounds from
solid samples using a micellar medium offers advantages such as
safety, cost, compatibility with an aqueous—organic mobile phase
in HPLC, etc. The micellar media have been applied to the extrac-
tion of several compounds present in different environments
such as water samples, marine sediments, and soils (26-30).

In this paper, a new, fast method for the determination of pri-
ority phenols in marine sediment samples by HPLC using
microwave-assisted micellar extraction (MAME) is presented. The
optimization of the variables that affect the extraction of these
compounds from marine sediment samples using MAE with a
micellar medium as extractants was studied. The most commonly
studied variables are temperature, extraction time and power, sol-
vent volume, and concentration for different types of extracting
solvents. Many of these studies made use of experimental design
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approaches for the optimization of MAE procedures (31,32).

MAME was used for the extraction of 15 phenolic derivatives,
including the eleven priority phenols listed by the EPA, from
marine sediments using the nonionic surfactants polyoxyethy-
lene 9 lauryl ether (polidocanol) and genapol X-080 as extrac-
tants.

Experimental

Reagents

Phenolic compounds were obtained from Sigma-Aldrich
(Madrid, Spain), and their stock solutions (200 pg/mL) were pre-
pared by dissolving appropriate amounts of the commercial prod-
ucts in methanol and stored in glass-stoppered bottles at 4°C.
Appropiate volumes of the stock solutions were diluted with
methanol to prepare more dilute solutions containing phenols at
a 50-pg/mL concentration. They are listed in Table I (numbers
and abbreviations identify the compounds in the Figures). The
standard certified mixture of phenolic compounds #X190103 was
obtained from the Laboratories Dr. Ehrenstorfer GmbH
(Germany) (provided by Imatra, Barcelona, Spain). The nonionic
surfactants used in this study (polidocanol and genapol X-080)
were obtained from Sigma-Aldrich and prepared in deionized
water. HPLC-grade methanol was obtained from Panreac
Quimica S.A. (Barcelona, Spain).

All solvents and analytes were filtered through a 0.45-pm nylon
membrane filter and ultrahigh-quality water obtained by a Milli-
Q (Millipore, Bedford, MA) water purification system was used
throughout.

Apparatus

The chromatographic system consists of two Waters pump 510,
fitted with a Waters injector model Rheodyne 7725i with a 20-pL
sample loop and a Waters 996 photodiode array detector (Waters,

Table I. List of Phenolic Derivatives, Retention Times, and
Optimal Absorption Wavelenghts
No. Compound Abbrevation A(m)  tg (min)
1 Phenol PH 270 53
2 4-Nitrophenol 4 NP 315 8.7
3 24-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
7 4-Chlorophenol 4-CP 280 19.5
8  2,4-Dimethylphenol 2,4-DMP 280 247
9 4,6-Dinitro-ortho-cresol 4,6-DNOC 270 25.3
10 4-Chloro-meta-cresol 4-CMC 280 28.1
11 2,4,6-Trimethylphenol 2,4,6-TMP 280 29.1
12 2,4-Dichlorophenol 2,4-DCP 290 29.4
13 4-Chloro-3,5- 4C35DMP 280 314
Dimethylphenol
14 24,6-Trichlorophenol 2,4,6-TCP 290 33.0
15 Pentachlorophenol pPCP 303 38.2

Cromatograffa S.A., Barcelona, Spain). The system and the data
management were controlled by Millenium software from
Waters. The stationary-phase column was a Waters Nova-Pack
C18 (3.9- x 150-mm i.d., 4-um particle diameter). The analytical
column and the mobile phase reservoir were water-jacketed and
thermostated at 25°C + 1°C with a circulating bath. The micro-
wave oven used in this study was a Multiwave with a 6 EVAP rotor
and 6 MF100 vessels (Anton Paar, Graz, Austria).

Procedures
Preparation of spiked sediments

Marine sediments were collected from different parts of the
Canary Islands coastline. After sieving, fractions of sediments
with particle size under 0.3 mm [from Las Canteras beach (Gran
Canaria Island) and Jandia beach (Fuerteventura Island)] and 0.1
mm [from Taliarte harbor (Gran Canaria Island)] were taken.
These sediments were washed with purified water and dried in an
oven. Uncontaminated sediments (blank samples) were previ-
ously analyzed and then spiked as follows: 2 g of sediment was
spiked with a volume of the phenols dissolved in methanol to
obtain a concentration of each analyte at 2 pg/g. The samples
were then stored in the dark and allowed to air-dry at room tem-
perature for 24 h prior to analysis.

The aged spiked samples were prepared as follows: the mixture
of phenolic derivatives dissolved in 25 mL of methanol was added
to 20 g of sediment. After it was mixed thoroughly, the sample was
then stored at 4°C for 3 months before the first extraction. The
supernatant solution was removed and analyzed to determine the
phenolic compounds concentration. The concentrations in the
sediment were between 1.14 and 1.65 pg/g. It was assumed that
the phenols were uniformly distributed in the sample and that, as
the sediment still retained residual moisture throughout the
storage period, any analyte-matrix interactions would have
occurred over the weathering period and, to a similar extend, to
those in real contaminated sediments with similar properties.
The results reported are the average of triplicate measurements.

MAME

After the sediment sample was transferred to the vessel, 4 mL of
the surfactant solution was added, and the sediment was sub-
jected to the MAME process. After this, the vessels were allowed to
cool down to room temperature for 10~15 min before opening.
The extracted solution was filtered with a 0.45-um syringe-driven
filter and transferred to a glass tube before injection.

Effect of solution pH on extraction

In order to investigate the effect of solution pH in the extraction
of phenolic compounds, 50 L of acetic acid 100%(v/v) or 50 pL
of NaOH 25% (w/v) was added to the spiked sediment samples to
obtain an acid or basic medium. The sediments were then sub-
jected to the MAME process.

LC analysis with UV detection

For the separation of the phenols mixture, the eluent used was
water (with 1% acetic acid)-methanol (70:30) for 16 min (iso-
cratic), up to 100% methanol for 24 min. The flow rate was
1 mL/min.

The separation and determination of the compounds under
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study were performed by injecting 20 pL of obtained extracts into
the LC, and the absorbance corresponding to the wavelength
maxima for each analyte was measured. The retention time and
wavelength for each compound are listed in Table I. The range
of the calibration curve concentration was between 100 and

1500 pg/L.

Statistical analysis

All statistical tests (anaysis of variance, experimental design)
were performed using Statgraphics plus software, version 4.0
(Manugistic, Rockville, MD).

Results and Discussion

Optimization of MAE conditions has been reported in several
applications. Many studies have used factorial, central composite,
and orthogonal array designs to find optimal conditions (33). In
this study, the variables considered in the MAME optimization
process were surfactant concentration, surfactant volume, pH of
the solution, and extraction time and power. Not all of the vari-
ables influenced the extraction recoveries in the same way. As a
result of this, those variables that were not mutually influenced
(their interaction was not statistically significant) were optimized
sequentially. On the other hand, time and power are variables that
are conditioned reciprocally; they were, therefore, studied using a
factorial design. To optimize the MAME procedure, marine sedi-
ments from Taliarte harbor were chosen.

Surfactant volume

In some cases, solvent volume may be an important parameter
for efficient extractions. The solvent volume must be sufficient to
ensure that the entire sample is immersed (34). The surfactant
volume-sample amount ratio was investigated by varying the
volume of surfactant and keeping the sample mass constant. Four
different ratios were studied: 2, 4, 8, and 12 mL of surfactant solu-
tion for 2 g of sample. The results obtained for both surfactants
showed that 2 mL was not enough to wet the sample; however,
the recoveries achieved with the other solvent volumes were sim-
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Figure 1. Influence of the surfactant concentration (genapol X-080, solid lines
and polidocanol, dashed lines) on the recovery percentages of some phenolic
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ilar. Therefore, if the sample was fully immersed in the solvent, an
increase of the solvent volume did not seem to have any influence
on the extraction percentages. For subsequent studies, 4 mL of
surfactant was chosen.

Surfactant concentration

Four different concentrations for each surfactant, between 1%
and 7.5% (v/v), were studied to establish the effect of this param-
eter on the extraction process. This initial study was carried out
using a power of 200 W and time of 2 min. Figure 1 shows the
dependence on surfactant concentration for the recovery of two
phenolic compounds (PH and 2,4-DCP). A significant decrease in
the recoveries was observed as the concentration of genapol
X-080 was increased from 3.0% to 7.5% (v/v). It could be because
of the fact that the solutions of this surfactant are more viscous
than others at the same concentration, so the surfactant will not
contact the analytes as efficiently.

When polidocanol was used as the extractant, the recoveries
increased slightly with an increase of the surfactant concentra-
tion. For this surfactant, the highest recovery percentages were
obtained with 5% (v/v) surfactant. Over this concentration, the
recoveries remained constant or decreased slightly. A concentra-
tion of 2% (v/v) for genapol X-080 and 5% (v/v) for polidocanol
were chosen to study the influence of microwave irradiation con-
ditions, time and power, on the extraction process.

Solution pH

When working with sediment samples, the extraction process
might also be influenced by pH. The pH of the extracting solution
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 sediment in an acid and basic medium were subjected to
MAME using the surfactant concentration, power, and time,
which were mentioned previously. The results obtained, after
analysis of the extracted solutions, indicated that the basic
medium slightly enhanced the extraction of some phenolic
derivatives, such as phenol and 2-chlorophenol; although for
most, the pH solution had no effect on the recoveries. It was
therefore decided not to modify the initial pH of the solution.

Optimization of microwave irradiation conditions
In a closed vessels system, the chosen power setting depends on

Table 11. Design Matrix in the Screening Design

Run Power (W) Time (min)
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the number of samples to be extracted during one extraction run.
The power must be chosen correctly to avoid excessive tempera-
tures, which could lead to analyte degradation and overpressure
inside the vessels. This parameter is of prime importance in
ensuring efficient extraction because it has to allow the diffusivity
of the solvent into the internal parts of the matrix as well as
enhanced desorption of the components from the active sites of
the matrix.

As in other extraction techniques, time is another parameter
that needs to be taken into account. Extraction times in MAE are

Recovery (%)

Recovery (%)

Time (min)

Figure 2. Response surface for phenol estimated by the central composite
design. Polidocanol (A) and genapol X-080 (B).

0.003 —

0.002 — 2

2 0,001 — 6
< - 14 15

10 3

0.000 —

oo I ! \ |

0 10 20 30 40
Time (min)

Figure 3. Elution of a mixture of 15 phenolic derivatives extracted of spiked
sediment from Jandia beach using genapol X-080 as extractant. Chromato-
graphic conditions as described in the text. The numbering refers to Table .

very short compared with conventional techniques; often 10 min
is sufficient, but even 3 min has been demonstrated to give full
recovery for pesticides from soils and sediments (35,36).

The irradiation power and time of microwaves are two parame-
ters that are interrelated, so their influence on the extraction
were investigated using a factorial design. This model allows the
direct evaluation of the variables considered. Moreover, the appli-
cation of a statistical approach using a factorial design can both
reduce the development time and provide less ambiguous data. A
central composite design was used (22 + star with three central
points). The experimental design involving 11 runs (Table II) was
used as an approach to the response surface of the microwave
extraction process (37). Other variables involved in the extraction
process were held constant: surfactant concentration, 2% (v/v) for

Table I1l. Analytical Characteristics of the Method

LOD (pg/L) RSD (%)*
Genapol Genapol
Compound  Polidocanol X-080 Polidocanol X-080
PH 5 13 3.8 5.1
4 NP 2 3 1.3 1.1
2,4-DNP 3 3 2.0 29
PC 10 1 9.9 9.6
2-NP 3 4 4.6 5.0
2-CP 9 10 9.5 7.9
4-CP 12 17 27 4.8
2,4-DMP 8 1 2.6 5.7
4,6-DNOC 2 3 3.2 4.7
4-CMC 5 16 4.1 3.9
2,4,6-TMP 5 15 9.1 9.5
2,4-DCP 5 15 57 5.0
4-C-3,5-DMP 6 19 5.6 43
2,4,6-TCP 4 14 6.2 5.1
PCP 10 20 5.8 5.0

*RSD = relative standard deviation (n = 6).

Table 1V. Determination of Phenolic Derivatives in
Sediment Spiked with Certified Standard Mixture*

Amount found (pg/g)*
Compound Polidocanol Genapol X-080
PH 218 1.95
4NP 2.07 2.01
2,4-DNP 1.75 2.20
2-NP 1.81 225
2-CP 1.75 2.08
2,4-DMP 1.20 1.03
4,6-DNOC 1.76 2.03
4-CMC 1.84 1.83
2,4-DCP 1.90 1.80
2,4,6-TCP 2.06 2.03
PCP 1.92 1.76

* Amound added of each analyte (2 pg/g).
* Mean of three determinations.
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genapol X-080 and 5% (v/v) for polidocanol; surfactant volume,
4 mL; and sediment amount, 2 g. The concentration of phenolic
compounds spiked was also held constant (2 pg/g).

Figure 2A shows the response surface for PH using polidocanol
as the extractant. This extraction model shows an increase in the
amount of analyte extracted with the microwave power. A max-
imum in the region of high powers and low times for the extrac-
tion can be observed. Figure 2B shows the response surface for
PH using genapol X-080. In this case, it can be observed that the
higher recoveries are also obtained in the region of high powers
and low extraction times, decreasing gradually the extraction per-
centages at longer times. Response surfaces modelled for the
other phenols lead to the same conclusions. In accordance with
these results, an irradiation power of 500 W and extraction time
of 2 min were chosen as the best irradiation conditions.

LC analysis

The analysis of the extracted samples was carried out using
HPLC with UV detection. The chromatogram obtained for the
mixture of phenols extracted of spiked sediment from Jandia
Beach using genapol X-080 as the extractant is shown in Figure
3. The chromatogram obtained with polidocanol is similar. It can
be observed that this mobile phase allows a good separation of
analytes for both surfactants used and short analysis time.

The corresponding calibration curves in both surfactants were
obtained by duplicate injection of the sample containing a surfac-
tant concentration of 2% (vAv) of polidocanol and genapol X-080
and the corresponding analyte concentration. Concentrations
ranged between 100 and 1500 pg/L. A linear relationship was
obtained between peak areas and the analyte concentrations,
yielding high correlation coefficients (0.995). The relative stan-
dard deviations were calculated for six samples, to which the
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MAME process was applied, and these are shown in Table III along
with detection limit values. The results obtained indicate stan-
dard deviation values of lower than 10%. The detection limits (38)
were calculated as twice the noise for each phenolic compound
and vary between 2 and 20 pg/L for all compounds studied.

Once the MAME conditions were optimized, the sediment was
spiked with a standard certified mixture of the 11 phenols consid-
ered priority pollutants by the EPA. The extraction procedure was
applied to test the validity of the proposed method. The results
obtained are shown in Table IV, in which the high degree of accor-
dance with the certified values in the case of both studied surfac-
tants can be observed. Only in the case of 2,4-dinitrophenol were
the recoveries lower, but this is in line with the results obtained in
other studies in which the presence of methyl groups in the ana-
lyte inhibits the extraction (24).

Analytical applications

Three different sediment samples from the Canary Islands coast
(Taliarte harbor, Las Canteras beach, and Jandia beach) were
spiked with the mixture of 15 phenols. These samples have dif-
ferent characteristics: particle size, organic matter, carbonates
amount, and ferrous materials. The selected concentration level
for spiking was the one typical of acute pollution events that may
occur in industrial sites (39). The sediments were spiked 24 h
before extraction. Table V shows the recoveries obtained in the
extraction of these compounds in the three types of sediments
using polidocanol and genapol X-080. It can be observed that the
recovery percentages are better when polidocanol was used as the
extractant agent. In the case of Taliarte sediment—some phenols,
those which have methyl groups—have lower recoveries. This
type of sediment has a lower particle size and a higher amount of
organic matter. Electrostatic interactions can therefore take place

between the organic matter and the alkylphenols
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Table V. Determination of Phenolic Derivatives Mixture in Different Types (24). As a result, these types of analytes are more
of Marine Sediments* strongly retained in the sediment.
When genapol X-080 was used to extract the
Recovery (%) phenolic compounds from the sediment, the
Polidocanol Genapol X-080 recoveries obtained were lower than those
- - - achieved with polidocanol. As explained previ-
Compounds Las Canteras  Jandia Taliarte  LasCanteras  Jandia  Taliarte ously, this surfactant is more viscous than polido-
oH T 1019 1002 86.0 710 78] capql, and it could not cgntact the analy.tes as
ANP 1139 1075 1068 85.9 824 85.0 efflClently./The values achieved for the sediment
24.DNP 71 105 103 99,5 929 1012 | from Jand}a beach are_low_er for most of the ana-
PC 1013 98.1 90.7 85.6 713 886 | Ivtes studied. The main difference between this
2NP 103.6 974 1018 97.3 823 97.6 | type of sediment and the others is a higher
2-CP 88.9 89.7 95.8 94.2 67.1 934 | amount of carbonates and lower ferrous mate-
4-CP 1144 107.2 105.9 49.4 59.2 65.9 rials.
2,4-DMP 104.2 96.4 69.4 794 67.3 70.7 Decreasing recoveries resulting from the aging
4,6-DNOC 114.9 107.8 107.8 97.0 837 98.7 | of matrices is a well-known phenomenon (40).
4-CMC 1074 99.6 101.3 922 7111 857 | The analytes present in the recent sediments
ﬁ'i'gyp 1173‘1 g;‘; 12)‘3“2 g; Zi‘z g;; are more easily extracted than those that have
. C35-DMP 1007 907 959 60 613 786 had a lpnger contact time. This can be gxplamed
2,4,6-TCP 108.3 1006 1073 97.0 g4 1011 | according to whether the analytes are incorpo-
PCP 949 979 979 711 583 99.4 rateq by adsorption (short periods) or by seques-
tration (longer periods) (41). The former
* Chromatographic conditions: water (with 1% acetic acid)-methanol (70:30) in 16 min (isocratic), up to 100% phenomenon is involved at the early stages of
i flow rate 1 mlmin. Amount akied o each anayte 2 gl sorption, in which H-bonding and Van der Waals
forces often prevail. On the other hand, sequestra-
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Figure 4. Recoveries of phenolic compounds from fresh and aged samples
using polidocanol.

tion involves sorption at remote microsites within the soil matrix
(42).

In order to study the aging effects, the MAME procedure was
applied to marine sediment (Taliarte harbor) three and six
months after the samples were spiked. Figure 4 shows the recov-
eries obtained for fresh and aged samples using polidocanol as
extractant. The results obtained show that the recoveries decrease
as the time of contact between the matrices and analytes
increases, except for pentachlorophenol. In this way, it can be
observed that this decreasing is lower for the samples aged for
three months (recoveries higher than 70% are obtained for 13
phenolic derivatives) than for those aged for 6 months. In this
case, only 10 compounds have recoveries above 50%. Although,
in general, the recoveries obtained for aged samples are lower
than those achieved for fresh samples, the proposed method can
be applied to detect the presence of this type of compound in
marine sediments.

Conclusion

The determination of phenolic compounds in marine sedi-
ments by MAME with HPLC and UV detection has been described.
The optimal conditions have been established. As can be seen
from the results, 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 solvents, which result in reduced
cost and toxicity. The methodology developed allows the simple,
fast, and selective determination of phenolic derivatives,
including the 11 compounds considered to be priority pollutants
by the EPA, in marine sediments.
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