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Abstract

The use of an appropriate sample handling technique is a must in an analysis of organic micropollutants in water. The
efforts to use a solid phase for the recovery of analytes from awater matrix prior to their detection have a long history. Since
the first experimental trials using activated carbon filters that were performed 50 years ago, solid-phase extraction (SPE) has
become an established sample preparation technique. The initial experimental applications of SPE resulted in widespread use
of this technique in current water analysis and also to adoption of SPE into standardized analytical methods. During the
decades of its evolution, chromatographers became aware of the advantages of SPE and, despite many innovations that
appeared in the last decade, new SPE developments are till expected in the future. A brief overview of 50 years of the
history of the use of SPE in organic trace analysis of water is given in presented paper. [ 2000 Elsevier Science BV. All
rights reserved.
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reliable data on occurrence of organic micropollut-
ants in the environment was an important driving
force initiating the development of modern analytical
techniques and procedures. With certain degree of
approximation, two major target areas of interest can
be distinguished in the process of development of
environmental organic trace analysis. The first area
that was given major attention in the past was
analytical separation and detection. In this field
remarkable progress has been achieved during sever-
a decades. The initial analytical set-up including,
e.g., column chromatography, colorimetry and IR
spectroscopy changed gradually to achieve the pres-
ent status characterized, e.g., by automated hyphe-
nated chromatographic systems or by selective im-
munoaffinity systems. The second field — sample
preparation — has always been in the shadow of the
first one, often being considered as a boring, inevit-
able part of the whole analytical method. Only after
the highly sensitive analytical systems had become a
common standard for environmental analysts it was
realized that the preparation of samples was an
important braking factor in the general progress in
environmental analysis. It became apparent that any
mistake occurring in collecting and processing a
water sample could lead to a substantial error in the
final result regardless of the excellent performance of
the state-of-the-art analytical technique applied sub-
sequently. Moreover, the result of the survey among
analysts indicated that, for all respondents, two-thirds
of the analysis time was spent on collection and
preparation of the sample [1]. Hence, sample-hand-
ling techniques were shifted into the spotlight of the
attention of environmental analysts and, consequent-
ly, they started to attract an increased interest from
manufacturers as well. At that time the boom also
started for solid-phase extraction (SPE). In the last
decade this sample handling technique became the
method of choice in many environmental analytical
applications and it has been gradually included also
into standardized methods. This resulted in SPE
becoming familiar to a wide analytical public.

At present, when SPE is being described, it is
often referred to some 15-20 years of its history,
obviously concentrating on the period of the above-
mentioned boom. However, the first experimental
applications of SPE started five decades ago in the
very beginnings of the organic trace analysis of

water. Since then hundreds of papers have appeared
in the scientific journals describing various devel op-
ments and applications of SPE in water analysis and
many articles reviewing the use of SPE for trace
enrichment of organic compounds from water can be
found in literature, as well [2-9]. Since these
reviews give a thorough description of SPE meth-
odology as well as comparison of different materials,
procedures and configurations, to avoid useless re-
dundancy, the intention of this paper is to present a
brief reminiscence of 50 years of SPE devel opment.
In the presented overview, the development of SPE
has been divided into several periods or ‘ages’. This
division has not been based on exact discrete time
periods but rather on major research targets attracting
the attention of SPE experimenters in a particular

age.

2. First attempts — the age of active carbon

The property of solid surfaces to bind molecules
of organic compounds via different affinity mecha
nisms has been known for many decades. The
analytical possibilities offered by this phenomenon
were gradually recognized during long-term develop-
ment of chromatographic techniques first introduced
by Tswett a the turn of the twentieth century.
Differences in affinity of various molecules to active
sites located on the surface of the sorbent material
resulted in separation of mixtures of different mole-
cules, thus enabling their detection as single species.
Experiments with separation of molecules on sorbent
materials gave rise to chromatographic techniques.

On the other hand, the sorption properties of solid
materials were recognized to also be useful in water
treatment technologies, especially those used for
drinking water purification. Granulated active carbon
(GAC) had already been a popular sorption material
in water treatment technologies when it was tested
also for recovery of organic compounds from water
samples prior to further analysis and identification.
The pioneering work was made by the group in the
US Public Hedth Service (Cincinnati, OH, USA).
Braus et a. [10] used an iron cylinder packed with
1200-1500 g of granular activated carbon for the
concentration of organic compounds from raw and
filtered surface waters. Using these carbon filters
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they sampled at six water plants along the Ohio
River from Midland, PA, USA, to Louisville, KY,
USA, during the spring of 1949. After a metered
volume of water had passed through the carbon
filters, the filters were returned to the laboratory, the
carbon was removed, air-dried and extracted with
diethyl ether in a large-capacity modified Soxhlet
extractor. The organic residue was separated into five
groups and certain specific chemicals were identified.
Later on, Rosen and Middleton continued in testing
of carbon filter method. In their method for identifi-
cation of petroleum refinery wastes in surface waters,
thousands of gallons of surface or waste water were
pumped through the carbon filter, which was then
extracted with chloroform, the extract was fraction-
ated using column adsorption chromatography and
petroleum pollutants were measured by infrared
spectroscopy [11]. This method was able to provide
evidence of the presence of low (ppm) concen-
trations of petroleum refinery wastes in surface
waters. The same authors applied carbon filter sam-
pling in connection with adsorption chromatography
and infrared spectrometry for the development of a
general monitoring procedure that could detect a
variety of common insecticides in surface waters
[12]. Also, in this application of carbon filter sam-
pling, thousands of gallons of water samples were
forced through a 183 in I.D. (1 in=2.54 cm) inches
column of active carbon and pesticides were re-
covered by chloroform. The authors examined the
efficiency of adsorption and of recovery for several
chlorinated insecticides and found it satisfactory.
They also reported that the practical application of a
carbon filter method in a program of monitoring
organic chemicals in surface water systems had led
to the detection of DDT in five large rivers at
concentrations below those toxic to aguatic life.
These pioneering efforts led to the increased use of
activated carbon for analytical purposes which may
be documented by many representative citations [4].

Except of the use in classical SPE procedures, the
high capacity of activated carbon made it the most
popular sorbent for the closed-loop-stripping analy-
sis. This sample handling technique, which is related
to SPE (the main difference is that analytes are
stripped from the water sample with an inert gas and
then are sorbed onto the solid sorbent), had been
introduced by Grob [13] and found to be very

efficient for volatile organics. To safeguard high
recovery efficiency in this case, carbon disulfide was
used as eluting solvent.

The problems encountered during use of activated
carbon in SPE resulting from its heterogeneous
nature hampered an extensive and successful de-
velopment of applications of carbon filter method.
Disadvantages, such as irreversible adsorption or
chemical modification on activated carbon surfaces
and low recoveries for certain groups of compounds,
have resulted in gradual replacement of the carbon
adsorption method by techniques using other types of
sorbents. Nevertheless, the importance of activated
carbon in SPE development was that this was the
material which initiated the interest of analystsin the
use of solid-phase for trace enrichment of organic
analytes from aqueous matrices. It must be also
mentioned that despite the loss of interest in its use
in the field of water analysis, classical active carbon
remained very popular in water treatment tech-
nologies [14].

The renaissance of the carbon materials in SPE
applications came later after new carbonaceous
materials appeared having homogeneous structure
and hence improved physico-chemical properties.
These applications will be discussed in following
chapters.

3. The age of search for the most appropriate
material

This age of a wide development of off-line SPE
procedures examining new types of sorbents in an
attempt to find the best SPE material started in the
late 1960s and lasted until the early 1980s. Naturally,
new SPE materials are being developed until now
and it seems to be a never-ending story, however, the
present efforts are aimed mostly at finding an
optimum material for a particular application rather
than an universal sorbent suitable for every purpose.

In the 1960s it had become clear that the heteroge-
neous nature of carbon used in the initial SPE
experiments was a limiting factor to the wider
utilization of this sample handling procedure. Carbon
did not adsorb many organic compounds dissolved in
water, the desorption from carbon was not aways
complete and the compounds desorbed were not
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aways identical to those originaly extracted from
water [2]. Thus, the efforts of analysts were focussed
to finding a more homogeneous solid adsorbents to
replace the active carbon successfully. This effort
can be considered as a dominant activity in the
evolution of the SPE in the late 1960s and in the
1970s. The decisive driving force that stimulated an
increased interest of environmental analysts in SPE
at that time was the introduction of polymer materi-
als and, later on, bonded silicas.

In the mid-1960s, Rohm and Haas Company
introduced a cross-linked polystyrene resin, Amber-
lite XAD-1. The resin was in form of beads (20-50
mesh), each of which was a conglomerate of a large
number of microbeads. Riley and Taylor [15] were
the first who reported the use of polymer materials
for the preconcentration of organic compounds from
water samples. Their adsorption studies were carried
out with 1 cm diameter columns, which had been
packed to a depth of 7 cm with Amberlite XAD-1
resin. Before use, the resin columns were washed
with distilled water and ethanol. Seawater samples (1
1) spiked with appropriate amounts of analytes were
allowed to percolate through the columns at a rate of
ca. 5 ml/min. After washing, the columns were
eluted with successive 10 ml aliquots of an appro-
priate eluent (ethanol, diluted nitric acid, diluted
potassium hydroxide). The eluates were analyzed by
different methods (photometry, fluorimetry, GLC,
*C counting). The study was focussed not only on
pollutants but also on carbohydrates, amino acids
and humic acids. The series of Amberlite polymeric
resins started to attract the attention of other analysts
in the early 1970s. Apart from XAD-1, other
styrene—divinylbenzene Amberlites (XAD-2, XAD-
4) and ethylene—dimethacrylate resins (XAD-7 and
XAD-8) were also introduced. Burnham et al. [16]
developed a method for extracting trace organic
contaminants from potable water using XAD-2 and
XAD-7. The resins were able to extract weak organic
acids and bases and neutral organic compounds
quantitatively from water solutions at ppb levels. In
other work polychlorinated biphenyls (PCBs) were
analyzed in seawater using a combined SPE—liquid—
liquid extraction (LLE) approach with XAD-2 [17].
Apart from Amberlite resins, the first experimental
studies also employed other polymeric materials for
preconcentration purposes. Gesser et al. [18] used

porous polyurethane foam for sorption of PCBs from
water followed by solvent elution and analysis by
GC. Mieure and Dietrich [19] extracted organic
compounds from water with a column packed with
Chromosorb 102. After sampling, the column was
then attached to the head of a GC analytical column
and organic compounds were thermally desorbed by
the flow of the carrier gas.

In 1974 Junk et a. published an extensive study of
preconcentration methodology using XAD-2 resin
[20]. In this study the organic impurities were
isolated from water by sorption on a small column of
a macroreticular resin and eluted by diethyl ether.
The eluate was concentrated by evaporation and the
organics were separated and determined by gas
chromatography. Studies on alarge number of model
compounds added to water in the 10—100 ppb range
(20 ppt for pesticides) demonstrated that this method
was accurate and reliable. This study stimulated the
interest of water analysts in the use of styrene—
divinylbenzene materials and during the following
decade the extensive recovery tests published by
other authors [21-23] as well as the selective tests
focussed to, e.g., nitro compounds [24], organosul-
phur compounds [25], humic substances [26],
nonionic detergents [27] or akyl/triaryl phosphates
[28], confirmed the advantages of polymers. In
addition to styrene—divinylbenzene resins, other
polymeric materials also attracted the attention of
analysts. Ethylene—dimethacrylate copolymers from
the Amberlite series (XAD-7, XAD-8) have already
been mentioned. Higher polarity of acrylates im-
proved the recovery of more polar compounds so
that they were suitable for preconcentration of fulvic
acids [26] or phenol [16], however, a comparative
study by Thurman et al. [29] aso showed a high
affinity of acrylates to aliphatic compounds. Separon
and Spheron acrylate copolymers manufactured in
the former Czechoslovakia were also found to be
suitable for preconcentration of toluene, m-cresol,
prometryne [30], phenoxycarboxylic acids and s-
triazines [31]. Next to Amberlites the copolymers
from other manufacturers were also applied to SPE
procedures in water analysis such as Porapaks [32]
and Chromosorbs [19,33]. Although Tenax (2,6-
diphenyl-p-phenylene oxide) was predominantly
used as trap packing in purge-and-trap applications,
the extensive studies of Pankow et al. [34-36]
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confirmed this sorbent to be suitable for direct
accumulation of organics from water followed by
thermal desorption into a GC system. However,
classica SPE applications using Tenax were also
published by Leoni et a. [37,38]. Many other
polymers were tested in seventies for the recovery of
various organic compounds from water. The applica-
tions using polyurethanes (as open-pore polyurethane
[39] and polyurethane foam [40,41]), polypropylene
[42], polytetrafluoroethylene [43] or ion-exchange
resins [44], can be given as examples of the search
for the most appropriate SPE material.

The number of papers dealing with SPE applica-
tions using polymer resins published in the 1970s
and the early 1980s is high. Tens of papers are cited
in review of the use of XAD resins [5], hundreds of
references can be found in the overview published by
Junk [4]. The analytical future for macroreticular
resins seemed to be perspective, but the standardiza-
tion of analytical procedures employing resins was
adversely affected by their major drawback — the
necessity of removal of artifact compounds such as
naphthalene, styrene, hydrocarbons and phthalates.
Although successful resin cleaning schemes had been
developed [4,45], too many aspects of the resin
standardization that had to be considered prior to its
analytical use stimulated the testing and employment
of other types of SPE materials.

An increased analytical use of bonded phases was
stimulated by the fast development of HPLC in the
1970s and chemically bonded silicas are till the
most popular HPLC packings nowadays. It took
some time while the analysts realized that adjustment
of eluting strength to two extreme conditions (pure
water—pure solvent) might convert separation on a
reversed-phase to a total accumulation and sub-
sequent release of analytes. May et al. [46] and Little
and Fallick [47] seem to be the first who reported the
applicability of bonded phases to the accumulation of
organic compounds from water in middle of the
1970s. The commercial availability of a wide choice
of well standardized and relatively stable (if high pH
values were avoided) bonded phases resulted in the
extensive use of these materials in SPE procedures in
both water analysis and clinical analysis of biofluids.
This use had been stimulated after the commercial
SPE cartridges packed with bonded silica had ap-
peared in the market. Later on, the development of

on-line applications remarkably strengthened the
position of bonded silicas in SPE. With respect to the
type of the bonded phases, octadecyl-bonded silica
had become the most popular phase although aso
SPE procedures employing silicas with other alkyl-
or aryl- groups (C,, C,, Cg, C,,, cyclohexyl, diol,
cyanopropyl, phenyl, diphenyl or phenetyl) were
published. The initial published applications of
bonded phases were focussed mainly on hydrocar-
bons [46-50], but owing to good results that had
been obtained, the tests were also focussed later on
pesticides [51-53], phthalates [54], phenols and
chlorophenols [54-56], N-heterocycles [55] or tri-
butyltin chloride [57]. The wide spectrum of com-
pounds that could be accumulated using bonded
silicas initiated comparative studies on standard
liquid—liquid extraction methods. Chladek and
Marano [54] compared the SPE procedure with the
standard US Environmental Protection Agency
(EPA) method No. 625, and they obtained the
average recovery with silica about 20% higher than
that of standard method.

Along with the development of polymer materials
and bonded phases, a new generation of carbon
sorbents appeared in the 1970s and 1980s. Due to
controlled technology of the preparation of the
carbonaceous materials, their properties were more
reproducible and their structure more homogeneous
than those of the classical active carbon. The advan-
tage over the other SPE materials was an increased
affinity to more polar analytes and selective behavior
to some groups of compounds. The sorption prop-
erties of the carbonaceous molecular sieve were
compared to those of XAD-4 resin [21]. Even though
the average recoveries on both sorbents were com-
parable, the advantage of carbonaceous support was
higher retention of low-molecular-mass polar com-
pounds. Bacaloni et a. [58] tested nine eluents to
desorb organochlorinated pesticides from graphitized
carbon black. They reported hexane—diethyl ether
(50:50) to be the most efficient desorbing medium.
The recoveries of other groups of compounds
showed that using this mixture pesticides could be
completely separated from polycyclic aromatic hy-
drocarbons (PAHS) and, partially, also from PCBs.
Golkiewicz et a. [59] compared the retention on
pyromodified silica to that on bonded phases. The
results they obtained for polar solutes containing
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polarizable substituents like chlorine, nitro or phenyl
groups on pyrocarbon sorbents, were much better
than those obtained using bonded phases. A high
affinity of pyromodified silica to chlorophenols was
demonstrated by the same group [60]. Moreover, the
last two mentioned references employed
pyromodified silica in an on-line SPE-HPLC sys-
tem, and they also demonstrated growing capabilities
of this aternative configuration.

During the search for the best SPE material it
became apparent that there did not exist any univer-
sal sorbent suitable and optimum for al purposes.
Each material was found advantageous for certain
applications but the drawbacks were reported when
used with other compounds, matrices or techniques.
Therefore, the aims to find the best material slowly
turned into the efforts to find the optimum solution
for a particular problem. Simultaneously, the major
attention of analysts was being gradually shifted to
technological issues.

4. The age of technical developments

Introduction of new materials was a great in-
centive for fast development of the standard SPE
methodology. The typical SPE sequence included
sorbent cleaning (if necessary), activation of the
sorbent (wetting), conditioning (removal of the ex-
cess of the activation solvent), application of the
sample, removal of interferences (clean-up) and
water, elution of sorbed anaytes and, if desired,
column regeneration. The theoretical considerations
on processes occurring in the SPE column focussed
on capacity [29], mass overloading [61] or break-
through properties [34,62], and they created a sound
scientific background for the efficient use of SPE
cartridges. Introduction of commercially made car-
tridges eliminated the need for laborious preparation
of laboratory-made columns, and the use of car-
tridges such as Sep-Pak or Bond-Elut in connection
with vacuum manifolds speeded up the tedious
sample handling procedures in environmental lab-
oratories. However, some technical problems such as
undesired dilution and possibility of sample contami-
nation still remained. Therefore, the idea appeared to
substitute the off-line sequence of analyte elution,
eluate processing and the transport of the eluate

aliquot into the analytical system with direct on-line
elution (desorption) of analytes from the sorbent into
the chromatographic column. In the ssmpler on-line
approach the analytes were preconcentrated directly
on the top of an analytical column. This approach
was used primarily in HPLC methods. In this
technique conditions were chosen so that during the
preconcentration step the analytes were strongly
retained at the top of the analytical column as the
water sample was forced through. Subsequently, the
retained analytes were chromatographed using iso-
cratic or gradient elution. This approach was re-
ported for the first time by Little and Fallick [47] and
also later used by other authors [63,64]. Despite its
apparent advantages this approach caused problems
in the analysis of complex matrices and/or heavily
contaminated samples when the performance of the
analytical column deteriorated rapidly. In addition,
the high back-pressure of long analytical columns
did not enable the use of high pumping speeds to
reduce the time of sample handling step. A simple
solution to these problems was to use a separate
small precolumn for the preconcentration, which,
similar to HPLC guard columns, could be replaced
as often as needed at remarkably lower costs. This so
called on-line precolumn technology was introduced
in the 1970s [46,65,66] and it originated from the
two-dimensional column liquid chromatography that
had been successfully applied earlier to pharma-
ceutical analysis [67]. The major innovations in the
on-line approach were reported in the 1980s and
early 1990s and they have already been well re-
viewed [3,7-9].

The theoretical considerations of the on-line SPE—
HPLC approach were studied extensively in the past
and Frei and Brinkman, along with their co-workers,
made the fundamental contribution to the develop-
ment of the on-line SPE applications. For the assess-
ment of the breakthrough capacity they employed the
relationship between the capacity factor, k', and the
volume fraction of organic modifier @ in reversed-
phase HPLC which had been studied by Schoen-
maakers et al. [68]. Due to linear relationship
between In k' and @ in the lower & range, the
capacity factor of a solute in pure water could easily
be determined by measuring In k' at two or more
mobile phase compositions and graphical extrapola-
tion to ®=0 [59,60,69,70]. Goewie et a. [71]
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studied the influence of precolumn design on the
efficiency of liquid chromatographic separation sys-
tems which involved the use of an on-line trace
enrichment step. They recommended the use of
precolumns having an internal diameter of 2—4.6 mm
and a length of 2—10 mm. These precolumns allowed
sampling flow-rates of up to at least 10 ml/min at a
back pressure of 1-10 MPa. Within this range, the
precolumn geometry did not appear to be critica in
the on-line trace enrichment of either strongly re-
tained or more weakly retained analytes. Since high
retention during sampling had to be combined with
negligible retention during desorption in order to
minimize additional column band broadening during
elution, they recommended the use of the same
material in the analytical column and precolumn.
Similar results as to the precolumn geometry and
optimal sample volume assessment were reported by
Nondek and Chvalovsky [72,73]. The possibilities
and practical applicability of the determination and
prediction of solute capacity factors for the use in
SPE was studied later also by Bitteur and Rosset [74]
and Jandera and Kubat [75].

The rule that the precolumn packing should be
identical to that in the analytical column or in case
that two different sorbents are used, the retention of
the analyte in the precolumn should be lower than
that in the analytical column could be easily kept for
preconcentration of nonpolar compounds. However,
this became more critical in the trace enrichment of
polar compounds, when a sorbent having stronger
interactions to these analytes, than a conventional
C,s material, should have been used in the pre-
column. For such applications PRP, — a newly
emerging type of spherical styrene—divinylbenzene
copolymer — was found to be an excellent medium.
Comparative study of PRP1 and XAD-2 done by Lee
and Kindsvater [76] had shown that the quantitative
chromatographic characteristics of both sorbents
were identical. PRP1 had a higher surface area and it
retained organic compounds even better than Amber-
lite XAD-2. These characteristics and the spherical
shape of the reversed-phase resin microparticles
made PRP1 very suitable for on-line SPE-HPLC
applications. Zygmunt et al. [69] described the use of
PRP1 for determination of chloro- and amino-aro-
matics in industrial wastewaters. Tested polymers
showed interesting characteristics to preconcentrate

the majority of pollutants studied. Retention experi-
ments performed by Bitteur and Rosset [77] showed
that PRP1 was better suited for trace enrichment
purposes than octadecyl-bonded silica material.
Similarly positive results were achieved also with the
other type of polymeric material, PLRP-S, which
was proved to be a good compromise between
sufficient retention and limited additional band
broadening [78]. It was also found to be suitable for
preconcentration of a wide range of pesticides [79].
However, the experiments with on-line SPE-HPLC
were not limited only to bonded phases and styrene—
divinylbenzene copolymers. To achieve better re-
tention or more selective trace enrichment, pre-
columns were packed with pyrocarbon sorbents [60],
cation-exchanger [80] or metal loaded sorbent [81]
and in most of the cases promising results were
reported.

Another possibility on how to adjust the on-line
SPE-HPLC system to be fit for purpose was a
multicolumn design. The basic on-line system could
be converted to a more sophisticated one by incorpo-
ration of additional valves, precolumns and/or LC
pumps. Such systems usually employed two or more
precolumns with different sorbents connected in
series. Subra et al. [82] preconcentrated organic
pollutants using C,; and polymeric precolumns in
series connected to a C,4 analytical column. Non-
polar compounds were extracted by the first pre-
column whereas the moderately and relatively polar
compounds were recovered from both precolumns.
The ratio of amounts preconcentrated on C,, and
polymer (PRP1) precolumns and variations of this
ratio with the sample volume served as a useful
information for the identification of solutes. Nielen et
a. [80] used for preconcentration and fractionation
of organic pollutants in industria effluents three
precolumns in series (C,q, PRP1 and cation-ex-
changer) and eluted al precolumns separately.
Brouwer et al. [83] connected two polymer (PLRP-
S) precolumns in series and the outlet of each
precolumn was on-line directed to a separate PLRP-S
analytical column. While the first precolumn was
operated in the reversed-phase mode, the trace
enrichment in the second precolumn was based on an
ion-pairing mechanism. This enabled preconcentra-
tion of acidic and basic compounds within one
analysis. The same authors developed a similar
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system with one HPLC analytical column. In this
system they used specially designed holders packed
with membrane extraction discs as precolumns [84].
The advantage of this type of precolumn packing
was that its amount was easily adjustable in accord-
ance with the needs of a particular application. A
two-precolumn system was also found advantageous
for the removal of interferences [85]. Except of the
use of different materials and/or multiple pre-
columns, the other possibility of selective on-line
sample handling was specific adjustment of pre-
concentration conditions. Thus, aromatic sulphonic
acids could be satisfactorily enriched as ion-pairs
[86].

Although on-line SPE is predominantly suitable
for HPLC applications, coupling of a SPE precolumn
to GC was also proved to be a promising approach.
The magjor obstacle in this approach was to avoid
water from the sample entering the GC column. The
first successful use of on-line SPE-GC is usually
ascribed to Noroozian et al. [53]. They modified
six-port switching valve to incorporate an internal
microcolumn packed with Cg-bonded silica onto
which chlorinated pesticides and PCBs could be
adsorbed from aqueous samples. After sorption, the
precolumn was dried by helium purge and vacuum,
and analytes were eluted with hexane directly to a
GC column using retention gap. Although this was
the first real attempt to apply on-line SPE-GC in
water analysis, fourteen years earlier Mieure and
Dietrich [19], as aready mentioned above, had
sampled aqueous streams directly with 80—100 mesh
Chromosorb 102 packed in 4 in.XZin. columns.
After sorption they attached the column at the head
of the analytical GC column and started the carrier
flow and temperature program to obtain the GC
separation. Nevertheless, the real development of
LC—-GC and SPE-GC applications started at the end
of the 1980s and growing interest in this approach
can be seen in a number of references presented in
related reviews [87,88].

5. Present status — the modern age of solid-
phase extraction

The present status in SPE (i.e., with respect to the
length of SPE history, under ‘‘present” one can

understand the last decade) can be characterized as a
boom situation. Many decades of research effort
resulted in wide acceptance of this sample handling
technique and also in a growing interest of both
analysts and manufacturers. With certain exaggera-
tion it can be stated that four decades of know-how
are being heavily exploited in the 1990s.

In principle, al classica types of SPE materials
are in current use and their new modifications have
improved SPE properties. New carbon materials
have become interesting SPE media because of their
specific properties and high stability. Their potential
in on-line applications is promising, especially for
preconcentration of polar compounds as it was
shown, e.g., with porous graphitic carbon (PGC)
[71]. PGC is characterized by a highly homogeneous
and ordered structure and shows a reversed-phase
behavior. Owing to its crystalline structure made of
large graphitic sheets held together by weak Van der
Waals forces, it is often presented as a more retentive
reversed-phase sorbent than octadecyl-bonded silica.
But the retention mechanism was shown to be very
different from that observed on octadecyl-bonded
silicas and styrene—divinylbenzene copolymers.
Compounds are retained by both hydrophobic and
electronic interactions, so that non-polar analytes, but
aso very polar and water-soluble analytes, were
shown to be retained in water [89]. In the off-line
applications employing carbon materials, DiCorcia
and co-workers developed several sophisticated pro-
cedures suitable for the screening and determination
of pesticides in water. They extracted phenoxyacetic
acid herbicides from water using miniaturized car-
tridge containing graphitized carbon black (GCB) in
the top side and silica based strong anion exchanger
in the lower side [90]. After the percolation of the
water sample through this cartridge, the anion ex-
changer was activated by sodium acetate solution.
Sorbed analytes were then transferred from GCB to
anion exchanger by a methylene chloride—methanol
solvent mixture basified with sodium hydroxide.
After washing, herbicides were desorbed from the
anion exchanger with a water—methanol mixture
containing trifluoroacetic acid and potassium chlo-
ride. A similar procedure with a cation exchanger
was applied to chloroanilines [91]. Di Corcia and
Marchetti [92] also presented an off-line approach to
monitoring of a large group of pesticides in ground
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and river water. The method incorporated a frac-
tionation of analytes into basic/neutral and acidic
compounds, which was based on two different
interaction mechanisms of graphitized carbon black.
Processing of large volumes of water (0.5-2 I) and
evaporation of eluates led to detection limits lower
than 0.1 p.g/l for most of the pesticides in this case.
Styrene—divinylbenzene (PS-DVB) copolymers,
owing to their high retention and good compatibility
with C,, analytical columns, have been successfully
used in screening methods for determination of a
wide variety of priority pollutants [79,93]. As a
result of these efforts, PLRP-S is employed as the
preconcentration medium in the fully automated
SAMOS-LC (on-line SPE-HPLC) system that is
commercialy available and in routine use in many
river basins [94]. However, at present, PS-DVB
sorbents are not the only polymer materials suitable
for SPE. In recent years, chemically modified resins
containing different polar functional groups (acetyl,
hydroxymethyl, benzoyl or o-carboxybenzoyl), have
been developed and used in the SPE of polar
compounds from environmental waters. These modi-
fied resins have excellent hydrophilicity and they
also give higher recoveries than their unmodified
analogues [95]. This has been attributed to an
increase in surface polarity which enables the aque-
ous sample to make better contact with the resin
surface. They have also been compared with other
SPE materials such as PLRP-S and GCB in pre-
concentration of pesticides and phenolic compounds,
and they yielded higher breakthrough volumes for
the most polar compounds than the latter sorbents
[96—98]. In the last few years, several new highly
crosslinked polymers such as Envi-Chrom P, LiCh-
rolut EN or Isolute EN have become available. These
sorbents have a higher degree of crosslinking and so
have an open structure (high porosity material),
which increases their specific surface area and allows
greater m—m interactions between analytes and sor-
bent. This increases the breakthrough volumes of
analytes. The use of chemically modified resins as
well as highly crosslinked polymers for SPE of polar
organic micropollutants from environmental water
has recently been reviewed by Masque et al. [95].
Degspite all the new types of polymer and carbon
materials, octadecyl-bonded silica is still the most
used sorbent for off-line procedures [9,99]. Similar-

ly, in on-line applications its perfect compatibility
with the bonded-phase packing in the analytical
column makes C,, the material of choice for al who
prefer not to spend much time with method devel op-
ment. Due to their non-specificity, C,, cartridges
tend to hold up anything that has a hydrophobic
character. And if we aso include good reproducibil-
ity in retention and very seldom irreversible ad-
sorption of analytes, it is obvious that it is suitable
material for simple on-line as well as off-line
applications. However, bonded phases also enable
sophisticated approaches. Geerdink et al. [100] tested
a combination of three eluting solvents with a
conventional and non-endcapped C,, cartridge for
the separation of triazines and their degradation
products from each other and/or from humic and
fulvic acids. Slobodnik et a. [101] used silica with
bonded octadecyl and hydroxyl groups for the pre-
concentration of carbamate pesticides. The presence
of hydroxyl groups enabled sufficient trapping of
very polar carbamates but, on the other hand, good
competibility of Bondesil C,,—OH precolumn with
C,g packing material in the analytical column sup-
pressed additional band broadening even if larger
precolumns were used.

Contrary to the development of classical types of
SPE materials, the typical situation in the 1990s is
the rapid development of new types of materials.
Probably the most important phenomenon is the
introduction of membrane extraction disks. They
have been developed by 3M at the end of the 1980s
and were first reported by Hagen et al. [102]. The
disks are in fact membranes consisting of a fibrillated
PTFE matrix in which sorbents such as, e.g., bonded
silicas, polymers or ion exchangers are enmeshed.
Due to the internal structure of disks, a high flow-
rate of water sample can be achieved and reducing of
the recovery due to channeling is avoided. The easy
manipulation with disks makes them suitable for
quick testing methods but also more complex ap-
proaches have been published. Disks have been
successfully used as precolumn packing in on-line
SPE-HPLC systems [84]. In the off-line approach,
the membrane disk is a versatile preconcentration
medium suitable for both GC and LC. The eluate
from the disk can be injected into a GC system and,
if necessary, derivatization of analytes can be per-
formed prior to the injection [103]. For screening of
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a wide range of pesticides, the eluate can be ana
lyzed by both GC and LC systems simultaneously
[104]. As an alternative approach, trapped analytes
can be eluted from the disk also via supercritical
fluid elution [105].

Another novel approach in SPE is the extraction
with sorbents based on immunoaffinity employing
analyte—antibody interactions. In this approach anti-
bodies produced against a target compound are
immobilized on a solid phase to obtain an immuno-
sorbent which can be used as a classical SPE
material. The first immunosorbents were used for the
pretreatment of biological samples [106]. Because of
unavoidable cross-reactivity of antibodies against
small molecules, antibodies are also able to trap
compounds from the same structural family as the
one of the antigen. By coupling the antibody car-
tridge with HPLC, selective extraction and a quan-
titative analysis of a specific group of compounds
can be achieved. Promising immunosorbent applica-
tions in analysis of pesticides [107,108] and PAHs
[109] in water were demonstrated by the Hennion's
group.

The other possibility of how to reach a very
selective affinity of SPE materials towards target
substances is the use of molecularly imprinted
polymers (MIPs). Molecular imprinting is a tech-
nigue by which highly selective binding matrices can
be prepared using a chosen target molecule as a
template in a casting procedure. MIPs were used as
stationary phases in molecular imprinting chromatog-
raphy and since they had been found to exert
antibody-like affinities to specific analytes, they were
successfully used for selective extraction [110]. In an
on-line configuration, MIPs could be used for a
selective preconcentration of atrazine herbicides
from water containing 20 ppm of humic acids. The
use of suitably tailored MIPs reduced the influence
of the matrix on the resulting chromatogram, thus,
enabling high sample enrichment factors [111].

Both the immunosorbents and MIPs represent a
sophisticated approach to development of a tailor-
made solid phase for a given application. Further
development of these techniques (development of
class-specific immunosorbents and optimized MIPs)
and commercialization of production of both groups
of these highly specific sorbent materials will cer-
tainly improve the efficiency of target analyses of
complex matrices in the future.

The long-term efforts to find an optimum sorbent
and experimental conditions for a given application
also continue in the 1990s. Examination of kinetic
and retention properties controlling the breakthrough
volume seems to be an appropriate way to predict the
efficiency of extraction of a compound from water
by a sorbent. The prediction of a retention factor in
water is still used as an important factor in method
development for SPE [112-114]. Based on the
evaluation of operational parameters and characteri-
zation of a silica-based octadecylsiloxane bonded
phase sorbent, Miller and Poole [112] concluded that
availability of system coefficients from the relation-
ship between log k' and & for reference mobile
phases for different sorbents would provide a rational
method for selecting the optimum sorbent for a
particular application. Moreover, the system coeffi-
cients could be used to establish the influence of
bonding density and functional group type on sorp-
tion properties to establish how many different
stationary phases are really needed for SPE, thus
avoiding a needless proliferation of new products
lacking significant benefits over existing products.

The 1990s have brought also a progress in SPE
technology. Even though the basic principles of
classical off-line SPE sequence did not change
substantially, a high degree of commercialization as
well as development of microprocessors, enabled a
remarkable increase in sample throughput. Various
vacuum manifolds are available alowing processing
of up to 96 samples. This enables speeding up the
analysis but still some manual labor is required. Full
automation of the SPE sequence can be achieved
using robotic systems. To speed up SPE method
development, SPE plates containing arrays of various
sorbent cartridges have been designed. The plates
enable a range of suitable sorbents to be screened
simultaneously to optimize recovery providing a
speedy and economical approach to SPE method
development. In on-line applications, coupling of
SPE with LC has become a routine method in many
laboratories. Commercial systems (OSP-2  or
SAMOS-LC using Prospekt) allow problemless
transfer of analytes from precolumn into the ana-
lytical column with minimized additional band
broadening. An increase of the analytical capabilities
has been reached by connecting the SPE-HPLC
system to MS via a suitable interface. Similarly,
on-line coupling of SPE to GC is a promising
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approach with good perspectives for the future [88].
An extremely powerful tool can be achieved by
combination of the above mentioned on-line systems.
This has been demonstrated by Slobodnik et al.
[115]. They developed an integrated system combin-
ing on-line SPE with LC and GC separation and MS
detection. The trace enrichment procedure was auto-
mated by a Prospekt cartridge-exchange/ solvent-
selection/valve-switching unit. After loading of the
water sample, the precolumn was eluted on-line in
two subsequent runs, first onto the GC-MS system
and, next, onto the LC—diode array UV detection
(DAD)-MS system using a particle beam interface.
With this system GC-MS, LC-DAD UV and LC-
MS data of the same water sample could be obtained
within 3 h, providing a large amount of structural
information on unknown organic compounds present
in the sample.

Sometimes, new developments in on-line field
reanimate the old ideas. The simultaneous use of the
LC column for the trace enrichment and analytical
separation was characteristic for the early SPE-LC
applications, and this approach was rejected later so
as to protect the expensive column from contami-
nated samples. Nowadays, the improvement of the
properties of LC packings stimulated the renaissance
of this approach since short columns can provide
sufficient separation for reasonably reduced costs.
Thus, rapid screening with a single short column for
preconcentration and separation can be performed
[116].

Another new interesting SPE technique that had
been introduced by Pawliszyn and coworkers, almost
simultaneously with membrane disks, is solid-phase
microextraction (SPME) [117]. SPME, which is
usualy referred to as a separate sample handling
technique and not as a SPE modification, is based on
immobilized liquid phase (e.g., polydimethylsiloxane
or polyacrylate polymers) as a stationary phase and
is used for the direct extraction of organic trace
compounds from water by simply dipping the fiber
into the agueous sample. After sorption, the fibre is
transferred into the heated injector of the gas
chromatograph and exposed for a given period of
time, where the organic compounds are thermally
desorbed from the polymeric phase. The fibre can be
reused many times. SPME is an effective technique
for the handling of water samples prior to GC
analysis. Its major advantages are the avoiding of

organic solvents, simplicity and low operational
costs. The combination of SPME and GC was
proved to be a rapid and sensitive technique for
analysis of different groups of organic pollutants in
water. It gave satisfactory results for pesticides
[118], nitroaromatics [119], phenols [120] and for
volatile organic compounds using both direct ex-
traction from water [121,122] as well as the head-
space exposure [123]. The maor methodological
difference from SPE is that the classical recovery
cannot be referred to by SPME as this technique is
based on reaching an equilibrium analyte concen-
trations between two phases. Despite this difference,
the precision and reproducibility of SPME methods
are similar to other conventional extraction methods.
Successful examples of SPME-GC anayses of
different compound classes were summarized in the
review of Eisert and Levsen [124].

The potential of the solid-phase is not restricted
only to the enrichment of the analytes. Green and
LePape [125] did observe that XAD-2 macroreticular
resin and octadecyl-bonded silica had a preservative
effect, which prevented a breakdown of sorbed
hydrocarbons by bacteria. Hydrocarbons stored on
these solid-phases for periods of up to 100 days in
the presence of an oleophilic bacterial population
showed no evidence of biologica degradation. In
contrast, hydrocarbons stored in water samples con-
taining the same bacteria showed pronounced degra-
dation over much shorter storage periods. These
authors suggested that the preservative effect resulted
from trapping the organic compounds in the ad-
sorbent lattice structure. The pores of XAD-2 or
silica gel were smaller than bacteria. Thus, the
hydrocarbons were protected from bacterial attack.
The stability of 34 selected pesticides extracted from
water onto the GCB surface was evaluated under
various storage conditions [126]. The best results
were obtained by first minimizing the water content
into the GCB extraction cartridge by a suitable
methanol washing and the freezing the cartridge.
Under these conditions and over a storage period of
3 weeks, the stability of pesticides extracted from
four river water samples onto the GCB surface was
assessed and compared with that in water at 4°C,
with and without an inhibitor of biological degra-
dation such as mercuric chloride. Results indicated
that storage on the GCB material was a far better
preservation procedure than storage in water at 4°C.
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Several of the pesticides considered were completely
degraded when stored in water in the presence of
HgCl,. Similarly to disposable off-line SPE car-
tridges, SPE precolumns were also tested as to the
analyte storage possibility. The stability of 19 or-
ganophosphorous pesticides was investigated using
precolumns from the Prospekt (automated on-line
SPE) system packed with C,; and stored under
different conditions [127]. This study demonstrated
that many organophosphorous pesticides that showed
instability problems in water matrices were stable
under disposable SPE precolumns for a period up to
8 months at —20°C. Similar cartridges were also
used for the investigation of the stability of different
groups of polar pesticides (triazines, phenyluress,
carbamates and chlorinated phenols) sorbed onto the
polymer sorbent from water [128]. The results
showed the stability of most of the tested pesticides
stored in the cartridges during 7 weeks at the
laboratory temperature or in the refrigerator. More-
over, the compounds that are trapped onto the
sorbent are not only preserved but they can also be
directly detected using solid-state fluorescence mea-
surements [129].

During the decades of its development, SPE was
mostly considered as an experimental technique
while standardized applications in water analysis
employed usually LLE for sample handling. How-
ever, the situation has changed dramatically. At
present, SPE has been widely accepted and recog-
nized as a standard tool for the handling of water
samples prior to analysis for organic micropollutants.
The EPA has approved various methods based on the
use of SPE disks or cartridges [130]. As an example
method 506: *‘Determination of phthalate and adi-
pate esters in drinking water by liquid-liquid ex-
traction or liquid—solid extraction and GC with PID"’
can be given. As an dternative to LLE this method
alows that a measured volume of sample is extracted
with a liquid—solid extraction (LSE) cartridge or
disk. The LSE media are eluted with acetonitrile
followed by methylene chloride (disk extraction) or
with methylene chloride only (cartridge extraction).
The eluant is concentrated using a gentle stream of
nitrogen gas or clean air to reduce the volume to 1
ml or less. The application of SPE in analysis of
organic micropollutants in water can be also found in
German DIN standards [131].

6. Conclusions

As can be seen from this historical overview, after
five decades of its development SPE has turned from
an interesting alternative approach into a powerful
standard technique. Experts involved in the field of
environmental chromatography often state that sam-
ple preparation is the area where the most recent
significant advances have been made [132]. Consid-
ering the fast progress and many innovations in the
SPE field, it may have seemed that, at present, the
progress of SPE culminates. However, not only
scientists but also the manufacturers claim that the
sample preparation area is still in evolution. It is felt
that despite the boom in nineties, the SPE develop-
ments have not appeared as fast as it was expected
and an increase in SPE research is predicted for next
few years [133]. Thus, we can only look forward to
new sample handling approaches and ideas employ-
ing solid-phase in the third millenium.
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