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Abstract Solid-phase extraction (SPE) is a widespread and
powerful sample preparation technique in many analytical
areas. Many of the used methods reduce residual water
during sample preparation by drying the phase material.
Despite the importance of this step, hardly any study deals
specifically with the drying process, and if so, only few
aspects are mentioned. The present study is the first system-
atic investigation of the drying process using SPE disks,
including the influence of process parameters on the amount
of residual water and its consequences for subsequent elu-
tion and gas chromatography–mass spectrometry (GC-MS)
analysis. The following points were investigated in detail:
(1) the change of pressure and volume flow during the
drying process, (2) the remaining amount of water at differ-
ent drying times for different SPE materials, (3) the influ-
ence of suspended particulate matter on the drying process
and (4) the effects of the residual water on the elution step

by using different organic solvents. The study shows that the
volume of residual water in the SPE disk is affected by the
fixation of the sorbent, the phase material, the amount of
sorbent, the pumping settings and the duration of the drying
process. Furthermore, systematic investigations demonstrate
the influence of residual water on the GC-MS analysis and
show analytical interferences only for a few of the investi-
gated analytes. All results suggest that more problems in
SPE GC-MS methods are caused by residual water than
previously assumed.

Keywords Solid-phase extraction disk . Drying . Residual
water . GC-MS . Priority pollutants

Introduction

Solid-phase extraction (SPE) is a powerful and therefore
widespread sample preparation technique in clinical, bio-
chemical, pharmaceutical and environmental analysis [1–3].
It is used for matrix separation, rapid clean-up and enrich-
ment of target compounds preceding chromatographic anal-
ysis [2–5]. The technical principle is based on the
distribution of analytes between a solid and a liquid or a
headspace vapour. In water analysis, the typical SPE process
starts by sorbent cleaning, followed by the activation and the
conditioning of the sorbent generally by an organic solvent
and water (to remove the excess activation solvent) and the
extraction of compounds from the water sample. The sub-
sequent steps are the removal of interferences (clean-up) and
water, and finally the elution of sorbed analytes (Fig. 1) [3,
4, 6]. Many of the reported methods reduce the remaining
water volume on the phase material after the extraction step
by actively drying the sorbent [4, 5, 7–12]. The reasons for
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this step are manifold [13, 14]. Residual water may
hamper the elution of sorbed analytes by a non-polar
solvent, e.g. n-hexane, and reduce the recovery of the
analytes [9, 15–18] or can influence the elution strength
of solvents by mixing [16]. Furthermore, residual water
can disturb the subsequent solvent exchange to another
solvent [5]. Reduction of the volume of residual water
can also be a prerequisite for a derivatisation step after
elution. For silylation, for example, it is necessary to
eliminate water as completely as possible [19]. Finally,
residual water on the phase material can induce inter-
ferences in the instrumental analysis step [4, 5, 10–12,
16, 20–22]. Van der Hoff et al. reports that small
quantities of water can result in a rapid deterioration
of the gas chromatography (GC) system. In the on-
column introduction technique, this problem can be
alleviated to some extent by using properly deactivated
retention gaps [12]. Furthermore, the use of bonded and
cross-linked stationary phases can prevent the damage
of GC columns by water and organic solvents [23],
which makes it even possible to carry out direct aque-
ous injection in GC analysis with comparable results to
other techniques [24].

The points mentioned above demonstrate the importance of
the drying process and the potential adverse effects of remain-
ing water [9, 12, 18, 25]. It is well known that the amount of
water after the drying step should be as small as possible or be
precisely defined to prevent analytical problems and to achieve
high recovery and reproducible results [15, 25]. Surprisingly,
hardly any study deals specifically with this subject, and in the
existing ones, only few aspects are covered [6, 11, 12, 18]. Pico
et al. studied the use of several drying agents for the effective
removal of water traces from the desorption solvent [20],
Zorita et al. checked the effects on polychlorinated biphenyl
(PCB) recoveries by drying the SPE disk under vacuum with
and without additional drying in a desiccator [9], and van Hout
et al. determined the remaining amount of water in the station-
ary phase of SPE disks at different drying times [21]. Finally,
Senseman and co-workers investigated four desiccation meth-
ods for SPE disks after enrichment of pesticides in order to
determine whether enhanced stability would result when resid-
ual water was removed from the disks before storage. They also
added anhydrous sodium sulphate to the eluate to remove any
excess water [13].

The study presented here was done in the framework of the
method development for a multi-residue analysis of 54 non-
polar organic compounds in surface water containing sus-
pended particulate matter (SPM) by SPE disks and gas chro-
matography–mass spectrometry (GC-MS). It quickly became
apparent that residual water after the drying step has a big
influence on the results of the whole method. Therefore, the
first extensive and systematic investigation of the vacuum-
based drying of SPE disks was carried out in this study.

Experimental

Reagents and materials

For investigation of the drying process, an SPE disk
apparatus by Varian Inc. and a SPE manifold station by
J. T. Baker were used.

Bakerbond Speedisk Extraction Disk C18 (diameter,
50 mm), Bakerbond Speedisk Extraction Disk H2O Phobic
DVB (diameter; 50 mm) and Bakerbond Speedisk Extrac-
tion Disk H2O Phobic DVB—high capacity (hc) (diameter,
50 mm) are available at J. T. Baker and the Varian SPEC C18

SPE disk (diameter, 47 mm) was received from Varian Inc..
All organic solvents used for the solutions and experi-

ments were picograde and obtained from LGC Standards
GmbH. Tap water filtered through activated carbon was
used as blank water, and nitrogen 5.0 and helium 5.0 were
used at the concentration and analysis step.

The certified sediment standard PAH Loamy Clay 1 was
purchased at LGC Standards GmbH.

The following standards and stock solutions were avail-
able at the Cambridge Isotope Laboratories, Dr. Ehrenstor-
fer, Fluka, LGC Standards GmbH, National Physical
Laboratory (UK), PAH Research Institute, Riedel de
Haën, SERVA and Ultra Scientific: alachlor, aldrin,
atrazine, chlorfenvinphos, chlorpyrifos-ethyl, dieldrin,
p,p′-(dichlorodiphenyl)-2,2-dichloroethylene (p,p′-DDE),
2,2-bis(o,p-chlorophenyl)-1,1,1-trichloroethane (o,p′-
DDT), p,p′-dichlorodiphenyltrichloroethane (p,p′-DDT),
p,p′-(dichlorodiphenyl)dichloroethane (p,p′-TDE), en-
drin, alpha-endosulfan, beta-endosulfan, hexachloroben-
zene, hexachlorobutadiene, alpha-hexachlorocyclohexane
(alpha-HCH), beta-hexachlorocyclohexane (beta-HCH),
gamma-hexachlorocyclohexane (gamma-HCH, lindane),
delta-hexachlorocyclohexane (delta-HCH), isodrin, pen-
tachlorobenzene, 1,2,3-trichlorobenzene, 1,2,4-trichloro-
benzene and 1,3,5-tr ichlorobenzene, tr if lural in,
simazine, polycyclic aromatic hydrocarbon (PAH)—mix
by EPA (acenaphthene, acenaphthylene, anthracene,
benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoran-
thene, benzo[g,h,i]perylene, benzo[k]fluoranthene, chrys-
ene, dibenzo[a,h]anthracene, fluoranthene, fluorene,
indeno[1,2,3-c,d]pyrene, naphthalene, phenanthrene, pyr-
ene each 100 μg/mL in acetonitrile; LGC Standards
GmbH), PCB Mix 1 (PCB 28, PCB 52, PCB 101,
PCB 138, PCB 153, PCB 180 each 10 ng/μL in ace-
tone; Dr. Ehrenstorfer), acenaphthene-D10, anthracene-

D10, atrazine-D5, chrysene-D12, 4,4′-dibromoctafluorobi-
phenyl, 3,4-dichloronitrobenzene, fluoranthene-D10 and
4-n-nonylphenol-D8. The last eight substances were used
as internal standards, whereby fluoranthene-D10 was
used as volumetric standard. Generally, the analytical stand-
ards were used to prepare fortification, standards and spike
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solutions. All stock solutions were prepared by weighing and
dissolving in ethyl acetate or acetone and stored at 4 °C. After
spiking, the concentrations of PAHs in the samples were
100 ng/L and of all other analytes, 50 ng/L. Concentrations
of internal standards in 1 L sample varied from 0.1 to
1.12 μg/L depending on sensitivity.

Determination of the volume flow

The volume flow was determined by a self-made gas flow
meter. This consists of a simple glass tube of a volume of
1.2 L. In the glass tube, soap bubbles move with different
velocities depending on the volume flow during the drying
process of the SPE disk. The gas flow meter is in-line with
the SPE disk holder and the water jet pump and in the case
of vacuum drying arranged also by this order.

For the experiments, the volume flow was determined for
the original C18 SPE disks and during the drying process.
Before determining the volume flow for the latter one, SPE
disks were twice conditioned with 4 mL acetone and 4 mL
water (contact time, 1 min), and 50 mL tap water was
enriched to simulate the enrichment process.

Water residue in SPE disks during the drying process

The water residue in extraction disks was determined for
four kinds of SPE disks during the drying process. At the
beginning, the extraction disks were conditioned twice with
6 mL acetone and 6 mL water (contact time, 1 min) fol-
lowed by the enrichment of ca. 1 L tap water or blank water
(50 mL/min). Afterwards, the SPE disks were dried by
vacuum for max. 60 min. The water residue was determined

Solvent exchange

Final volume

Step 3: Drying

Residual water

Step 4: Elution

Step 5: Concentration

Step 6: GC Analysis

Choice of Eluent

Recovery

Choice of method
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Fig. 1 Parameters influencing
residual water formation and
effects of residual water on
subsequent steps of SPE
procedure and analysis
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by weighing the SPE disk during the drying process and
subtracting the weight of the original SPE disk.

Influence of the drying time on the effectiveness
of the elution step

The Bakerbond Speedisk Extraction Disk C18 was condi-
tioned twice with 6 mL acetone and 6 mL water (contact
time, 1 min) followed by the enrichment of ca. 1 L of a
spiked blank water sample within 30 min. Afterwards, the
SPE disk was dried for 7 or 60 min, respectively. Subse-
quently, the analytes were extracted three times with 3 mL

acetone (contact time, 1, 5, 1 min). Finally, 100 μL of the
volumetric standard (2.1 mg/L) were added to the combined
eluates and analysed by GC-MS. Every variation of the
drying time was investigated for three samples (n03).

Recoveries of different elution solvents
(with and without sediment)

The Varian SPEC C18 SPE disk was conditioned analogous-
ly to the investigation of the influence of the drying time on
the effectiveness of the elution step. Afterwards, ca. 1 L
blank water spiked with analytes or 500 mg certified

Fig. 2 Volume flow using the
original and dry C18 SPE disk
and during the drying process
of both C18 SPE disks of J. T.
Baker and Varian Inc.

Fig. 3 Measured amount of
residual water in extraction disk
during drying of different SPE
disks
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sediment was enriched on the SPE disk, followed by drying
the extraction disk for 30 min. Then, the analytes were
extracted four times with 4 mL of an organic solvent (ace-
tone, ethyl acetate, dichloromethane, n-hexane or tetrahy-
drofuran; contact time, 5 min, each). After the addition of
100 μL volumetric standard (2.1 mg/L) to the combined
eluates, the extract was concentrated to 1.5 mL at 40 °C
(water bath) in a gentle stream of nitrogen. Finally, the
eluates were analysed by GC-MS. Every elution solvent
was investigated twice (n02), and additionally, a blank
sample was investigated. The sediment spiked samples were
investigated once (n01).

Influence of water on GC-MS analysis

A reference solution of all investigated analytes, internal
standards and volumetric standard (1,120–100 μg/L) was
spiked with 0% vol., 10% vol. and 20% vol. water and
analysed by GC-MS.

GC-MS analysis

The eluates and solutions were analysed by a GC 6890/
MSD 5973 of Agilent Technologies equipped with a cooled
injection system (CIS 4) by Gerstel GmbH & Co. KG. The
analytes were ionised in electron impact ionization mode
(EI, 70 eV) and detected in selected ion monitoring. The
compounds were identified by their retention times and up
to four selected mass to charge ratios (m/z-ratio). One m/z-
ratio was used for quantification. Separation was performed
by a Zebron ZB5 ms (30 m×0.25 mm×0.25 μm) capillary
column by Phenomenex Inc.. Helium was used as carrier
gas at a constant flow of 1.0 mL/min. After the injection of
1 μL solution to be investigated, the CIS temperature was
increased with 12 °C/s from 80 °C (0 min) to 300 °C and
hold for 5 min. The injection was carried out in splitless
mode by a splitless time of 0.5 min, a purge flow of
10 mL/min and a purge time of 2.00 min (gas: nitrogen).
For the GC separation, the oven temperature was increased
with 10 °C/min from 50 °C (0 min) to 300 °C, and the
temperature was held for 5 min. The total runtime amounted
to 30 min. The temperature for the transfer line and the ion
source were set to 280 °C and 230 °C.

Results and discussion

Drying

The drying step is an important and significant process step
in SPE and follows the extraction of the water sample
(Fig. 1). One important factor influencing the drying process
is the volume flow. This was investigated with two setups

that differed only in the SPE disk types and therefore in the
fixation of the sorbent. The results show that the measured
volume flow through the original, non-conditioned Baker-
bond Speedisk Extraction Disk C18 was 2 L/min less than
the volume flow through the Varian SPEC C18 SPE disk in
spite of applying the same vacuum on the SPE systems. For
the Varian SPEC C18 SPE disk, a volume flow of
5.8±0.2 L/min (relative standard deviation (RSD)04%,
n04) was determined leading to a vacuum pressure of −54±
10 mbar for the original extraction disk. For the Bakerbond
Speedisk Extraction Disk C18, a volume flow of 3.8±0.1 L/
min (RSD03%, n04) was measured leading to a vacuum
pressure of −173±10 mbar. These differences were attributed
to the SPE disk type and the fixation of the sorbent. In the
Varian SPEC C18 SPE disk, the C18 phase material is bound to
silica particles that are woven into fibreglass, and the disk is
clamped like a filter in a filter apparatus in the SPE system by
Varian Inc. [26, 27]. In contrast, loose C18 phase material is
used for the Bakerbond Speedisk Extraction Disk C18. The
SPE disk is constructed similar to a normal SPE cartridge but
with a larger diameter [27, 28].

Pressure and volume flow also differ for both SPE sys-
tems during the drying process of wet extraction disks
(Fig. 2). This is again due to the different SPE disk types
and fixation of the sorbent. Furthermore, in spite of appli-
cation of a constant working vacuum pressure system, the
real pressure increases by 100 to 200 mbar and the volume
flow increases on average by about 1.3 L/min during the
drying process. These observations can be explained by the
decreasing amount of water in the sorbents and therefore the
decreasing resistance to the gas flow during the drying
process. The different change of the volume flow of the
SPE disks over time is also caused by the different SPE disk

Table 1 Recoveries after different drying times using Bakerbond
Speedisk Extraction Disk C18 and acetone (3×3 mL; contact time, 1,
5, 1 min) as eluent (n03)

Substance 7 min drying
time (%)

60 min drying
time (%)

1,3,5-Trichlorobenzene 81±3 64±3

1,2,4-Trichlorobenzene 87±4 76±3

Naphthalene 101±4 88±1

Hexachlorobutadiene 54±1 48±4

1,2,3-Trichlorobenzene 83±5 76±4

Acenaphthylene 93±5 88±2

Acenaphthene 95±4 90±4

Pentachlorobenzene 81±3 76±6

Fluorene 93±5 93±4

Trifluralin 88±3 79±3

Hexachlorobenzene 76±2 70±5
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types. Theoretically, the volume flow should be constant,
when the extraction disks are dry again. Figure 2 shows a
nearly constant volume flow for the Varian SPEC C18 SPE
disk after ca. 10 min drying. Despite being constant, the
volume flow of the previously wet SPE disks did not nearly
reach the volume flow for both SPE disk types of the
original dry extraction disk within 45 min. This suggests
that the phase material is irreversibly altered during the steps
of conditioning and enrichment.

From these data, it is also possible to estimate the total
gas volume for a definite drying time, by plotting the gas

volume against the drying time considering the increasing
volume flow for both investigated extraction disks. The
dependencies of the gas volumes from the drying time can
well be described by polynomial regression functions (co-
efficient of determination>0.99) (Electronic supplementary
material Fig. S1). The gradients of the functions correspond
to the volume flows of the extraction disks. Therefore, it is
not surprising that the needed gas volume for the drying
process depends on the used SPE disk types in addition to
the volume flow. For a drying time of 30 min, the total gas
volume for the Varian SPEC C18 SPE disk amounts to 102 L

Fig. 4 Recoveries using
different organic eluents (4×
4 mL; contact time, 5 min,
each) relative to the recoveries
of acetone using Varian SPEC
C18 SPE disk and a drying time
of 30 min (n02)
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and for Bakerbond Speedisk Extraction Disk C18 only to
56 L. In practice, the needed gas volumes are considerably
smaller, because the drying time amounts only to a few
minutes (3–7 min [17, 29–35]) in most published methods.

Nevertheless, in practice, it may be important to know
which time period is necessary to totally dry the extraction
disk. To find these out, the residual water in the extraction
disk was determined by weighing the SPE disks at different
drying times and for different SPE disk types (Fig. 3). For
all examined SPE disks, the water contents decrease for
increasing drying time similar to the investigation of van
Hout et al. [21], but with different rates for the various disk

types. This effect was also observed for SPE cartridges by
Chee et al. and by Molina et al., but they did not further
investigate it [16, 36]. Figure 3 shows that the Varian SPEC
C18 SPE disk dries faster than the Bakerbond Speedisk
Extraction Disk C18. After a drying time of 10 min, the
water content in the Bakerbond Speedisk Extraction Disk
C18 is nearly twice as high as in the Varian SPEC C18 SPE
disk. Only after 50 min the values converge. As also men-
tioned above, this is due to the construction principle of the
extraction disks. However, this is not the only reason for
different drying rates. The water content in the Bakerbond
Speedisk Extraction Disk H2O Phobic DVB is always

Fig. 4 (continued)
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smaller than in the Bakerbond Speedisk Extraction Disk
C18, in spite of the same construction principle. This verifies
that the type of sorbent plays a role in the drying process,
too. Furthermore, the amount of phase material influences
the drying process as evident from the different drying rates
for the Bakerbond Speedisk Extraction Disk H2O Phobic
DVB–hc and the Bakerbond Speedisk Extraction Disk H2O
Phobic DVB. The amount of phase material for the hc
extraction disk is twice as large as for the non-hc extraction
disk. As demonstrated in Fig. 3, at any drying time, the
residual water content is always higher in the DVB–hc SPE
disk than in the DVB SPE disk. However, the water content
cannot be correlated to the amount of phase material. Within
the first 30 min, the water content of the DVB–hc SPE disk is
only 1.3 times higher in relation to the DVB SPE disk. In
Fig. 3, it is also shown that most water is evaporated after
30 min. Then, the water content is reduced further in very
small steps. After a drying time of 30 min, ca. 100 μL water
remained in the Varian SPEC C18 extraction disk. However,
further tests demonstrated a strong fluctuation of the residual
water despite constant drying conditions as mentioned for
SPE cartridges by Kiss et al. and Gessner et al. [15, 25]. The
average residue of water amounts to 280(±130)μL (n016,
RSD050%) and varies between 13 and 460 μL after a drying
time of 30 min for the Varian SPEC C18 extraction disk. The
fluctuations cannot be correlated to the dry weight of the
extraction disk (869±9 mg, RSD01%, n016) for the Varian
SPEC C18 SPE disk and therefore to the amount of phase
material. This makes it very difficult to keep the content of
water in the eluates constant or at a level near zero.

Furthermore, the residual water volume in the extrac-
tion disk is also influenced by SPM. During the extrac-
tion of real water samples, SPM is collected on top of
the extraction disk. Then, water can also be trapped
within or between sediment particles. The amount of
residual water depends on the kind and amount of SPM
(data not shown). Therefore, it may be necessary to
extend the drying time caused by possible stronger fluc-
tuations in presence of a larger amount of SPM [37]
compared with samples without SPM.

Certainly, the disadvantages of longer drying times are the
high expenditure of time [5, 21] and the possible loss of
volatile compounds. Volatile compounds could evaporate dur-
ing the drying process and hence reduce recoveries. This was
validated for the examined analytes by varying only the dry-
ing time. Indeed, for the most volatile compounds (here:
substances with a partitioning coefficient log Kacetone−air<6.9
as calculated by a polyparametric linear free energy relation-
ships based on Abraham’s linear solvation energy relation-
ships theory [38]; personal communication with S. Endo
(2011)), i.e. trichlorobenzenes, naphthalene and acenaphthy-
lene, lower recoveries were obtained at a longer drying time,
but for none of the other compounds evaporative losses were

observed (Table 1 and Electronic supplementary material
Table S1).

Thus, the drying process is influenced by the fixation of
the sorbents or disk type, the pumping settings, the type of
sorbent, the amount of sorbent, the SPM and, of course, the
drying time (Fig. 1).

Elution und concentration

The subsequent elution step is influenced by residual water
and takes place after the drying of the SPE disk (Fig. 1).
Depending on the organic eluent used, residual water may

Table 2 SPE disk extraction of water samples spiked with 500 mg
PAH Loamy Clay 1 and eluted with ethyl acetate and acetone (4×
4 mL; contact time, 5 min, each) using Varian SPEC C18 SPE disk and
a drying time of 30 min

Ethyl acetate
(ng/g)

Acetone
(ng/g)

Certificate
(ng/g)

Naphthalene 129 168 464±118

Acenaphthylene 8 11 53±31.9

Acenaphthene 3 5 29.9±19

Fluorene 30 32 408±125

Alpha-HCH 26 25 37.1±9.77

Hexachlorobenzene 16 16 36.5±8.34

Beta-HCH 11 12 21.1±6.05

Gamma-HCH 7 9 9.5±2.13

Phenanthrene 585 618 660±102

Anthracene 50 59 15±9.91

PCB 28 21 24 44.9±9.78

PCB 52 34 35 64.6±12.5

Aldrin 7 7 16.2±3.95

Fluoranthene 385 388 557±87.1

PCB 101 21 24 45.7±9.24

Pyrene 78 77 331±93.4

p,p′-DDE 11 10 18.8±3.64

Dieldrin 16 15 25.7±5.9

o,p′-DDT 18 21 43±11.2

PCB 153 22 23 41.3±6.5

p,p′-DDT 5 4 10.2±3.74

PCB 138 33 35 63±10.6

Benzo[a]anthracene 222 259 338±78

Chrysene 205 214 376±38.8

PCB 180 27 29 54.7±8.9

Benzo[b]fluoranthene 154 218 210±23.9

Benzo[k]fluoranthene 186 192 300±34.4

Benzo[a]pyrene 22 26 65.3±22

Indeno[1,2,3-c,d]pyrene 315 321 235±35.4

Dibenzo[a,h]anthracene 256 271 294±34.9

Benzo[g,h,i]perylene 57 61 139±29.7
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not be fully miscible with it. This is the case, for example,
for n-hexane, and can reduce recoveries and affect repro-
ducibility [15, 16, 18]. In this study, five eluents, namely
acetone, ethyl acetate, dichloromethane, n-hexane and tet-
rahydrofuran were tested. For these, no phase separation
was observed in the absence of SPM. Tetrahydrofuran
proved not suitable as eluent due to low recoveries (not
shown) and many interfering peaks in subsequent gas
chromatography. As shown in Fig. 4, lower recoveries
were determined for n-hexane compared with acetone,
ethyl acetate and dichloromethane. Some of the target
compounds could not be detected with n-hexane as

eluent, e.g. atrazine. In comparison with n-hexane, the
differences among acetone, ethyl acetate and dichloro-
methane as eluents are small but noticeable. They show
different elution strengths for the different substance
groups except for PCBs. Ethyl acetate appears to be
the best eluent for the highly volatile compounds (log
Kacetone−air<6.9), e.g. hexachlorobutadiene, dichlorome-
thane for the lower volatile analytes (log Kacetone−air>
10.8) and acetone and ethyl acetate are comparable for
all other target compounds (6.9<log Kacetone−air<10.8).
For example, the best of the five eluents for the two
highest volatile PAHs (log Kacetone−air<6.9) is ethyl

Fig. 5 Average peak area
depending on the water content
of the injected solution relative
to 0% water (n04)
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acetate, for the middle volatile PAHs (6.9 < log
Kacetone−air<10.8) is acetone and for the lower volatile
PAHs (log Kacetone−air>10.8) is dichloromethane (Fig. 4).
The recoveries of acenaphthylene and acenaphthene
with dichloromethane were only 35% of that with ace-
tone. Therefore, dichloromethane is not suitable for the
investigation of all PAHs.

In absence of SPM, ethyl acetate seemed to be a good
compromise for all investigated target compounds (Fig. 4),
including the examined pesticides. However, in presence of

500 mg certified sediment, a phase separation was observed
when ethyl acetate was used and a higher vacuum was
needed to suck the solvent through the SPE disk as de-
scribed by Kiss et al. [15]. This is attributed to the additional
trapped water in sediment, as mentioned above. To avoid the
reduction of residual water by longer drying times, it is also
possible to change the eluent. When using acetone instead
of ethyl acetate, no problems appear due to the good mis-
cibility of acetone and water [39]. Also, the recoveries when
using acetone are similar or slightly higher than to those

Fig. 5 (continued)
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with ethyl acetate (Table 2). When processing surface water
samples, the presence of SPM can not be avoided, therefore,
the use of acetone instead of ethyl acetate is recommended.

Frequently, elution is followed by a solvent concentration
step to achieve an even higher enrichment factor and subse-
quently lower detection limits. It quickly became apparent
during the implementation of the procedure that the concen-
tration step is heavily influenced by residual water. Basically,
the concentration process is limited by the subsequent analyt-
ical method due to their respective limitation of residual water
in the final concentrate. Although water can be further re-
moved from the eluate, this often is associated with harsh
conditions leading to evaporative losses or the destruction of
individual analytes. This could be demonstrated when concen-
trating the eluate to a final volume smaller than 1 mL. The
residual water may also limit any solvent exchange during the
concentration step, if the residual water is not miscible with the
replacing organic solvent. Furthermore, the content of residual
water in the eluate may alter the viscosity of the final concen-
trate. It may influence further evaporation of solvent and often
lead to low recovery of analytes.

This demonstrates that the elution as well as the follow-
ing concentration step in SPE sample preparation is strongly
influenced by the preceding drying step (Fig. 1).

Analysis

In this study, the eluates were analysed by GC-MS. As dem-
onstrated above, the SPE method cannot fully prevent water
from entering the GC column. However, the used Zebron
ZB5 ms capillary column is a cross-linked and non-polar
stationary phase, and therefore is suitable for injection of
eluates containing water [23]. Carry-over is prevented due to
high end temperatures of the cold injection system and the gas
chromatograph (300 °C, 5 min, each). To exclude other effects
caused by residual water, the same GC-MS reference solution
was studied with different contents of water. The sensitivity of
detection for the investigated analytes is hardly affected by the
water content except for the less volatile PAH (Fig. 5). These
are strongly influenced, and the peak areas considerably de-
crease with increasing amount of water. This trend was also
observed for other analytes, for example, the trichloroben-
zenes, but not as pronounced. On the other hand, the opposite
was noticed as well, e.g. for triazines. For these substances,
sensitivity slightly increases with an increasing amount of
water. In the literature, no similar observation has been
reported so far, and it cannot be explained till now. The effect
could not be related to any molecular or physical parameter
such as polarity, partitioning coefficient (for solvent-water or
solvent-air) or vapour pressure.

It has been shown that it is difficult to prevent the fluc-
tuation of the water content and therefore its influence on
the peak area. By the used eight internal standards,

deuterated PAHs and (deuterated and none deuterated) rare
organic compounds, it is not possible to compensate the
influence of water for the lower volatile PAHs (log
Kacetone−air>10.8). Thus, further deuterated standards of
lower volatile PAHs would be required. However, also for
the other analytes, the influence of water can only partly be
compensated.

Conclusion

This study shows that residual water from the drying step
has a far-reaching influence on the development and the
results of an analytical method. Therefore, residual water
should be considered as one potential cause of failure, if a
SPE-based method is poorly performing.

The presented study provides a basis for further inves-
tigations and the further understanding and control of the
drying process. This is of high relevance for many analytical
investigations utilizing a SPE step.
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