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Abstract

The leaching of two estrogens, 17b-estradiol and estrone, and two degradation products of
non-ionic surfactants, octylphenol and nonylphenol, through a soil column were studied to
estimate their transport behavior. Different concentration methods (lyophilization, solid phase
extraction, and liquid–liquid extraction) were evaluated for analyzing these compounds in small
effluent fractions (30–50 mL) collected. Liquid chromatography-mass spectrometry (LC-MS-MS)
and gas chromatography-mass spectrometry (GC-MS) were employed for quantitative analysis
of these compounds. After comparison, the lyophilization-LC-MS-MS method was found to be
best suited for the analysis of the two estrogen hormones and the liquid–liquid extraction-GC-
MS method best for the analysis of the two phenols in small samples in the soil column study.
Because of their high sorption capacity, these compounds were mostly sorbed in the upper part
of the soil column and were difficult to detect in column effluent.
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Introduction

The estrogen hormones, 17b-estradiol
and estrone, and the degradation prod-
ucts of non-ionic surfactants, octylphenol
and nonylphenol, have been widely re-
ported to be present in wastewater [1–4].
Typically, 17b-estradiol breaks down to
estrone. Octylphenol and nonylphenol
are present in industrial cleaning com-

pounds. All these compounds have sig-
nificant mammalian and aquatic toxicity
and other health effects [1, 5]. The state of
Hawaii is considering using treated
wastewater (also called recycled water)
for landscape irrigation on areas that
overlie drinking water aquifers. As part
of this effort, leaching properties of
common wastewater contaminants,
including these four compounds, through

local soils were also studied in the field.
From an 18-month-long field study, none
of these contaminants were also found in
pore water samplers placed below the
root zone [6]. However, the depth to
ground water in some of the reuse areas
easily exceeds 250 m. Potential impact to
ground water cannot be evaluated in
short periods of time under field condi-
tions. Soil columns at laboratory scale are
better suited to study the transport
behavior of the target compounds in a
narrow time frame. The authors were
charged with the task to estimate trans-
port parameters for these compounds by
conducting leaching experiments in
packed soil columns. Experiments were
carried out to deliberately produce a
breakthrough of these contaminants
using a soil from the intended reuse area
(central part of the island of Oahu, HI,
USA). The soil was an Oxisol, which is
highly weathered and has significant
amounts of metal oxides. The soil col-
umn’s influent and effluent were analyzed
for these contaminants. As the columns
were small, the leaching solution volumes
were also small. As a result, the effluent
fractions (which were 10 mL per vial)
were combined to have a volume of
80 mL (30 mL for liquid–liquid extrac-
tion and 50 mL for lyophylization, de-
scribed later). As the sample volumes
were relatively small and the four com-
pounds have high octanol–water parti-
tion coefficients [7, 8], the input
concentration had to be high enough to
obtain a breakthrough. Therefore, an
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analytical method to quantitatively ana-
lyze these four compounds from rela-
tively small volumes of aqueous solution
was needed.

Reported analytical methods for these
two estrogens are basically solid phase
extraction (SPE) coupled with either li-
quid chromatography-mass spectrometry
(LC-MS) [5, 9–13] or gas chromatogra-
phy-mass spectrometry (GC-MS) [14]. As
far as we are aware, the only reported
lyophilization (e.g., freeze-drying)
method for 17b-estradiol is for a small
volume of serum (1.25 mL) [15]. The
feasibility of this method on larger-
volume (50 mL) aqueous samples was
unknown. Besides lyophilization, liquid–
liquid extraction and SPE were also
implemented for comparison.

For octylphenol and nonylphenol, the
reported extraction methods are SPE
[16–19], lyophilization [19], liquid–liquid
extraction [20], supercritical fluid extrac-
tion (SFE) [21], and steam distillation
[22]. The first three methods are evalu-
ated in this paper. The reported separa-
tion and detection methods are normally
HPLC-fluorescence [20], LC-MS [16–19],
and GC-MS [21, 23–27].

In a previous soil-column study [28,
29], the analysis of the two estrogens was
performed by directly injecting the soil
column effluent into the HPLC-UV
(without any pre-concentration). Al-
though the influent concentrations were
quite high, no breakthrough curves were
obtained for the two estrogens because of
their high sorption potential. Thus, we
used some of the above concentration
methods coupled with LC-MS-MS and
GC-MS for the analysis of low-volume
aqueous samples from soil columns.

Experimental

Soil Column

Two individual stainless steel columns
(internal diameter of 4.75 cm · height of
7.60 cm) were packed with soil from two
depths (0.6 and 4 m). A uniform bulk
density of 1.1 g cm)3 was achieved by
carefully packing air-dried soil in 1-cm
layers. All transport experiments were
done under unsaturated conditions. A
mixture of all compounds was applied to
the top of the soil columns at a flux rate
of 6 cm day)1, followed with flushing of
background solution (artificial ground
water with 0.005 M CaCl2) at several
pore volumes. The concentrations of the
two estrogens in the influent water were
5 mg L)1 each. The concentrations of
octylphenol and nonylphenol were 0.4
and 0.3 mg L)1, respectively. The tem-
perature and soil water suction were re-
corded by a datalogger at 10-s intervals
from the temperature sensors and tensi-
ometer connected to columns. This
helped ensure unsaturated conditions
prevailed during the experiment. The
effluent fractions were collected in 10-mL
vials which were then combined (30 mL
for liquid–liquid extraction and 50 mL
for lyophilization). After the infiltration
tests, the soil in the columns were cut into
three equal pieces and residues extracted
by shaking with acetone for 3 h at a
soil:solvent ratio of 2 g to 30 mL. The
samples were then centrifuged at
2,500 rpm for 10 min, and 20 mL of the
supernatant was transferred to a 50-mL
beaker and dried by a gentle stream of
nitrogen. The residue was dissolved in
1 mL of acetone and divided into two

equal volumes (0.5 mL each). Later, the
acetone was evaporated by nitrogen, and
the residue was redissolved in 1 mL of
50:50 acetonitrile:water for LC-MS-MS
analysis and in 1 mL hexane for GC-MS
analysis.

Chemicals

Estrone, 17b-estradiol, and 4-octylphenol
were purchased from Sigma–Aldrich
(Saint Louis, MO, USA). Alfa Aesar
(Ward Hill, MA, USA) was the vendor
for 4-n-nonylphenol. All analytes were
dissolved in an appropriate volume of
methanol as stock solution and stored in
a refrigerator at 4 "C. Working solutions
of a mixture of all four compounds were
prepared at various concentrations, by
appropriate dilution of the stock solution
with 1:1 acetonitrile:water. Table 1 shows
the Chemical Abstracts Service (CAS)
registry number, molecular weight, and
uses and sources of these compounds.

HPLC-grade acetonitrile was pur-
chased from Burdick and Jackson (Mus-
kegon, MI, USA). HPLC-grade solvents
[methanol, acetone, methyl tert-butyl
ether (MtBE), and hexane], and sodium
chloride, anhydrous sodium sulfate, and
ammonia bicarbonate were purchased
from Fisher Scientific (Houston, TX,
USA). Distilled water was processed
through a Millipore ultrapure system
(Milli-Q, Millipore, Milford, MA, USA).
The SPE cartridges, Oasis HLB (hydro-
philic–lipophilic balance) and Strata X
were purchased from Waters (Milford,
MA, USA) and Phenomenex (Torrance,
CA, USA), respectively.

LC-MS-MS Method

Estrone, 17b-estradiol, octylphenol, and
nonylphenol were analyzed using a
Thermo Finnigan Surveyor HPLC sys-
tem (Waltham, MA, USA) equipped with
a Waters XTerra MS C18 column
(2.1 mm · 150 mm, 3.5 lm). Mobile
phases A and B were 10 mM ammonium
bicarbonate and acetonitrile, respectively.
The gradient program was 10:90 A:B,
held for 5 min. B was increased to 100
over 35 min and held for 3 min. At
43 min, A:B was reduced to 10:90 and
held for 10 min. The flow rate was
0.2 mL min)1, and the total run time was
53 min. The injection volume was 20 lL.
The stock solutions were prepared in

Table 1. Chemical Abstracts Service registry number, molecular weight, use and source of each of
the four study compounds

Compound CAS registry
number

Molecular
weight

Use and source

Octylphenol 1806-26-4 206.324 Intermediate chemical
for the production
of phenol/formaldehyde
resins [36]

Nonylphenol 104-40-5 Approx. 215 Chemical used in the preparation of
lubricating oil additives, resins,
plasticizer, surface active agents [37]

Estrone 53-16-7 270.37 Hormone used in preparation
of commercial 19-norsteroids [37]a

17b-Estradiol 50-28-2 272.37 Reproductive hormone [1]b

aOccurs in urine of pregnant women and mares, in follicular liquor of many animals, in
human placenta, in urine of bulls and stallions, and in palm-kernel oil
bPotent mammalian estrogenic hormone produced by the ovary
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methanol at 1 mg mL)1 and stored in a
freezer. The working standard solutions
were diluted from the stock solution with
1:1 acetonitrile:water. The calibration
ranges were 10 ng mL)1 to 5 lg mL)1 for
the two estrogens and 100 ng mL)1 to
20 lg mL)1 for the two surfactant deg-
radation products.

A Thermo Finnigan LCQ ion trap
mass spectrometer equipped with an
electrospray ionization (ESI) source was
used as the HPLC detector. A metal
needle system was installed in the ESI
source. The capillary temperature was
250 "C, and the respective flow rates of
the sheath gas and auxiliary gas were 70
and 15 (arbitrary units). The spray volt-
age was 4.5 kV.

The two-stage full-scan mode and the
negative ion mode were used. During the
method development, individual stan-
dard solutions were infused into the mass
analyzer through a tee adapter by a syr-
inge pump, while the mobile phase was
pumped at a normal flow rate. Capillary
voltage and tube lens offset were opti-
mized based on the signal intensities of
the selected ions. The [M–H]) ions of the
four compounds were selected for moni-
toring. For both hormones, capillary
voltage was )4 V and tube lens offset was
10 V. For the surfactant degradation
products, capillary voltage was )5 V and
tube lens offset was 15 V. Following
the selection of the precursor ions,
collision-induced dissociation (CID) was
performed in the mass analyzer. The
normalized collision energy, activation Q,
and activation time were tuned based on
the total ion current (TIC). For both
hormones, the CID was 44%, activation
Q was 0.3, and activation time was 10 ms.
For the two surfactant degradation
products, the CID was 40%, activation Q
was 0.35, and activation time was 30 ms.

The two-stage full-scan mode is a
two-step MS procedure, similar to se-
lected reaction monitoring (SRM).
While the SRM mode monitors selected
product ions, the two-stage full-scan
mode monitors the full product ions,
which yield more information than that
of SRM mode. In the software pro-
cessing method, the unique ions of the
studied compounds were chosen for
compound calibration. The selected ions
for 17b-estradiol were 145.3, 159.1,
171.3, 183.3, and 269.4, and those for
estrone were 145.3, 159.1, 171.3, 183.3,
and 271.4. The mechanism of fragmen-
tation can be found in Croley et al. [10].

The selected ions for octylphenol were
133.1, 147.3, 162.0, 176, 190, and 205.3,
and those for nonylphenol were 133.1,
147.3, 162.0, 176, 190, 205.3, and 219.3.
Each ion is formed from the loss of a
radical CnH2n+1 or an alkane CnH2n+2

from the pseudo-molecular ions [M–H])

of octylphenol and nonylphenol.

GC-MS Method

A Thermo Finnigan Trace GC (Wal-
tham, MA, USA) equipped with a Restek
Rtx-5 Amine capillary column
(30 m · 0.25 mm ID · 0.5 lm film)
(Bellefonte, PA, USA) was employed to
analyze the two surfactant degradation
products in hexane at a helium carrier gas
flow rate of 1.0 mL min)1. The GC oven
temperature program was started at
50 "C and held for 1 min, then ramped to
250 "C at 10 "C min)1 and held for
1 min. The total run time was 21 min,
and the injector was operated at 250 "C.
The stock solutions were prepared in
hexanes at 1 mg mL)1 and stored in a
freezer. The working standard solutions
were diluted from the stock solution with
hexanes. The calibration range was
20 ng mL)1 to 4 lg mL)1 for the two
surfactant degradation products.

A Thermo Finnigan Polaris MS
detector, an ion trap mass spectrometer
equipped with an electron impact (EI)
source, was used as the GC detector. The
transfer line was held at 275 "C, and the
ion source temperature was 200 "C. The
electron impact energy was 70 eV.

The positive ion mode and selected
ion mode (SIM) were chosen for the
analysis of octylphenol and nonylphenol
in the GC-MS. The molecular ions of
these two phenolic compounds, 206 for
octylphenol and 220 for nonylphenol,
were selected for monitoring.

In order to maximize the molecular
ion signal strength of the two phenols, the
trap temperature was lowered to 200 "C.
Lowering the trap offset to 3, or 7 eV
from the default 10 eV, and the EI energy
respectively to 30 and 50 eV from the
default 70 eV did not increase the
molecular ion signal strength in our tests.

Sample Preparation

For the spike recovery test, 0.75 mL of
standard solution at various concentra-
tions was spiked into 50 mL of artificial

ground water (deionized water with
0.005 M CaCl2) to obtain two levels of
spike solutions with different concentra-
tions. After concentration, the samples
were finally adjusted to 0.75 mL with 1:1
acetonitrile:water.

To determine any matrix effect of the
column influent and effluent, a volume of
0.75 mL standard solution of the two
estrogens at 0.25 mg L)1 concentration
was spiked into 50 mL of column influent
(artificial ground water) and effluent,
which resulted in 3.75 ng mL)1 final
concentration, same as that of the low-
level spiked recovery test. The spiked
solutions were lyophilized as described
below.

For lyophilization, a Labconco
Freezone 6-liter freeze-drying system
(model 77530) was employed to freeze-
dry a 50-mL water sample to dryness.
The residue was washed out with acetone
into a Whatman Mini-Uniprep vial. The
acetone solution was evaporated to dry-
ness under a gentle stream of nitrogen.
The residue was then dissolved with
0.5 mL of 50:50 acetonitrile:water and
filtered with a Whatman Mini-Uniprep
vial plunger (0.45 lm) and analyzed by
LC-MS-MS.

SPE cartridges, Oasis HLB and Strata
X, were tested for the best recovery of the
analytes. The cartridges were installed on
a vacuum manifold and sequentially pre-
conditioned with 5 mL MtBE, 5 mL
methanol, and 5 mL deionized water.
Thereafter, the aqueous samples (50 mL
influent or effluent from the soil column)
were allowed to pass through the car-
tridges at a rate of approximately
10 mL min)1. After passage of the sam-
ples, the SPE cartridge was vacuum-dried
for 5 min. Then, the cartridges were eluted
using two successive 5-mL aliquots of
methanol and MtBE. The effluents were
collected and combined in a test tube and
evaporated to dryness under a stream of
nitrogen. The samples were readjusted to
0.5 mL with acetonitrile:water (1:1) for
analysis with LC-MS-MS.

For the liquid–liquid extraction tech-
nique, based on method 6231B in Stan-
dard Methods for the Examination of
Water and Wastewater [30], approxi-
mately 6 g of sodium chloride and
3.0 mL of hexane were added to a 30-mL
water sample in a 50-mL screw-cap test
tube. The test tube was then tightly cap-
ped and shaken vigorously for 2 min.
After the water and hexane layers sepa-
rated, 1.5 mL of the hexane was removed
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with a Pasteur pipette and passed
through anhydrous Na2SO4 in a second
Pasteur pipette into an autosampler vial.
If GC-MS was to be used for analysis,
5 lL of this hexane extract was injected
into GC-MS. If LC-MS-MS was to be
used for analysis, the hexane solution was
evaporated to dryness with nitrogen, and
the residue redissolved in 0.5 mL of 50:50
acetonitrile:water.

Results and Discussion

Comparison of Concentration
Methods

The four compounds in the water sam-
ples were concentrated by lyophilization,
SPE, and liquid–liquid extraction. Two
spike recovery tests were done for the
SPE and the estrogens’ lyophilization
method, while one spike recovery test was
done for the other method (liquid–liquid
extraction). An appropriate volume of
mixed standards containing all four
compounds was added to a known
amount of water sample at the beginning

of the concentration methods to yield
known spike concentrations in the sam-
ples. LC-MS-MS was employed for
analysis. All tests were done in triplicate.
Table 2 presents a summary of mean
recoveries using lyophilization, Table 3
presents the summary recoveries using
the SPE method, and Table 4 presents
the summary recoveries using liquid–
liquid extraction.

Normally, 50 mL of water was
lyophilized to dryness in 2.5 days. In
order to examine the effect of the dura-
tion of freeze-drying, the sample bottles
were left in the lyophilizer for an addi-
tional day (total 3.5 days) or an addi-
tional 4.5 days (total 7 days). As shown
in Table 2, the mean recoveries for 17b-
estradiol and estrone varied from 89.7 to
103.2%. However, recovery was reduced
when the bottles were left for an addi-
tional 4.5 days after the drying was
complete. Thus, it is important to note
that after freeze-drying the 50-mL water
samples, the sample bottles should be
removed within 1 day. For the two phe-
nols, the recovery percentages were only
8.8% for nonylphenol and 17.7% for

octylphenol after 3.5 days of freeze-dry-
ing, which suggested that a major per-
centage of the two phenols were removed
during the freeze-drying process. The
SPE experiments show that both Stratus
X and HLB cartridges yielded better
recovery at high concentration levels than
that at low concentration levels for the
two estrogens (Table 3). For 17b-estra-
diol, both Stratus X and HLB cartridges
showed better reproducible recovery at
high concentration levels. For estrone,
Stratus X proved to be more reproducible
than HLB.

Solid phase extraction is the most
common preparation method used to
date for the analysis of 17b-estradiol and
estrone. However, the multiple steps
(conditioning, equilibrating, sample
loading, impurities washing, and elution
of analytes) are not only labor-intensive,
but also costly because of the expense of
SPE cartridges. For a laboratory that
already has a freeze-dryer, the lyophil-
ization technique for the estrogens can be
a much simpler method. Less human
error is introduced due to a smaller
number of steps involved in solution

Table 4. Mean recoveries and RSD of four compounds using liquid–liquid extraction

17b-Estradiol
spike level
(ng mL)1)

17b-Estradiol Estrone
spike level
(ng mL)1)

Estrone Octylphenol
spike level
(ng mL)1)

Octylphenol Nonylphenol
spike level
(ng mL)1)

Nonylphenol

Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD

2.86 17.3 41.7 5.71 26.2 15.1 571 95.1 13.1 286 102.5 10.7

Table 3. Mean recoveries and RSD of four compounds using SPE

SPE
cartridge

Estrogen
spike levels
(ng mL)1)

17b-Estradiol Estrone Phenol
spike levels
(ng mL)1)

Octylphenol Nonylphenol

Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD

Stratus X 75.0 113.5 11.3 118.7 4.8 300 47.8 10.1 54.3 8.1
Stratus X 3.75 87.0 17.4 92.9 4.5 15 44.9 11.9 35.2 6.4
HLB 75.0 93.4 7.4 98.1 12.1 300 31.2 20.7 39.1 5.3
HLB 3.75 72.4 20.1 78.9 13.7 15 24.7 6.9 21.6 6.1

Table 2. Mean recoveries and RSD of four compounds using lyophilization method

Freeze-drying
time (days)

Estrogen
spike levels
(ng mL)1)

17b-Estradiol Estrone Octylphenol
spike level
(ng mL)1)

Octylphenol Nonylphenol
spike level
(ng mL)1)

Nonylphenol

Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD Recovery
(%)

RSD

2.5 75.0 92.8 6.4 93.0 6.4
2.5 3.75 89.7 4.3 94.4 3.5
3.5 75.0 94.3 10.6 91.8 7.0 200 17.7 12.0 100 8.8 12.1
3.5 3.75 103.2 6.6 111.5 8.7
7 1.0 39.4 16.8 52.3 40.5
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handling for processing a large number of
samples. Consequently, lyophilization
coupled with LC-MS-MS was chosen for
the analysis of the two hormones from
small volumes of water samples in our
experiment.

Both lyophilization and SPE turned
out to be poor methods for octylphenol
and nonylphenol (Tables 2, 3). However,
liquid–liquid extraction produced good
recovery and reproducibility for the two
phenols but not for the two estrogens
(Table 4). As a result, liquid–liquid
extraction was used for the analysis of the
two phenols.

GC-MS versus LC-MS-MS

Table 5 shows the mean correlation
coefficients (r2) of the calibration curves,
limits of detection (LOD), and precision
for GC-MS and LC-MS-MS. Calibration
curves were prepared for each compound
by plotting the average total ion peak
area versus the analytes’ concentration.
Precision is shown by the relative stan-
dard deviation (standard deviation over
mean, RSD) of the peak area over five
sequential injections of the same sample
concentration (0.25 mg L)1 for two hor-
mones and 1 mg L)1 for two phenolic
compounds). In the end, GC-MS, instead
of LC-MS-MS, was chosen as the sepa-
ration and detection method. It was
coupled with the liquid–liquid extraction
technique for the analysis of octylphenol
and nonylphenol. Besides having one less
step in the liquid–liquid extraction
method (no need to evaporate to dryness
and redissolve for LC-MS-MS analysis),
the GC-MS method turned out to have
better sensitivity (lower detection limit)
and precision.

Matrix Effect of Freeze-drying
Samples for Soil Column Test

Negative matrix effects in the analysis of
estrogens and the degradation products
of surfactants using ESI-LC-MS-MS is a
known issue [31–33]. Since only the two
estrogens were chosen to be analyzed by
LC-MS-MS after initial method evalua-
tion, their behaviors are discussed here. It
is a common perception that the matrix-
induced co-elutes are likely to be
responsible for the analyte’s signal sup-
pression [33–35]. In natural water sam-

ples (that include wastewater) the levels
of these two estrogens are so low (only a
few ng L)1 in most cases) that large
sample volumes (one or more liters nor-
mally) are needed to be processed to
reach that level of detection. If the sample
is treated wastewater, it has numerous
interfering agents. In both cases, even
after SPE purification, quite a few of the
interfering agents present in the matrix
might remain in the sample to be injected
to the LC-MS-MS system, which can lead
to the target compound’s signal suppres-
sion.

The matrix effect of the column
influent (artificial ground water) and
effluent was studied. The peak area ratio
of the spiked samples to the same amount
of standard solutions was chosen to
compare the results, which were 86.2%
(influent spike samples) and 80.0%
(effluent spike samples) for 17b-estradiol,
while 99.6% (influent spike samples) and
96.1% (effluent spike samples) for es-
trone. All the above tests were done in
triplicate with RSD < 15%. These ob-
served signal decreases were not only
caused by matrix effects but also by
possible loss during freeze-drying. Since
no significant difference of peak response
was found between column influent
(artificial ground water) and effluent, no
further investigation was done to differ-
entiate between matrix effects and loss
during freeze-drying. The artificial

ground water, which was much easier to
obtain than the column effluent, was used
in the spike recovery test in this experi-
ment. Comparing the serious matrix-in-
duced suppression reported for estrogens
(55–75% signal decrease to their original
values) [32], the lack of matrix effects in
our experiment may have resulted from
small (50 mL) sample volumes which
were less complex than sewage effluent or
natural waters that receive waste loads.
In our case, the columns were equili-
brated with artificial ground water prior
to sample injection for about a week. As
a result, loss of contaminants from the
soil to the effluent would have been
minimal.

Residue Recovery from the Soil

As the soils did not produce significant
breakthroughs of these compounds
(concentrations were near the detection
limit), the column was cut into three
pieces as described earlier. The eluted
samples from the three column sections
were analyzed, and the residual concen-
trations (reported as nanograms of con-
taminant per gram of dry soil) are shown
in Fig. 1. Most of the compounds were
found in the top one-third of the column.
This is not unexpected considering the
hydrophobility of the compounds and the
soil chemical parameters (moderate

Table 5. Mean correlation coefficients (r2), limits of detection (LOD), and RSD of the four
compounds studied by LC-MS-MS and GC-MS

Analyte r2 LOD
(lg L)1)

RSD Instrument
method

17b-Estradiol 0.9973 5 6.6 LC-MS-MS
Estrone 0.9988 10 6.7 LC-MS-MS
Octylphenol 0.9994 100 6.8 LC-MS-MS
Octylphenol 0.9992 20 4.0 GC-MS
Nonylphenol 0.9969 50 9.8 LC-MS-MS
Nonylphenol 0.9990 20 3.5 GC-MS

Fig. 1. Residues of the four compounds adsorbed to different layers of the soil column
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amounts of organic carbon and large
fraction of metal oxides).

Conclusions

Three concentration methods were com-
pared for two estrogens and two phenols.
Lyophilization turned out to be a robust
concentration method for both spike
levels of the two estrogens if the freeze-
drying time was limited to about
3.5 days. SPE was not satisfactory at low
concentration levels, especially for 17b-
estradiol. Only liquid–liquid extraction
proved to be a practical extraction
method for the two phenols. GC-MS
conditions were adjusted to achieve
higher sensitivity of the phenolic com-
pounds than with the LC-MS-MS. Upon
comparison of three concentration
methods and two detection methods, the
lyophilization-LC-MS-MS method was
chosen for the analysis of two hormones,
while the liquid–liquid extraction-GC-
MS method was the best choice for the
analysis of the two phenols. The method
was performed in a soil-column study for
the behavior of these compounds. It was
difficult to produce breakthroughs of
these compounds in short soil columns
because these compounds exhibit strong
hydrophobic sorption. These compounds
were found adsorbed to the top parts of
the soil columns.
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