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New Trends in Solid-Phase Microextraction 

Ralf Eisert and Janusz Pawliszyn* 
Department of Chemistry, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada 

* Author to whom correspondence should be addressed. 

ABSTRACT: Recently introduced solid-phase microextraction (SPME) method has been ap- 
plied to many different applications including analysis of air, water, and soil. both organic and 
inorganic target analytes. Several new devices based on SPME were developed to facilitate the 
application for air monitoring, integrated sampling, fast gas chromatography, solid-phase 
microextraction coupled to high-performance liquid chromatography, on-line screening systems, 
and automation of the entire sample preparation apparatus. This paper discusses recently pub- 
lished SPh4E methods in this field to outline the high potential of this unique microsampling 
technique. In addition, solid-phase microextraction is compared to classical sample preparation 
methods to demonstrate the advantages of this micro technique and new application fields of this 
technique. 

KEY WORDS: solid-phase microextraction (SPME), environmental samples, automation, (fast) 
GC, microcolumn separations, LCNS, pesticides, air analysis, on-line screening, field analysis, 
HPLC. 

1. INTRODUCTION 

To date solid-phase microextraction 
(SPME) has been applied for many different 
areas in analytical chemistry [l]. The basic 
concept of SPME was first described by 
Belardi and Pawliszyn [2]. This new extrac- 
tion technique is based on the partitioning of 
the analyte between the extracting phase 
immobilized on a fused-silica fiber and the 
matrix (air, water, etc.). After equilibrium is 
reached or a well defined time the absorbed 
compounds are thermally desorbed by ex- 
posing the fiber into the injection port of a 
gas chromatograph or redissolved in an or- 
ganic solvent, respectively, if coupled to 
HPLC. The technique was made practical by 
placing the fiber in a microsyringe [3] which 
was commercialized in 1993 by Supelco as 
SPME device illustrated in Figure 1. The 
initial work on solid-phase microextraction 

was exclusively done by SPMEEC cou- 
pling [3-91. In 1995 the first interface for 
S P W L C  coupling was described [lo]. 
Within the first years from the introduction 
of SPME it was mainly used for new analyti- 
cal methods using this simple and easy ex- 
traction method. The early applications in- 
cluded air, water and soil analysis [6,11,12]. 
To date, SPME is mainly used with a manual 
SPME device coupled to GC. New devices 
are capable to perform the entire analysis 
including the sample preparation fully auto- 
mated which significantly increases the 
throughput of the analytical method. Auto- 
mation of the entire SMPJYGC system was 
achieved by modifying a commercial GC 
autosampler [4,13]. Furthermore, mathemati- 
cal models were developed to describe the 
m a s  transfer onto the fiber and diffusion 
phenomena which determine the kinetics of 
extraction’s [ 131. However, the most appli- 
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FIGURE 1. Schematics of the SPME fiber and exposure. From reference [I]. With permission. 

cations of SPME are still based on the manual 
device. Insufficient temperature control and 
a lack for agitation techniques slowed down 
the initial rapid growth of automated S P W  
GC applications. Within the past two years, 
many new devices and coupling techniques 
were developed to overcome initial prob- 
lems, e.g., agitation for the automated SPME 
device [ 141, field portable devices [15], and 
analysis of thermally labile organic com- 
pounds by successful automated hyphenation 
to HPLC 1161 and inorganic target analytes 
[ 17- 1 91. 

This review summarizes all recently 
published articles covering the above men- 
tioned new topics where SPME methods are 
successfully established. It mainly focuses 
on new applications in environmental and 
biomedical analytical chemistry, automated 

SPME, interfacing to HPLC, automated in- 
tube SPME/HPLC, calibration techniques 
based on physico-chemical properties of the 
target compounds, analysis of soil samples, 
SPME-LCMS of sludge samples, field sam- 
pling devices, on-site analysis and automated 
on-line systems. Solid-phase microextraction 
is not restricted to screening purposes. Dif- 
ferent calibration methods are leading to a 
high precision in quantitative analysis. The 
fast transfer of the sample from the extrac- 
tion to separation and detection underlines 
its high potential for applications where the 
storage time of classical extraction and 
sample preparation techniques failed to de- 
termine the sample composition. A new area, 
real-time analysis, which is an important 
aspect for flavor and perfume analysis opens 
a wide application field for SPME methods. 
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Furthermore, the simple handling of the en- 
tire solvent-free sample preparation technique 
should be considered a main advantage when 
on-site and field analysis is under investiga- 
tion. SPME provides unique characteristics 
when sampling and determination of target 
compounds in remote areas andor instant 
decisions (accidents) or proof (forensic) data 
are recommended. 

II. THEORY 

The theory of solid-phase micro- 
extraction covers the principal processes of 
SPME applying basic fundamentals of ther- 
modynamics and mass transfer. The simpli- 
fied mathematical relations which are re- 
ported in more detail in the literature [1,5] 
will be briefly discussed here to provide in- 
sight and practical help for method optimi- 
zation. The theory was initially developed 
for ideal extraction conditions which are very 
accurate for trace concentrations and simple 
matrices like air and groundwater, however, 
they can be used for more complex and het- 
erogeneous matrices to a first approxima- 
tion. 

A. Kinetics 

The extraction time can be estimated by 
solving differential equations describing mass 
transfer conditions in the system. The kinet- 
ics of the extraction process determines the 
speed of extraction. The theory of mass trans- 
port is mostly based on Fick's second law of 
diffusion describing mass balance in a dy- 
namic system [20]. 

1. Direct Extraction 

A typical exposure of the fiber when 
sampling semi- and non-volatile compounds 
is direct extraction from a homogeneous 

aqueous phase. In theory there is no 
headspace present. Practically there is al- 
ways a small headspace volume in the sam- 
pling vial, which shows no significant dete- 
rioration of the analytes in the aqueous phase. 
Under perfect agitation conditions, e.g., 
magnetic stirring, the aqueous phase moves 
very rapidly with respect to the fiber. Theo- 
retically all analyte molecules present in the 
sample should have easy access to the fiber 
coating. The time to reach equilibrium is 
significantly lower compared to the same 
experiment done for static (no agitation) 
conditions. Figure 2 shows a typical result 
obtained when both exposure techniques are 
compared. In this case the equilibration time 
for compounds with higher coatinglsample 
distribution constants, &, values, such as 
parathion, is reduced from more than 2 h to 
35 min (see Figure 2). From the theory [5] 
the time required to reach equilibrium is 
infinitely long. However, in practice a change 
in mass extracted cannot be determined if it 
is smaller than the experimental error, which 
is typically 5%. Thus, the equilibration time 
is assumed to be achieved when 95% of the 
equilibrium amount of the analyte is extracted 
from the sample. 

Independently from the agitation level 
and method (magnetic stirring, fiber vibra- 
tion, flow-through cell, etc.), fluid contact- 
ing a fiber's surface is always stationary, 
and as the distance from the fiber surface 
increases, the fluid movement gradually in- 
creases until it corresponds to the bulk flow 
in the sample. The model describing the mass 
flow is using this boundary layer concept [5] 
assuming that in a defined zone surrounding 
the fiber no convection occurs and perfect 
agitation is everywhere in the bulk solution. 
This static layer is called a Prundtl boundary 
layer (see Figure 3) [21]. The thickness of 
the Prundtl boundary layer depends on the 
agitation speed and viscosity of the fluid. 
Thus, agitation methods are very successful 
in reducing the thickness of the layer which 
determines the mass transfer into the fiber 
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Absorption-time profile for s-triazines 
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FIGURE 2. Absorption-time profiles for four s-triazines and parathion using (a) static absorption conditions 
and (b) fiber vibration method (for 2 ml vials). The equilibrium is reached substantially faster for agitation 
techniques. From reference [57]. With permission. 
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FIGURE 3. Boundary layer concept. From reference [I]. With permission. 
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coating. Thus, the equilibration time is sig- 
nificantly decreased. 

2. Desorption 

After the extraction of the analytes is 
complete, the fiber containing the analytes is 
transferred to the injection port of a GC or 
HPLC instrument. During the desorption 
process, the analyte diffuses from the coat- 
ing into the stream of carrier gas (GC) or the 
solvent fluid (HPLC). The desorption pro- 
cess is inverse to the absorption from a well- 
agitated solution. The initial concentration 
in the fluid should be zero and a high linear 
flow rate surrounding the fiber is necessary 
to fulfill these requirements. The high linear 
flow is important for instant removal of the 
analytes from the vicinity of the coating. 
Practically these requirements can be 
achieved inside a very narrow insert placed 
in the heated GC injector or a narrow tube 
used for the injection chamber when SPME 
is coupled to HPLC. In practice however, 
the flow of the mobile phase has an finite 
value reducing the desorption process. 

8. Thermodynamics 

SPME is a multiphase equilibration pro- 
cess. In many cases the extraction system is 
very complex, such as an aqueous sample 
containing suspended solid particles includ- 
ing various adsorption interactions with 
analytes plus a gaseous headspace. The sys- 
tem can be simplified by initial assumptions 
which characterize the system significantly. 
The amount extracted by the fiber at equilib- 
rium conditions can be derived from ther- 
modynamic principles. The detailed model is 
discussed in the literature [1,7]. The amount 
absorbed on the fiber, n, can be expressed by: 

where C, is the initial concentration of the 
analyte in the matrix; V,, V, and V, are the 
volume of the sample, the headspace and the 
coating and li4,, & are defined as the coat- 
ing/sample and headspace/sample distribu- 
tion constants. The Equation (1) states, as 
expected from the equilibrium conditions, 
that the amount of analyte extracted is inde- 
pendent of the location of the fiber in the 
system. It may be placed in the headspace or 
directly in the sample as long as the volume 
of the fiber coating, headspace, and sample 
are kept constant. For aqueous samples with 
no headspace the equation can be simplified 
to: 

Both Equations (1 and 2) describe the 
mass absorbed by the polymeric coating af- 
ter equilibrium has been reached. For a first 
approximation (Kf, is small) Equation 2 can 
be further simplified: 

n = KfsVfCo (3) 

For large sample volumes (V, (qS Vd 
the amount extracted is directly proportional 
to the initial concentration C, in the sample. 
It should be emphasized that for compounds 
with high hS values the sample volume, V,, 
significantly contributes to the amount ex- 
tracted. Thus, this first approximation is not 
valid. The fact is more important if SPME 
will be used to determine physico-chemical 
data such as Kfs values of the compounds. 

C. Quantitation 

The fiber blank will verify that neither 
the instrument nor the SPME apparatus is 
contaminated by analytes or interfering com- 
pounds. The amount absorbed by the fiber 
coating can be expressed by the equations 
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shown above. Depending on the exposure 
and matrix which is used the equation can be 
simplified. In practice, different calibration 
methods are applicable to SPME. The exter- 
nal calibration can be easily applied for ho- 
mogenous and very clean samples such as 
air or groundwater [22,23]. Using equilib- 
rium conditions, and knowing the Kf, values 
of the compounds, the initial concentration 
can be determined. For complex matrices or 
variable matrix composition standard addi- 
tion techniques which compensate the ma- 
trix effect or isotopically labeled standards 
should be used which typically show a higher 
precision and more reliable data [24]. For 
non-equilibrium conditions and unknown GS 
values of the compounds the system can be 
calibrated using spiked (aqueous) samples. 
However, matrix effects are not compen- 
sated in this method which is limited to very 
clean samples. 

1. LTPRl for Air and Water 

In addition to experiment the external 
calibration can be performed using physico- 
chemical parameters or chromatographic 
results. The concept of retention indexes 
from linear temperature-programmed GC 
can be applied to estimate airkoating dis- 
tribution coefficients and calibrate the 
SPME method based on a single injection 
[25,26]. In this approach the column phase 
is identical to the SPME coating [25]. It 
was successfully applied to the analysis of 
organic compounds in air [25] and water 
[27]. The calibration technique is based on 
a simple concept which is used to estimate 
distribution coefficients (Ga) between the 
matrix (air) and the poly(dimethylsi1oxane) 
SPME fiber coating. The technique uses 
the linear temperature-programmed reten- 
tion index system (LTPRI). A linear rela- 
tionship (r2 = 0.99989) between the log K 
for a series of compounds (n-alkanes) 
and LTPRI was determined [25] see Equa- 
tion 4: 

(4) log K = a + b( LTPRI) 

where a is the y-intercept and b the slope of 
the calibration curve (detector response). 

Thus, the K value of an unknown com- 
pound can be established in a single GC run. 
Determination of the LTPRI of this com- 
pound leads automatically to its K value. 
The concept was developed for 29 iso- 
paraffinic compounds and a group of 33 
aromatic compounds and applied for deter- 
mining a complex mixture of gasoline [25]. 
The results obtained were compared to stan- 
dard procedures and showed identical re- 
sults. 

111. OPERATING PRINCIPLES AND 
OPTIMIZATION PROCESS 

A. Extraction Modes 

The details of optimization process are 
discussed in Reference [l]. Based on the 
sample matrix, analyte volatility and its af- 
finity to the matrix, the extraction mode 
should be selected. In general, there are three 
different exposure techniques: headspace or 
air, direct sampling from the aqueous phase 
and direct exposure using membrane pro- 
tected extraction [28]. For very volatile com- 
pounds (VOCs) such as BTEX or Purgeables 
direct air sampling or headspace sampling 
can be considered. Headspace is preferred 
due to faster equilibration times. The selec- 
tivity is higher when dirty samples are ana- 
lyzed. Clean aqueous samples such as 
groundwater can be extracted in the direct 
extraction mode especially if semi- and non- 
volatile compounds will be extracted. For 
very dirty samples the fiber can be pro- 
tected using a membrane protection. Table 
1 summarizes the criteria for the right se- 
lection of the fiber coating. For aqueous 
samples, very polar compounds such as 
strong acids and bases are very difficult to 
extract. The adjustment of the pH value and 
addition of salt can be considered to extract 
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TABLE 1 
Sampling Mode Selection Criteria 

Sampling mode Analyte property Matrices 

Direct Medium to low volatility Gaseous samples, 
Liquid (preferably simple) 

Heads pace High to medium volatility Liquid (including complex), soils 

Membrane protection Low volatility 

these compounds which have a high affin- 
ity toward the matrix. 

1. Coatings 

To date (spring 1997), several different 
coating materials are available from 
Supelco. There are three different poly 
(dimethylsiloxane) (PDMS) films of differ- 
ent thickness (7, 30, and 100 pm), 85 pm 
poly(acry1ate) (PA), 65 pm poly(dimethy1- 
siloxane)/divinylbenzene (DVB), 75 pm 
CarboxenPDMS, 65 pm Carbowax/DVB, 
and 50 pm Carbowaxhemplate resin fibers. 
For the right selection of the polymer coat- 
ing the general principle of “like dissolves 
like” applies. PDMS coated fibers are typi- 
cally the first choice. They are very rugged 
and liquid coatings are used as GC station- 
ary phases withstanding temperatures up to 
300°C. This coating is apolar showing a 
high affinity for non-polar compounds. Very 
thin fiber coatings should be used when- 
ever the sensitivity is sufficient. The ex- 
traction time is shorter for a thinner coating 
and smaller distribution constants of the 
analytes. The PA fiber shows a high affin- 
ity for polar compounds such as phenols [8] 
and polar pesticides [23]. PA is a solid 
polymer, thus the equilibration times are 
higher compared to the liquid PDMS fi- 
bers. The mixed phase coatings are more 
suitable for volatile compounds. The take- 
up of this fibers is significantly higher com- 
pared to PDMS. When changing from 
PDMS to Carbowax using the mixed phase 

Complex samples 

coatings more polar analytes can be ex- 
tracted such as ketones and alcohols. 

2. Agitation 

The diffusion process in air is very fast 
and only limited by the diffusion in the 
coating compared to diffusion in water. 
Many volatile analytes reach equilibrium 
within 5 min when sampling from air or 
headspace. The equilibrium for semi-vola- 
tile compounds using direct exposure of the 
fiber to the aqueous sample takes up to 2 
hours under static absorption conditions. 
The equilibration time is significantly re- 
duced when agitation is applied during the 
extraction process [ 14,291. The effective- 
ness of the agitation process determines the 
equilibration time in aqueous samples. 
Magnetic stirring is the most commonly 
used agitation technique. However, one has 
to ensure that the rotation speed of the stir 
bar is constant and the base plate is ther- 
mally isolated from the vial containing the 
sample. Otherwise, heating of the sample 
might result in loss of precision. 

Headspace sampling is very fast and 
magnetic stirring does not affect the diffu- 
sion from the headspace to the fiber, how- 
ever, when the concentration in the 
headspace is significantly reduced by the 
SPME fiber exposure, the mass transport 
between the aqueous sample and the 
headspace slows down the extraction pro- 
cess. Agitation facilitates the equilibrium 
between the headspace and the aqueous 
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phase during the SPME sampling, thus re- 
ducing the depletion of the headspace con- 
centration. 

The alternatives which will be discussed 
in detail further below should be considered 
especially for automated or on-line systems 
such as fiber vibration and flow-through cell 
design facilitating a high linear flow at the 
fiber surface [14]. The fiber vibration tech- 
nique is implemented by Varian in the new 
agitated SPME autosampler for GC. 

3. Optimizing Extraction Conditions 

To achieve a high precision of the SPME 
method the conditions including tempera- 
ture, pH, salt concentration, sample volume, 
and the extraction time should be standard- 
ized. This is more important if real samples, 
like surface water, have to be analyzed where 
these parameters may vary. The following 
chapter briefly summarizes parameters which 
can significantly affect the extraction yield. 

a. Temperature 

The temperature affects both the sensi- 
tivity and the extraction kinetics. The in- 
crease in the extraction temperature causes 
an increase in the extraction yield, but si- 
multaneously a decrease in the distribution 
constant. The temperature and especially the 
control of the temperature is very important 
for air and headspace analysis. An internally 
cooled fiber SPME device was developed by 
Zhang et al., which eliminates the sensitivity 
loss 1301. This device is not commercially 
available and reduces the selectivity of the 
fiber coating. The device is operated like a 
“cooled finger” leading to exhaustive ex- 
traction conditions. 

the salt concentration. In general, the amount 
extracted increases with increasing salt con- 
centration in the aqueous phase and increased 
polarity of the compound. The sensitivity 
can be significantly increased for polar 
analytes such as triazine pesticides by a fac- 
tor of up to ten [14]. 

The dissociation equilibria in the aque- 
ous phase are strongly affected by the pH 
adjustment. The adjustment of the pH in the 
aqueous sample can improve the sensitivity 
for acid and basic analytes. The decrease of 
the pH results in concentration increase of 
basic species present in the sample. In prac- 
tice, it is very difficult to implement large 
pH change with the direct extraction ap- 
proach since high and low pH damages the 
coating. A typical range for varying the pH 
is 2 to 10. Appropriate buffer should be used 
to ensure high reproducibility if basic and 
acid compounds are present in the sample. 

4. Sample Volume 

The volume of the sample should be se- 
lected based on the estimated distribution 
constant &,. As expressed in Equation (1) the 
sensitivity is affected by the volume of the 
sample if the distribution constant of the 
analyte is very high. A large sample volume 
(10 ml) should be used when extracting com- 
pounds with high &, values. Furthermore, 
thin coatings should be considered to reduce 
the equilibration time for these analytes. To 
increase the sensitivity of headspace extrac- 
tion the volume of the gaseous phase should 
be minimized. Very volatile compounds will 
be accumulated in the headspace, resulting in 
a substantial loss in sensitivity when the 
headspace volume is large. Furthermore, a 
very precise evaluation of the volume is nec- 
essary if K values have to be determined [3 1 I. 

b. Salt Addition and pH Adjustment 
B. Desorption Interfaces 

Addition of salt such as NaCl and NaSO, 
can either increase or decrease the amount 
extracted depending on the compound and 

Two desorption techniques are used for 
SPME to transfer the absorbed amount from 
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the fiber coating to a chromatographic col- 
umn for separation and detection. For coup- 
ling to gas chromatography the fiber is ex- 
posed to the heated injection port of a GC 
and thermal desorption releases the analytes 
from the fiber. When coupled to HPLC, the 
fiber is placed in a small desorption cham- 
ber, a piece of HPLC tubing, where desorp- 
tion into an organic solvent releases the com- 
pounds from the coating [10,32]. 

1. Thermal Desorption in GC 

A narrow bore insert is required for fast 
desorption using a splitless injector or a sep- 
tum-programmable injector (SPI). Hot on- 
column injection can be used in addition. 
The narrow bore insert sustains a high linear 
flow around the fiber during the desorption, 
thus reducing the desorption time. The high- 
est possible desorption temperature which is 
amenable for the target analytes and the fi- 
ber coating should be used for a fast transfer 
of the analytes. The injection band can be 
sharpened by using a thick film column, 
cryofocusing, or retention gap. Cryotrapping 
is necessary for a limited number of applica- 
tions. In general, a 1 pm thick column is 
sufficient for sharpening of the injection band 
width of volatile organic compounds. The 
fiber should be exposed immediately after 
the introduction to the insert and placed at 
the heated part of the injector (depth). Pos- 
sible carryover of unknown compounds with 
a high affinity to the fiber present in real 
samples can be easily removed when using 
a split/splitless injector. The sample intro- 
duction is performed in the splitless mode. 
After the desorption of the target analytes 
the fiber is still kept in the injector for an 
additional time operating the injector in the 
split mode (purge on). 

Supelco. It is based on the initial design [ 101 
used for coupling SPME with HPLC (loop 
type injection). The appropriate solvent se- 
lection and the flow determine the desorp- 
tion process. The manual SPME/HpLC in- 
terface uses the initial mobile phase 
composition for the desorption. The linear 
flow rate should be maximized by choosing 
a small ID tubing. This is very impo-t 
since the volumetric flow rate in HPLC 
is very low. The main disadvantage of this 
injection concept is carryover which is 
mostly related to desorption conditions. The 
elution power of the initial eluent composi- 
tion is not sufficient for a quantitative des- 
orption of the absorbed analytes, e.g., high 
molecular weight compounds (PAHs). Heat- 
ing of the interface might help to increase 
the driving force of desorption, but this is 
limited by thermal stability of the target com- 
pounds. In addition the desorption chamber 
can be filled with a pure organic solvent 
which increases the desorption power. How- 
ever, peak broadening might be increased, 
too. A complete separation of the sample 
desorption step from the transfer to the HPLC 
column can help to overcome these effects. 
This approach is used in the later discussed 
automated in-tube SPME system. Figure 4 
shows the instrumental setup for the manual 
SPME/HPLC interface. The commercial 
version is only slightly different from this. 
The number of different fibers available for 
SPME/HPLC is still limited. The coating 
used must be extremely inert to protect it 
during the desorption step. Crosslinked films 
are very stable during the desorption when 
exposed to organic solvents such as metha- 
nol. So far, a limited number of coating 
materials are available for SPME/HPLC 
which fulfill those criteria. The 7-pm PDMS 
fiber shows a high affinity to high molecular 
weight compounds such as PAHs. Increas- 
ing the desorption temperature (heating tape 
surrounding the desorption chamber) reduces 
carryover which is often determined for 
PAHs at ambient temperatures. The 50-pm 
Carbowax template resin fiber shows a high 

2. Solvent Desorption in HPLC 

For the manual SPME/HpLC a comer -  
cia1 interface is recently available from 
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I UV-VIS detector 

FIGURE 4. Instrumental setup of the manual SPMEfHPLC interface. From reference [lo]. With permission. 

efficiency for polar analytes such as polar 
carbamates. The PDMS fibers are showing 
the best long-term stability and sufficient 
ruggedness can be achieved. 

IV. AUTOMATION 

In the past, optimization of SPME meth- 
ods has mostly concentrated on the effects of 
matrix conditions such as the influence of 
pH, salt content of an aqueous sample, the 
presence of polar, low molecular weight 
solvents (e.g. methanol) [23], or humic ma- 
terial [33]; competition between main and 
trace compounds; and the use of agitation 
techniques 1141. For many applications au- 
tomation is very important. Sample prepara- 

tion techniques which cannot be automated 
are less often used for routine analysis, even 
if they offer other attractive features, like 
high selectivity or sensitivity. However, no 
suitable automation of the entire SPME 
method, especially for SPME-HPLC, is the 
most often cited disadvantage of SPME. To 
date, the applications of SPME-HPLC are 
all based on the manual device and interface. 
So far, SPME has been automated only for 
the GC sample preparation with static ab- 
sorption, fiber vibration, and direct aqueous 
or headspace sampling using a commercial 
G€ autosampler from Varian. 

Solid-phase microextraction is based on 
the equilibration of the analyte between the 
sample and the stationary phase of the SPME 
fiber, determined by the distribution con- 
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stant of the analyte. Therefore, the diffusion 
of the analyte into the polymer represents 
the most important step for the mass transfer 
in the fiber. The accumulation of analytes in 
the fiber is controlled by diffusion in the 
(aqueous) matrix and the diffusion into the 
fiber. Depending on the extraction condi- 
tions, i.e., dynamic mode, the diffusion in 
the aqueous sample becomes nearly negli- 
gible. Without intensive mixing of the aque- 
ous solution, the equilibration time increases 
considerably. In the static case, transport of 
the analyte is limited by diffusion in both the 
aqueous phase and the aqueous layer sur- 
rounding the fiber surface; during the ab- 
sorption process, the concentration outside 
this layer steadily decreases, thus reducing 
the mass transfer into the fiber. In the dy- 
namic case using agitation, a thin layer of 
water stiil remains on the surface of the fiber 
coating. Thus, the final equilibration time is 
determined by diffusion through this layer 
but no longer by the diffusion of the analytes 
in the aqueous sample. A typical example 
for the influence of intensive agitation of the 
aqueous solution on the extraction efficiency 
is shown in Figure 2. When using static ab- 
sorption conditions for the analysis only 
compounds with low coating/sample distri- 
bution constants, Kf, values, such as simetryn, 
reach equilibrium within 2 h (see Figure 2 
(a) curves). The equilibrium is reached for 
all four s-triazines after 35 min when using 
agitation during the absorption (see Figure 2 
(b) curves). Consequently, a high precision 
with RSD values below 5% was achieved. 

A. SPME-GC 

The fiber vibration method works very 
efficiently when using the small 2 ml vials. 
The results show a faster equilibrium for the 
2 ml vials than for the 16 ml vials. The 
vibration of the needle is transferred to the 
SPME fiber in the sample. Equilibrium was 
achieved for all five compounds within 35 
min when using the 2 ml vials. Even the 16 

ml vials show an efficient extraction, but it 
took more than 80 min for all compounds 
until the equilibrium was achieved. The fi- 
ber vibration method works very efficiently. 
Furthennore, we have to keep in mind that 
for these experiments there was no operator 
necessary. The entire SPME analysis is au- 
tomated completely for the fiber vibration 
method. This shows the great potential of 
this technique for routine analysis. The analy- 
sis of semi-volatiles such as pesticides seems 
to be a promising field for the automated 
SPME-GC technique. 

In general, the results obtained for the 
2 ml and 16 ml vials show a similar trend 
when using different extraction conditions, 
except for the total amount extracted [14]. 
Sonication is mentioned in addition to the 
extraction processes used in this study. As 
expected and shown in the past [29] it is a 
very efficient sample agitation technique for 
SPME. For example, very volatile organic 
compounds (VOCs) such as toluene, equili- 
brate in less than 1 min, which is very close 
to the theoretical prediction. The major dis- 
advantage of the sonication technique is 
sample heating during the extraction and the 
loss of analytes caused by sonication in- 
duced decomposition. To date, sonication is 
not available for automated SPME and the 
number of applications using sonication is 
negligible. 

The results of checking the precision for 
five repetitive injections (n = 5 )  when using 
the 2 ml vials are summarized in Table 2. 
During the 30 min absorption time, most of 
the investigated compounds reach their equi- 
librium under agitation conditions. The pre- 
cision obtained for the 2 ml vials when using 
the fiber vibration method can be considered 
optimal. The RSD was ~ 3 %  for all com- 
pounds when agitation was used. The results 
of checking the precision for five repetitive 
injections (n = 5) when using the 16 ml vials 
are summarized in Table 3. The precision 
obtained for static absorption cdnditions is 
as poor as observed for the 2 ml vials. For 
semi-volatile compounds such as s-triazines 
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TABLE 3 
Precision Achieved with Autosampler SPME-GWFID Method of Five Selected 
Pesticides using 2 ml and 16 ml Vials and Three Different Absorption Modes 

Precision (RSD [%I) 
Magnetic Fiber Magnetic Fiber 

NO, Compound Static. stirring vibration' Static9 stinjngb vibrationb 

1 Simetryn 0.9 2.6 1.4 1.2 4.2 3.2 
2 Ametryn 3.0 1.3 1.1 2.6 0.7 3.4 
3 Prometryn 7.0 1.1 1.1 4.1 0.7 3.9 
4 Terbutryn 7.8 2.9 1 .o 4.9 3.1 4.9 
5 Parathion 11.3 2.3 0.8 5.4 0.8 4.1 

a Precision achieved for 2 ml vials from five repetitive extractfons of 1.4 ml samples (n = 5). 
The concentration was 300 pgA for each compound. A 30 min absorption time was used. 
Precision achieved for 16 ml vials from five repetitive extractions of 12 ml samples (n = 5). 
The concentration was 300 pgA for each compound. A 30 min absorption time was used. 

From reference [14]. With permission. 

the precision is increased by using magnetic 
stirring in comparison to static absorption. 
This absorption process for four s-triazines 
and parathion when using a flow-through 
cell shows similar efficiency as other agita- 
tion techniques. The samples were pumped 
at a flow rate of 10 mumin, achieving a high 
linear flow of the aqueous sample inside the 
Teflon tubing where the SPME fiber was 
positioned during the absorption. The preci- 
sion (n = 5 )  achieved for this technique is 
satisfactory (RSD < 8%). 

B. SPME-HPLC 

Recently, solid-phase microextraction 
(SPME) was successfully coupled to high- 
performance liquid chromatography [ lo]. 
However, the efficiency of this analytical 
method, in terms of sample throughput, still 
suffers from its manual operation. Further- 
more, the selectivity obtained for the analy- 
sis of very polar compounds is still limited 
due to small number of commercially avail- 
able fiber coatings (selectivity) that can with- 
stand the aggressive HPLC conditions (sol- 
vents). An automated SPME-HPLC system 
was recently developed [ 151. Polar thermally 

labile analytes such as phenylurea pesticides, 
were selected for microextraction directly 
from an aqueous sample. A piece of an ordi- 
nary capillary GC column with its coating 
(Omegawax 250) was used for the absorp- 
tion of analytes from the aqueous sample 
(in-tube solid-phase microextraction) [ 151. 
A needle hosts the capillary when it is pierced 
through the septum of the vial containing the 
spiked aqueous sample. The aqueous samples 
were stored in 2 ml vials on the tray of a 
commercial autosampler. A sample of 25 1 1  
was aspirated and dispensed several times 
from the sample into the capillary using a 
syringe. After the extraction the absorbed 
analytes were released from the coating by 
aspiring methanol into the column and then 
dispensing the methanol into the HPLC in- 
jector loop. The absorption-time profiles, the 
amounts absorbed by different coatings, lin- 
earity, and precision were studied under dif- 
ferent sampling conditions using spiked aque- 
ous samples. SPME selectivity for polar 
compounds, which represent an important 
compound class for water analysis, can be 
improved by using more polar column coat- 
ings such as Carbowax instead of poly 
(dimethylsiloxane) coated columns. Com- 
pared to the manual version this automated 
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micro SPMEIHPLC system could increase 
performance, efficiency (throughput), and 
reproducibility. Furthermore, the desorption 
step is quantitative, i.e., no carryover was 
detected. This entire method for automated 
SPh4E sample preparation is easy to apply 
and controlled by a commercial autosampler 
from LC Packings which was modified to 
operate in-tube SPME. The automated 
SPME-HPLC device obtains RSD for all 
investigated compounds below 6%. 

Direct extraction from the aqueous ma- 
trix, with the SPME fiber directly exposed to 
the aqueous matrix, is usually used for semi- 
volatile compounds, including polar pesti- 
cides such as triazines. The SPME fiber 
methods developed so far have had limited 
effectiveness for thermally labile compounds, 
the likes of phenylurea and carbamate pesti- 
cides. These compounds could be extracted 
from an aqueous matrix only with a very 
polar coating like Carbowax. Besides a high 
polarity of the SPME fiber, it has to be stable 
against solvents used in HPLC, for example 
methanol or acetonitrile. The capacity (total 
volume times partition coefficient of the sta- 
tionary phase) of the commercially available 
fibers is low. Thus, the SPME-HPLC method 
is characterized by a low sensitivity, low 
ppb range when using W detection. Sensi- 
tivity can be increased instrumentally by 
using hyphenated techniques, in particular 

The newly developed automated SPME- 
HPLC method uses a flow-through process 
which is expected to reduce the total extrac- 
tion time per sample and increase the preci- 
sion of the entire method. The open tubular 
column which is used for the direct absorp- 
tion of the target analytes from the aqueous 
sample is enclosed in a needle device and 
can automatically be exposed to a vial con- 
taining the sample. The device combines 
features of earlier developed SPME devices 
where the inner surface of a syringe was 
coated with a polymer and microcolumn LC. 
The absorption equilibrium will be achieved 
faster because the extraction process involves 

LC-MS. 

agitation by sample flow in and out of a 
column. 

1. Dynamic In-Tube SPME 

The in-tube SPME consists of a piece of 
fused silica capillary, internally coated with 
a thin film of extraction phase (a piece of 
open tubular capillary GC column), or a 
capillary packed with extracting phase dis- 
persed on an inert supporting material (a 
piece of micro-LC column) [15]. In these 
geometric arrangements, the concentration 
profile along the axis, x, of the tubing con- 
taining the extracting phase as a function of 
time, t, can be described by adopting the 
expression for dispersion of a concentration 
front: 

where u is linear velocity of the fluid through 
the tube, k is the partition ratio defined as: 

where &, is a coatinglsample distribution 
constant, V, is the volume of extracting phase, 
V, is a void volume of the tubing containing 
the extracting phase, ds is the stationary phase 
film thickness, and d, is the diameter of the 
column bore. CT is the mean square root dis- 
persion of the front. The calculated concen- 
tration time profiles inside the capillary can 
be used to estimate the absorption time of 
the target analytes. 

2. Autosampler Operation and 
Interface Design 

The autosampler software was manually 
programmed using user defined programs to 
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control the SPME absorption and desorption 
technique. For desorption, pure methanol 
from a second vial was flushed through the 
SPME unit and directly transferred into the 
injection loop. The HPLC injection loop was 
built of a 56 cm long PEEK tubing (300 pm 
ID) which had a total volume of 40 pL. The 
instrumental set-up is illustrated in Figure 5.  

The 2 ml vials were filled with 1.4 ml 
sample for the absorption of the compounds 
from the aqueous sample. The first step in 
the method was to rinse the GC capillary 
with methanol and it still contained metha- 
nol before the first absorption step. A sample 

volume of 25 pL (total volume of the sy- 
ringe used in this study) was aspirated from 
the sample vial at a flow rate 63 pUmin. 
Then the same sample volume was dispensed 
back into the vial. Usually, these two steps 
were repeated ten times. After the absorp- 
tion step the six-port valve was switched to 
the LOAD position. 38 pL methanol was 
aspirated from a solvent vial and transferred 
to the injection loop for the desorption of the 
extracted analytes from the capillary coat- 
ing. The six-port valve was switched to the 
INJECT position and a trigger was sent to 
the PC for starting the data acquisition. The 

FIGURE 5. Instrumental set-up of the new on-line SPMEMPLC interface based on an in-tube SPME capillary 
technique. A piece of GC column (in-tube SPME) hosts in the position of the former needle capillary. The 
aqueous sample is frequently aspirated from the sample vial through the GC column and dispensed back to 
the vial (INJECT position) by movement of the syringe. After the extraction step the six-port valve is switched 
to the LOAD position for the desotption of the anaiytes from the in-tube SPME by flushing methanol from 
another vial through the SPME capillary. The volume is transferred to the loop. After switching the Valco valve 
to the INJECT position an isocratic separation wing a mixture of 60/40 acetonitrilehater was performed. A 
detailed view of the in-tube SPME capillary is included at the left side of the figure. From reference (1 51. With 
permission. 
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transferred from the loop to the analytical 
column by the isocratic eluent mixture. Dur- 
ing the analysis of the first sample a subse- 
quent sample could be extracted. 

In our final experimental design the 
sample is aspirated and dispensed instead of 
a one-way flow. The contamination of the 
buffer tubing makes the flow-through ap- 
proach less efficient compared to the re- 
peated aspirate/dispense mode. The increase 
of the flow rate of the sample is a significant 
factor which determines the equilibration 
time. However, the increase of this param- 
eter is limited by practical factors. Further- 
more, the total volume which can be aspi- 
rated in one step is limited by the syringe 
volume. A continuous one-way aspiration 
system shows no significant advantages and 
further improvement of the extraction effi- 
ciency. The aspiration concept, however, 
could improve the automated in-tube SPME 

i aooooo 

handling substantially by obtaining a higher 
precision. 

The absorption-time profiles of six 
phenylurea pesticides are shown in Figure 6 
using the automated in-tube SPME-HPLC 
system. The absorbed compounds are first 
desorbed and then transferred into an W L C  
loop. The injection into the analytical col- 
umn is similar to the injection of methanolic 
standards. The separation of the desorption 
step from the injection to HPLC step is a big 
advantage compared to the manual SPME- 
HPLC interface. Using this procedure a dif- 
ferent solvent mixture can be used for the 
desorption which shows a higher eluting 
power compared to the initial solvent com- 
position of the HPLC eluent. 

In general, the precision obtained using 
an Omegawax 250 capillary was 4% RSD 
(n = 10). Table 4 shows the precision for all 
compounds investigated under different con- 

1600000 

1400000 

g 1200000 
- 

1000000 X m 
Q) 800000 e 

600000 

400000 

200000 

0 
0 10 20 30 40 50 

Number of aspirateldispense steps 

FIGURE 6. Absorptiontime profiles for six phenylurea pesticides using a 60 cm long piece of an Omegawax 
250 GC column tubing (0.25 mrn ID and 0.25 pm film thickness) and up to fifty aspirateldispense steps at a 
sample flow rate of 63 pUmin from a 1.4 ml aqueous sample with a concentration of 1000 ps/I. Peak 
assignment 0 = neburon, 0 = linuron, A = diuron, A = monuron, 0 = siduron, = fluometuron. From 
reference [15]. With permission. 
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ditions for n = 10. The method was linear 
over at least three orders of magnitude. The 
coefficient of correlation achieved was bet- 
ter than 0.99. 

Using ten aspirateldispense steps the limit 
of detection (LOD) was determined for all 
compounds which was determined below 5 
pg/l (see Table 4). This limit can be opti- 
mized by increasing sampling time to achieve 
equilibrium conditions. Furthermore, the LOD 
can be lowered by using narrow bore HPLC 
columns achieving sharper peaks or more sen- 
sitive detection methods such as mass spec- 
trometry (MS) in the selected-ion monitoring 
(SIM) mode. When using hyphenated detec- 
tion techniques, e.g. LC-MS, the LOD is ex- 
pected to be below the 0.1 lg/i level. 

The SPME absorption and desorption 
steps are fully automated with the HPLC 
autosampler. Once programmed, an opera- 
tor can fill the autosampler tray with the 
samples and all following steps are controlled 
by the software. The newly developed in- 
strument described [ 151 is expected to show 
good potential for routine analysis. Further- 
more, the selectivity for target analytes, such 
as drugs or chiral target compounds, could 
be increased by using very polar or chiral 
coating materials. 

For more specific analysis of metabo- 
lites and unknown compounds more selec- 
tive hyphenated detection systems, e g ,  LC- 
ESYMS or LC-APmS can be evaluated in 
the future. A modified continuous flow set- 
up could be helpful for on-line monitoring of 
target compounds for process control using 
a modified in-tube SPME device. 

The automated micro SPME-HPLC sys- 
tem can be applied for routine analysis of 
polar thermally labile compounds and easy 
coupling to p-LC and capillary electrophore- 
sis (CE). 

C. On-line Screening System 

A prototype of an analytical system al- 
lowing the quasi-continuous monitoring of 
organic contaminants in surface water which 

should be also applicable to the analysis of 
sewage water was developed [34]. It con- 
sists of a flow-through cell and an automated 
solid-phase microextraction (SPME) unit, 
coupled in-line to agas chromatograph (GC). 
This system combines the advantages of 
SPME as a simple, fast, sensitive, and sol- 
vent-free sample introduction technique, with 
the advantages of on-line processing of aque- 
ous samples as a less time-consuming, effi- 
cient, and continuous technique. Organochlo- 
rine pesticides and triazine herbicides were 
selected as test analytes for the system evalu- 
ation. The flow-through cell was shown to 
provide a successful way for automated on- 
line SPME coupled in-line to GC with a 
repeatability of ca. 10% RSD for the inves- 
tigated hiazines. 

The sample is pumped continuously 
through the flow-through cell mounted on a 
commercial GC-autosampler (see Figure 7). 
The fiber is dipped in regular intervals into 
the flowing sample. In this first laboratory 
prototype the sample placed in a brown-glass 
bottle was pumped through the cell using a 
peristaltic pump. In the future a bypass of a 
river or a sewage effluent will be pumped 
through the cell thus allowing the direct and 
quasi-continuous monitoring of organic com- 
pounds at trace levels in surface waters. 

A flow-through cell made of glass was 
constructed by us for the on-line solid-phase 
microextraction. This cell was mounted onto 
the commercial autosampler modified to take 
up the cell as shown schematically in Figure 
8. For this arrangement nine positions for 
autosampler vials had to be removed. The 
glass flow-through cell forms a half-circle 
with the absorption position in the middle. 
At this position which is arranged exactly at 
the site of one of the original autosampler 
vials the cell is sealed by a septum. The fiber 
fixed to the SPME-autosampler dips directly 
through the seal into the cell. This allows the 
use of the normal software procedure to con- 
trol the entire absorption and desorption steps 
also for this flowing sample arrangement. 
The sample was pumped through the cell 
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SPME device 
(automated) 

peristaltic pump 

I 
GC 

FIGURE 7. Schematic illustration of an automated analytical system for on-line SPME enrichment GC. From 
reference [MI. With permission. 

with a peristaltic pump. The aqueous sample 
was pumped in a loop (see Figure 7) at a 
flow rate of c. 300 d m i n .  

First, the fiber is exposed to the sample 
pumped at a constant flow through the cell 
for a given period. Second, the fiber is with- 
drawn from the sample and introduced auto- 
matically into the GC-injector, where ther- 
mal desorption occurs. After thermal 
desorption the fiber is withdrawn from the 
injector and again automatically dipped into 
the flowing sample. While the next sample 
is absorbed by the fiber the preceding sample 
is chromatographed by the GC. This over- 
lapping of absorption and chromatography 
reduces the average time for an overall analy- 
sis of each sample. 

In this first prototype of an automatic 
system for quasi-continuous analysis of con- 
taminated water the flowing surface or sew- 

age water was simulated by a spiked aque- 
ous sample stored in a reservoir and pumped 
through the cell continuously. The in-line 
SPME-GC system works fully automatically 
using the normal software control of the 
autosampler and gas chromatograph. Exten- 
sive testing of the system developed showed 
a good performance in particular with re- 
spect to reproducibility and ruggedness. 

Using this approach 150 extractions were 
performed with a single fiber showing nei- 
ther a significant deterioration of its perfor- 
mance nor any mechanical damage illustrat- 
ing that the analytical system discussed here 
is characterized by satisfactory ruggedness. 
This ruggedness is of particular importance 
for an on-site operation of the system, e.g., 
at an effluent of a waste-water plant. In this 
case the automatic system may be run with- 
out intervention of an operator. Remote con- 
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(automated) I I 

autosampler carrousel 

FIGURE 8. Detailed view of the flow-through cell mounted on an autosampler carrousel. From reference [34]. 
With permission. 

trol is possible, e.g. by transmitting the data 
via modem to a laboratory. Furthermore, the 
daily performance of the system can be con- 
trolled by adding, continuously, a marker 
compound as internal standard which gives 
information on the overall performance of 
the entire system. Such a marker also allows 
quality control of the system. 

The repeatability of this automatic en- 
richment and analysis system was tested 
using ten successive extractions achieving a 
reproducibility of 4-13% RSD for triazine 
herbicides. 

V. APPLICATIONS BASED ON NEW 
SPME METHODS 

A. Air Analysis by Integrated 
Sampling 

In addition to the analyte concentration 
measurement at a well defrned place in space 

and time, an integrating sampling is possible 
with a simple SPME device. This sampling 
is particularly important in field studies, when 
changes of the analyte concentration in time 
and space have to be taken into account [26]. 
For integrated sampling the SPME fiber is 
not directly exposed to the matrix. It is kept 
inside a protecting tubing (needle) without 
any flow of the sample through it. The ex- 
traction occurs through a static layer of gas 
present in the needle. The system can be 
designed similar to the in-tube SPME dis- 
cussed for the SPME/HPLC system where 
an extracting phase is coating the interior 
of a tubing or a fiber coated with the sta- 
tionary phase which is placed inside the 
protecting needle. The later device is the 
classical manual SPME fiber device which 
is used without exposing the fiber during 
the sampling. However, the position of the 
fiber inside the protecting needle is very 
important. it has to be placed very accu- 
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rately at the same position which represents 
the same volume of protecting gas. The 
mechanism of analyte transport into the 
extracting phase in such a set-up is deter- 
mined only by the diffusion through the 
gaseous phase. Thus, the response is pro- 
portional to the integral of the analyte con- 
centration over the time and space (when 
the needle is moved through space) [22]. 
The process is characterized by a linear 
concentration profile established in the tub- 
ing between the small needle opening with 
the area, A, and the position of the extract- 
ing phase which is located at the position Z 
from the opening. The amount of analyte 
extracted, dn, during the time interval, dt, 
can be derived from Fick’s law of diffusion 
[35] and can be expressed by: 

dn = AD -dt dc = ADg -dr AC(d (7) dz Z 

where AC(t)/Z is a value of the gradient 
established in the needle between the needle 
opening and the position of the extracting 
phase, Z; AC(t) = C(t) - C,, where C(t) is 
a time dependent concentration of the analyte 
in the sample in the vicinity of the needle 
opening, and C, is close to zero for a high 
coating/gas distribution constant capacity, 
then: AC(t) = C(t). D, is the diffusion coef- 
ficient of the analyte in the gaseous phase. 
The concentration of analyte at the coating 
position in the needle, G, will increase with 
integration time, but it will be kept low com- 
pared to the sample concentration. Thus, the 
accumulated amount over time can be calcu- 
lated as: 

A 
g Z  

n = D -C(t)dt 

This equation shows that the extracted 
amount of analyte is proportional to the in- 
tegral of the sample concentration over time. 
This equation is valid for the assumption 
that the amount absorbed onto the extraction 
sorbent is a small fraction (below the RSD 

of the measurement, typically 5%) of equi- 
librium amount with respect to the lowest 
concentration in the sample. By varying the 
position of the sorbent in the tubing, the 
integration time can be extended. The sensi- 
tivity of the system can be increased by in- 
creasing the volume of the stationary phase 
or by using more selective coating materials 
with larger coating/gas distribution constants. 

The integrated in-tube SPME sampling 
device was applied to field sampling in the 
past [26]. The concentration of styrene in 
indoor air at an industry due to the applica- 
tion of large quantities of vinyl ester resin 
was determined. The 30 min integrated sam- 
pling using a 100 pm PDMS fiber shows a 
good agreement with additional determina- 
tions based on direct SPME grab sampling 
and 30 min charcoal tube sampling results 
[26]. The concentrations determined were in 
the 100 pg/l range [26]. SPME for fast grab 
sampling and integrated sampling can be an 
alternative method to time consuming active 
charcoal sampling, which, furthermore, needs 
(toxic) solvents for the desorption process. 

B. Analysis of Volatile Organic 
Compounds from Soil Samples 

The analysis of volatile organic com- 
pounds from soil samples has been success- 
fully applied using headspace SPME-GC 
methods [36-391. Aromatic hydrocarbons 
and chlorinated hydrocarbons were deter- 
mined by headspace SPME in soil samples 
from landfill sites [36]. Maximum xylene 
concentrations of 2.8 pg/g were determined 
[36]. BTEX compounds were quantified in 
soil samples from a railroad operation loca- 
tion at 1.0 pg/g [38]. The method was com- 
pared to a purge and trap technique. Table 5 
shows the results of both techniques for the 
analysis of BTEX compounds determined in 
three soil samples. The correlation between 
the analytical methods was generally appar- 
ent [38]. To increase the release of organic 
target compounds methanol was added to 
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TABLE 5 
Results of Two Anatytical Methods for ETM Applied to Contaminated 
Soils 

Compound Concentration W g ]  
~ ~~ ~~ 

Soil Method Benzene Toluene Ethylbenzene m/p-Xylene o-Xylene 

s1 a) 2.92 3.07 42.5 169 48.3 
2.63 3.40 43.7 1 a0 43.0 

s3 a) t 0.33 24.9 60.5 2.23 
0.32 0.47 19.8 47.0 1.69 

s4 a) 0.82 1.46 27.8 104 2.62 

b) 

b) 

b) 0.78 1.25 20.4 96.9 2.28 

Note: Method: a) purge and trap with MSD, b) SPMEhon trap MS. t = detected below 
the statistical instrument detection limit. 

From reference [38]. W i  permission. 

h e m e  bmzcne hcptane toluene octane ethyl- dp- nonane 0-xylcnc decant 
benzene xylcnc 

FIGURE 9. Methanol sonication of 130 pg/g individual hydrocarbon concentration in sand, soil, and clay, 
followed by SPME in the presence of molecular sieve at 23°C. From reference [39]. With permission. 

the sample before the headspace SPh4E fiber 
exposure [37,39]. The analysis of hydrocar- 
bons (n-alkanes) from sand and soil showed 
similar results when 10 pl of methanol was 

added [39]. Figure 9 illustrates the methanol 
sonication of 130 pg/g individual hydrocar- 
bon concentration in sand, soil, and clay, 
followed by SPME in the presence of mo- 

124 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



lecular sieve at 23°C. In the presence of 
lop1 of methanol the extraction of n-al- 
kanes from sand yields similar results as the 
n-alkanes from water [39]. Thus, signifying 
that they possess similar partitioning coeffi- 
cients between the sample (water or sand) 
and the headspace. Therefore, Henry’s law 
coefficients for the n-alkanes in water can be 
used as an estimate to describe the partition- 
ing between sand and the headspace provid- 
ing a polar modifier is added to the sand to 
release the compounds into the headspace. 
In the absence of a polar modifier, methanol, 
the n-alkanes yield similar to results from 
soil samples [39]. Soils highly adsorptive in 
nature are composed of large amounts of 
clay, organic carbon and other species which 
strongly adsorb organic target analytes. In 
this case the amount extracted is dependent 
on the matrix. The development of a matrix 
independent method becomes more impor- 
tant when analyzing different soil types. 
Bang  and Pawliszyn used an internally 
cooled SPME fiber apparatus to exhaustively 
extract the compounds from soil [30]. The 
soil was heated while the fiber was cooled 
by liquid CO,. Furthermore, methanol ex- 
traction of a sample followed by the addition 
of the methanol extract into water and analy- 
sis by headspace SPME has been applied to 
the analysis of BTEX from wastewater 
samples [38]. Finally, hydrocarbons can be 
released from soil samples and the methanol 
extract will not be added to water but will be 
treated as an air sample. The advantages of 
analyzing the methanol extract as an air sample 
as opposed to a water sample is that addition 
of the methanol extract to water is limited to 
compounds which have high solubilities in 
water. Up to 10 p1 of methanol the extraction 
yield was not affected. However, when in- 
creasing the amount of methanol the amount 
of extracted analyte decreased. Addition of a 
desiccant providing an optimum surface area 
to trap the methanol but no target compounds 
leads to an optimum amount of hydrocarbons 
extracted which was demonstrated for gaso- 
line contaminated soil samples [39]. 

C. Analysis of Semivolatiles from 
Soil Samples by Hot Water 
Extraction 

Efficient extraction of semi volatile or- 
ganic compounds from soil samples can be 
obtained using supercritical (high tempera- 
ture) water to extract the target analytes which 
are later extracted from water by SPME 
[40,41]. Two techniques are reported in the 
literature for the determination of PAHs in 
soils and urban air particulate. Achieving re- 
coveries of 60 to 140% the method uses 
supercritical water extraction at 250°C for 
15-60 min [a]. The SPME fiber is exposed 
to the cooled water sample to trap the target 
analytes. The second method combines both 
steps, thus the fiber is placed inside the cell 
during the dynamic hot water extraction [41]. 
The method was validated using MST stan- 
dard material for PAHs in urban air particu- 
late [41]. 

D. Fast Gas Chromatography 

Solid-phase microextrcation has been 
successfully used as the sample introduction 
technique for fast-gas chromatography. A 
modified injector was used which allows 
fast heating by applying capacity discharge 
to a heating wire [42]. The separation of 
BTEX was achieved in less than 9 s. Volatile 
organic compounds from EPA method 624 
could be separated within 150 s. Flash heat- 
ing was achieved by passing an electric cur- 
rent directly through a wire used in plane of 
the fiber or by using a hollow fiber equipped 
with an internal micro heater. The SPME 
fast GC set-up was installed on a portable 
field GC instrument which was in a field 
study as discussed in the following chapter 
[ 163. Using a temperature-programmed sepa- 
ration Purgeables A and B could be sepa- 
rated within 1.5 min. Fast GC shows a high 
efficiency when coupled with an extraction 
technique which can be performed within the 
same time frame. It is not necessary to have 
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a fast GC when the long extraction time of the 
sample preparation method determines the 
total analysis time. SPME combines the unique 
feature of fast sample preparation and easy 
injection to GC system. Thus, the coupling of 
both techniques shows a significant increase 
in the sample throughput of the analysis. Fur- 
thermore, sample handling is very easy and 
rugged which makes the technique amenable 
for field sampling. Typical sample turnaround 
times are 5 min achieving a good precision of 
the method. 

J 

E. Field Analysis 

I 

A commercially available field portable 
gas chromatograph has been adapted to en- 
able the use of SPME as the sample prepa- 
ration and introduction technique for fast 

GC in the field [ 161. Fast GC separations of 
BTEX compounds in less than 15s were re- 
ported. The instrument was tested in the field 
for the analysis of trichloroethene in soil 
samples. The SPME method was used for 
500 samples analyzed within 10 days show- 
ing a high ruggedness of the method and 
instrumentation during on-site monitoring. 
Taking into account versatility of SPME, 
this technique enables preliminary screening 
of a wide range of compounds and/or samples 
(aqueous, gaseous, solid) directly in the field. 
These results are required to determine 
whether a suspect sample has to be drawn 
and further analyzed. Figure 10 shows a fast 
GC separation of four BTEX compounds 
which were extracted by SPME on a PDMS/ 
DVB fiber using a modified photoionization 
detector (PID). 

1 
2 

5 

\ 

Time (s) 

FIGURE 10. Fast gas chromatogram of BTEX compounds by SPME with a PDMSDVB fiber. Peak assign- 
ment: 1 = benzene, 2 = toluene, 3 = ethylbenzene, 4 = mlp-xylene, 5 = o-xylene. From reference [l]. With 
permission. 
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F. Flavor and Pharmaceuticals 

SPME shows a unique feature for fast 
and sensitive analysis of flavor compounds. 
Since only an insignificant amount of flavor 
is extracted, the composition of a product is 
not changed. Furthermore, SPME is capable 
of the determination of intermediates which 
are very unstable and must be immediately 
transferred after isolation to the analytical 
instrument for successful determination. The 
SPME fiber is instantly transferred to the 
GC or HPLC for separation and determina- 
tion. Thus, it shows a high potential for the 
analysis of intermediate composure, drug 
discovery, and drug biodegradation. 

Headspace SPME was used for the de- 
termination of volatile organic compounds 
which are frequently present in food or phar- 
maceutical products [43,44]. The determina-* 
tion of orange juice flavor compounds was 
achieved by headspace SPME/GC/FID [43]. 
A major advantage of SPME is the small 
sample amount necessary for the investiga- 
tion. Flavor analysis of beverages to quan- 
tify caffeine in soft drinks [45], food prod- 
ucts, spices, and oils had been investigated 
[a]. Quantitative Headspace SPME of apple 
volatiles was reported by Matich [47] for 
cooled stored apples. The method was com- 
pared to SPE and LLE results. 

Drugs and body fluids are more difficult 
to analyze. However, a number of publica- 
tions in the area of pharmaceutical applica- 
tions such as amphetamines [48,49], valproic 
acid [50], and tricyclic antidepressants [51] 
have been reported. Recently, SPME was 
used for the determination of barbiturates 
coupled to capillary electrophoresis (CE) 
1521. 

G. Multi-Residue Methods for 
Pesticides 

Multi-residue methods have been devel- 
oped for a large number of pesticides cover- 

ing different compound classes 133,531. One 
method based on the manual SPME device 
was developed for the determination of ni- 
trogen- and phosphorous-containing pesti- 
cides (amines, anilides, phosphorothioates, 
and triazines) by solid-phase microextraction 
(SPME) coupled to gas chromatography- 
mass spectrometry ( G C / M S )  [33]. The 85 
pm poly(acry1ate) fiber was applied for di- 
rect sampling from the aqueous sample. The 
fiber is exposed to the sample for a given 
time and then directly introduced into the 
heated injector of the G C M S  where the 
analytes are thermally desorbed. The method 
was evaluated with respect to the limit of 
detection, linearity and precision. The limit 
of detection for the selected ion monitoring 
(SIM) mode depends on the compound and 
varies from 5 to 90 ng/l. The method is 
linear over at least three orders of magnitude 
with coefficients of correlation usually 
20.996. In general, the coefficient of varia- 
tion (precision) is < 10%. The partitioning of 
the analyte between the aqueous phase and 
the polymeric phase depends on the hydro- 
phobicity of the compound as expressed by 
the octanol-water partitioning coefficient KO,,,. 
The addition of sodium chloride has a strong 
effect on the extraction efficiency. This ef- 
fect increases with decreasing hydrophobic- 
ity (increasing polarity) of the compound 

Real water samples were investigated 
and triazine herbicides could be identified 
using the SPME-GCNS method. The triaz- 
ines atrazine, simazine, and terbuthylazine 
were first identified and quantified in water 
samples from the effluent of sewage water 
plants by SPME-GCMPD. For such a com- 
plex matrix GCMPD is not sufficiently se- 
lective for an unambiguous identification at 
low levels (< 1 ppb) of pesticides. Selectiv- 
ity was enhanced by using SMPE-GCNS 
in the SIM mode with three characteristic 
ions for each pesticide. This method allows 
an unequivocal identification and quantifi- 
cation at low Ievels of pesticides in envi- 

~ 3 1 .  
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ronmental samples. The results were veri- 
fied by an alternative method. Tbe analysis 
of the sewage water samples by on-line 
solid-phase extraction (SPE) coupled to LC- 
MS indicated a good correlation to SPME 
results. 

In addition, the concentration of humic 
acids which are normally present in surface 
water samples was varied between 0.1 and 
100 mgA which are typical DOC (dissolved 
organic carbon) values determined in sur- 
face water samples [33]. At high concentra- 
tions of humic acid such as 100 mg/l the 
response determined for simetryn and 
terbutryn shows a significant decrease > 
20%. Thus, the method of external stan- 
dards can be no longer applied. The reli- 
ability of the quantification can be improved 
by using internal standards or standard ad- 
dition methods. In addition, isotopically 
labeled standards could be used. However, 
the concentrations typically observed in 
these matrices show no significant effect 
on the extraction yield. Thus, external stan- 
dard calibration was used in the past for 
sewage water samples obtaining a suffi- 
cient precision. It is conceivable that a high 
content of organics (e.g., solvents) precludes 
an efficient extraction. To study this effect, 
different amounts of terbuthylazine, a com- 
pound with a high affinity to the polymeric 
fiber, were added in concentrations that 
ranged from 18 to 12,000 ng/ml. Although 
the concentration was varied over 3 orders 
of magnitude, no significant decrease in 
peak response for all the other investigated 
pesticides (which had been kept at a con- 
stant concentration level of 18 ng/ml) was 
observed. Thus, the effect of excess con- 
centration of organics with high affinities 
to the SPME fiber on the extraction effi- 
ciency of other analytes in the low ppt - 
low ppb range is less pronounced than ex- 
pected 1331. 

The use of liquid OT solid polymers such 
as PDMS or poly(acrylate) coatings are 
based on absorption. The partitioning of the 

analytes is not significantly affected by high 
contents of matrix compounds with a high 
affinity to the fiber coating which was shown 
in the past [33]. However, the situation is 
different for the mixed porous polymer 
coatings such as DVB or Carbowax where 
adsorption phenomena determine the ex- 
traction process. The adsorption is signifi- 
cantly affected by competition phenomena 
especially when all active sites are occu- 
pied. The higher sensitivity obtained for 
these new fibers might be accomplished by 
significant competition at high matrix con- 
centrations which results in a lower preci- 
sion. One has to decide which point is more 
important for the analysis: sensitivity or 
precision. 

Furthermore, SPME was successfully 
used for the determination of metolachlor 
in runoff and tile-drainage water [54]. In 
addition, this method was compared to solid- 
phase extraction and immunoassay analy- 
ses of metolachlor [%I. A good correlation 
of the three methods was found in this 
interlaboratory study. SPME and ELISA 
have a high potential for the determination 
of metolachlor in natural waters [55] .  

The applicability of SPME for the analy- 
sis of semi-volatile compounds in water was 
verified by an interlaboratory study on pes- 
ticide analysis [56]. The test was done at low 
ppb levels with participants from eleven labo- 
ratories in Europe and North America. 
Table 6 summarizes the statistical character- 
istics of the round robin test. The results of 
the test proved that SPME is an accurate and 
fast method of sample preparation and analy- 
sis [57]. 

H. Liquid Chromatography - Mass 
Spectrometry (LC/MS) 

SPME has been successfully applied for 
the analysis of surfactants 1321 which was 
mainly focusing on the capability of differ- 
ent fiber coatings to extract alkylphenol 
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TABLE 6 
Statistical Characteristics of the Resutts Obtained by the Participating 
Laboratories for the Blind Sample 

Compound 8, SL SR r R A.V. C.I. T.V. 

Dichlorvos 
EPTC 
Ethoprofos 
Trifluralin 
Simazine 
Propazine 
Diazinon 
M.chlorpyriph 
Heptachlor 
Aldrin 
Metolachlor 
Endrin 

2.06 5.04 5.44 5.83 
0.56 1.56 1.66 1.57 
0.82 4.79 4.86 2.32 
0.27 0.57 0.63 0.76 
2.34 3.45 4.17 6.61 
1.21 2.04 2.37 3.42 
0.63 2.13 2.22 1.79 

0s 0.12 0.32 0.34 0.35 
2.03 2.89 3.53 5.75 
0.54 0.73 0.91 1.53 
0.73 2.83 2.92 2.07 
0.87 3.00 3.13 2.47 

15.40 
4.70 

13.74 
1.79 

1 1.79 
6.71 
6.29 
0.97 

10.00 
2.58 
8.28 
8.85 

27.30 
9.90 
15.50 

1.60 
23.60 

9.50 
8.20 
1.60 
8.90 
2.00 

15.70 
8.80 

27.3 f 5.83 
9.9 f 1.57 

15.5 i 2.32 
1.6 f 0.76 

23.6 f 6.61 
9.5 f 3.42 
8.2 f 1.79 
1.6 f 0.35 
8.9 f 5.75 
2.0 f 1.53 

15.7 i 2.07 
8.8 f 2.47 

25 f 1.35 
10 f 0.54 
17 f 0.92 
2 f 0.11 

25 f 1.35 
10 f 0.54 
10 f 0.54 
2 f 0.1 1 

10 f 0.54 
2 f 0.11 
17 i 0.92 
10 f 0.54 

Note: s, - repeatability standard deviation, sL - interlaboratory standard deviation, sR - 
reproducibility standard deviation, r - repeatability, R - reproducibility, Av. - gross 
average, C.i. - confidence interval of the gross average, T.v. - confidence interval of 
the "true" value. All values expressed in pgl. 

From reference 1551. With permission. 

ethoxylate surfactants like Triton X. The 
aromatic system of the molecule allow a 
senSitive U V  detection of these compounds. 
Analytes with less UV-absorption response 
require much more effort for a comparative 
trace detection. Mass spectrometry offers 
several options when used to detect polar, 
thermally labile, and high molecular weight 
compounds at ppb level. Thermospray mass 
spectrometry as well as atmospheric pres- 
sure ionization mass spectrometry in combi- 
nation with SPE and HPLC are established 
techniques in environmental analysis [58- 
621. 

The first combination of solid-phase 
microextraction (SPME) and HPLC-electro- 
spray ionization mass spectrometry (ESI-MS) 
was applied for the determination of polar 
water soluble components from sIudge and 
sediments [63]. The extraction, desorption 
and detection conditions were examined for 
selected carboxylic acids, phthalates, and 
surfactants using Carbowax coated SPME 
fibers. Maximum extraction yields of the 
target compounds were obtained at extrac- 

tion times between 1 and 15 hours using 
magnetic stirring (phthalates and surfactants) 
and a desorption period of two minutes when 
using a methanoVethano1 mixture of 80:20 
(v/v) [63]. The main components of sludge 
and sediment samples analyzed could be 
identified as phthalates, fatty acids, non-ionic 
surfactants, chlorinated phenols and carbo- 
hydrate derivatives. Additional information 
for compound identification was obtained at 
different spray potentials for the mass spec- 
trometric ionization. Switching from posi- 
tive to negative ionization mode changes the 
selectivity and sensitivity of detection and 
substances of different nature could be de- 
tected. 

A water slurry (4 ml) was prepared from 
10 mg of each of the dried and homogenized 
solid samples. The s h i e s  were saturated 
with sodium chloride and adjusted at pH 2 
with 25% hydrogen chloride solution to force 
the dissociation equilibrium of polar com- 
pounds to the nondissociated species. 

The desorption was performed by inject- 
ing 100 pl of a methanoVethano1 (80:20) 
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mixture into the injection port before the 
fiber was placed and fixed in the desorption 
chamber. The use of atmospheric pressure 
ionization mass spectrometry avoids a pre- 
derivatization and guarantees a high sensi- 
tivity, especially, for ionic, thermally labile 
and polar compounds. The electrospray 
source was operated in positive as well as 
negative ionization mode to utilize the dif- 
ferent selectivity of both options. In the posi- 
tive mode (ESI') mainly cations are recorded 
or ions that dispose of sufficient proton af- 
finities to produce the [M+H]+ ions. The 
positive ESI mode proved to be an appropri- 
ate ionization mode for the phthalates (DBP 
and DEHP) studied. Negative spray condi- 
tions abstract protons from the analytes which 
leads to fM-H]- ions. This process is domi- 
nant for acidic compounds like fatty acids, 
diacids and alkylpolyglycoside. 

The [M+H]+ and [M-HI- ions were used 
for target analysis. These ions are of diag- 
nostic value because of their dominance in 
the mass spectra. Furthermore, the efficiency 
of pure ethanol and octanol as desorbing 
solvents were examined to improve the de- 
sorption yields of fatty acids. However, the 
spray conditions for the MS ionization sig- 
nificantly changed and the sensitivity dropped 
down. 

Two separate measurements using dif- 
ferent spray potentials were carried out. One 
major component indicated by the ions m/z 
133, 147 was detected in the chromatogram 
of the sediment analysis (see Figure 10). 

Alkyldiacids like butanediocacid and 
succinates, adipic acid and the correspond- 
ing ester known as degradation products of 
biological processes (trace m/z 133, 147) 
were recorded. Alkylbenzenesulphonates (m/ 
z 339), alkylcarboxylic ions with m/z 227, 
255 (Figure 11, left) and 425 were identi- 
fied. These compounds are released, e.g., 
from soap products and fat metabolism. The 
chromatogram traces of the corresponding 
SPME-ESI- analysis show additional sedi- 
ment constituents identified as surfactant and 

carboxylic compounds. In addition, trichloro- 
phenol was identified in the sediment, a com- 
pound known for toxic relevance (Figure 
12). 

The method combination of SPMELC- 
MS proved to be a very powerful instrumen- 
tation for the determination of water soluble 
compounds if current methods like G C M S  
or HPLC-W failed or special efforts are 
necessary for their detection (derivatisation). 

Using a 10 mg sample leads to the iden- 
tification of components like tri- 
chlorophenol, phthalate derivatives, alkyl- 
sulphonate and polyethylether surfactants, 
fatty acids, diacid esters and carbohydrate 
derivatives. Different ionization options of 
electrospray mass spectrometry (ESI+ and 
ESI-) were used for substance identification. 
Carboxylic acid ester as well as non-ionic 
surfactants are more effectively ionized by a 
positive spray potential. The negative spray 
mode was successful for the detection of 
chlorophenols, anionic surfactants and some 
carbohydrates. Carboxylic acids could be 
ionized with both methods. 

VI. PERSPECTIVE FOR FUTURE 
APPLICATIONS 

The new applications discussed in this 
review demonstrate the high potential of 
solid-phase microextraction for fast screen- 
ing and precise quantification methods for 
mainly organic target analytes at trace lev- 
els. The following major directions for fu- 
ture investigations can be summarized. The 
direct air sampling and determination of in- 
door air using integrated sampling techniques 
can be used as an alternative method in in- 
dustrial hygiene. The coupling of SPME with 
fast GC increases the throughput of sample 
handling and shows a high applicability for 
field sampling methods. The dimensions of 
the micro device used for SPME increases 
the potential for small sample volumes. The 
small fibers can be exposed directly inside a 
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FIGURE 11. UV- and ion traces of a) the SPME-HPLC-ESI+-MS analysis and b) the SPME-HPLC-ESI--MS 
analysis of the river sediment. From reference [62]. With permission. 
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FIGURE 12. Mass spectra of a fatty acid mixture (left) and of trichlorophenol determined in the river 
sediment. From reference [62]. With permission. 

flower for the determination of flavor com- 
pounds in air. The equilibrium technique of 
SPME and typically very small amounts 
extracted are important when in-situ moni- 
toring without or less interference of the 
process is required. The non disturbing na- 
ture of SPME opens new application fields 
where exhaustive extraction techniques such 
as SPE are not amenable, for example, to 
study the fragrance spectra of flowers or to 
determine partitioning constants in complex 
systems without affecting the system [a]. 
In addition to more elegant denvatisation 
techniques which are already used for SPME, 
the automated in-tube SPME/HPLC method 
increases the potential for polar thermally 
labile compounds which can be determined 
in very small sample volumes. This opens 
the applications for drug analysis where the 
sample volume is limited and continuous 
monitoring becomes an important issue, such 
as intoxication, degradation, and metabolism 

studies. SPME has been successfully coupled 
to capillary electrophoresis (CE) analyzing 
PAHs [65] and barbiturates [52]. In addi- 
tion, fully automated systems might be help- 
ful for the design of continuous and quasi- 
continuous analysis apparatus which can be 
operated in remote field situations or on-site 
for process control or monitoring of river 
and surface water systems. Consequently, 
the data basis of these studies and its reli- 
ability will be increased. Fast GC can be 
easily performed in portable micro G C s  when 
using SPME for the sample preparation. New 
coating materials, such as metal coatings and 
porous polymers will increase the number of 
specific applications. Furthermore, the tech- 
nique is capable of the determination of 
physical constants such as distribution con- 
stants with a minimum or no interference 
with the target system. This approach was 
shown for the determination of distribution 
constants of chemicals in water in the pres- 
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ence of high dissolved organic matter (HOW 
[64]. The SPME fiber technique can be used 
for direct coupling to MS and ICPMS [19] 
gaining maximum selectivity for the deter- 
mination of organic and inorganic target com- 
pounds. The direct coupling without any 
column separation technique increases the 
sample throughput significantly and increases 
sensitivity. 

The unique, solvent-free, and easy sample 
preparation method of SPME has been suc- 
cessfully applied to many organic target 
anaIytes in environmental, bioanalytical and 
industrial hygiene studies. Further automa- 
tion and miniaturization of the entire tool 
will keep the advantages of this extraction 
device. 
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