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ABSTRACT

A review and discussion of the chromategraphic separation of marine organic pollutants is given, including sampling and clean-up

procedures, fractionation and enrichment of marine pollutants, capillary gas chromatography (cGC) and high-performance liquid
chromatography applying both classical and chiral stationary phases. The potential of mult-dimensional ¢GC for the analysis of
marine organic trace pollutants is discussed {for polychlorinated biphenyls (PCBs). The chromatographic separation of coplanar PCBs

and of the enantiomers of chiral pollutants provides a further insight into the toxic potential of these marine organic pollutants.
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LIST OF ABBREVIATIONS

AAS
AHH
cGC
DCPp

p.p-DDL
DDT

ECD
El
EROD
FAAS
FPD
GC
GPC
x-HCH

+-HCH
HPLC
HPTLC
ICP-AES
ICP-MS
LC

MID
MS
NPD

OLLE
PAHSs

Atomic absorption spectrometry
Aryl hydrocarbon hydroxylase
Capillary gas chromatography
2-(2.4-Dichlorophenoxy)propion-
ic acid
p.p'-Bis(4-chlorophenyl)-2.2-di-
chiorocthene
1,1-Bis(4-chlorophenyl}-2,2,2-tri-
chloroethane

Electron-capture detection
Electron impact ionization
7-Ethoxyresoruflin-O-deethylase
Flame atomic absorption spec-
trometry

Flamc photometric detection

Gas chromatography

Gel permeation chromatography
z-1,2,3.4,5 6-Hexachlorocyclohex-
ane
»-1,2,3,4,5,6-Hexachlorocyclohex-
ane

High-performance liquid chroma-
tography
High-performance
chromatography
Inductively coupled plasma atom-
ic cmission spectrometry
Inductively coupled plasma mass
spectrometry

Liquid chromatography
Multiple-ion detection

Mass spectrometry
Nitrogen—phosphorus detection
On-line liquid-liquid exlraction
Polyeyclic aromatic hydrocarbons

thin-layer

212

PAR 4-(2-Pyridylazo)resorcinol

PCB Polychlorobiphenyl

f-PCCH $-1.3.4,5.6-Pentachloro-1-cyclo-
hexene

7-PCCH »-1,3,4.5.6-Pentachloro-1-cyclo-
hexene

SIM Selected Ton Monitoring

TBT Tributyltin

TLC Thin-layer chromatography

. INTRODUCTION

At present, about 60 000 organic substanccs
are being used by mankind, and presumably
somc thousands of these substances are being
transferred into the marine ecosystem. Therefore,
it would appear to be hopeless 1o aim at a com-
prehensive analysis of all anthropogenic marine
compounds. A more appropriate approach
would include the main pollutants and their deg-
radation products that may be assumed to con-
tribute to the toxic potential for the most part.
However, a reliable assessment of the toxic po-
tential of marine pollutants in turn depends on
appropriate analytical techniques. This review
provides an insight into the most recent achieve-
ments in this field.

Investigations on “organic carbon in sea wa-
ter’™” were performed as carly as 1909 by Pltter
[1]. However, as the concentrations of biogenic
and anthropogenic marine substances arc of the
order of nanograms per litre or in the low pi-
cograms per litre range, many analytical prob-
lems had to be solved. In particular, the complex
matrix of organic compounds gave rise to co-elu-
tion problems with several compounds. As a con-
sequence, concentrations of PCBs and DDT
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identified in the earlier studies sometimes were
significantly higher than their concentrations in
marinc samples collected after 1985 [2-4]. These
abservations may reflect an actual decline in
polychiorobiphenyl (PCB) and 2,2-bis(4-chloro-
phenyD-1,1.1-trichloroethane (DDT) levels in the
open ocedn or an improvement in analytical
methods, including confirmation of analyte iden-
tities by gas chromatography—mass spectrometry
(GC-MS) [2]. In the earlier studies, PCBs and
pesticides were determined by single-column, sin-
gle-deteclor analysis [nearly exclusively GC with
electron-capture detection (ECD)]: confirmation
analysis of identified analytes was not performed.
This basic matrix problem inspired many work-
ers to improve clean-up and fractionation tech-
niques. This review takes into account the vital
importance of this first step in the analysis of ma-
rine compounds by giving a brief overview over
somc recent developements in this feld.

Regarding the determination of marine organ-
ic compounds, two chromatographic methods
have been dramatically improved in the last dec-
ade. viz., high-performance liquid chromatogra-
phy (HPLC) and capillary gas chromatography
(cGC). As a consequence, separations of homol-
ogous compounds, isomers and enantiomers of
chiral compounds have been achieved in prob-
lematic cases that had given rise to co-elution in
carlier studies. Because of the dominance of these
two analytical methods, this review focuses upon
these two techniques.

A new field of marine analysis that has been
advanced in recent months is the determination
of chiral compounds at trace levels. This new ex-
perimental approach was possible because new
chiral stationary phases have been developed,
which include, in particular, cyclodextrin deriv-
atives. Hence the fatc of many prochiral or chiral
pollutants can be monitored in the marine cco-
system with regard to enzymalic (e.g., microbial)
and non-enzymatic (e.g., photochemical) degra-
dation pathways. This new aspect, which is con-
sidered to have promising perspectives. will be
discussed here in both the HPLC and the ¢cGC
sections.

2. SAMPLING AND CLEAN-UP PROCEDURES

The low concentrations of marine organic pol-
lutants require sampling procedures that avoid
contamination of the sample. Therefore. rigorcus
cleaning of all parts of the sampler, solvents, ad-
sorbent material, and chemicals is necessary prior
to application. Furthermore, possible contami-
nation by penctration of the sampler through the
surface layers of the sea, which may be highly
enriched by pollutants, has to be excluded. The
following samplers fulfil these basic require-
ments: the Blumer sampler [5]. the IDHI sampler
[6] and a high-volume water sampler designed to
pump water from a defined depth below the sea
surface outside the wake of the survey vessel [2].

The air—sea interface is of particular interest,
because sea slicks may significantly accumulate
organic pollutants. For a review on specific mi-
crolayer samplers suitable for collecting the up-
per waler layer of 50400 um thickness, the read-
cr is referred to the survey by Hihnerfuss [7,8]
and to a recent paper by Sauer ¢t al. [2].

The subsequent processing of the water sam-
ples may include different steps that allow both
the extraction and enrichment of the organic pol-
lutants.

2.1. Extraction and enrichinent of marine organic
pollurants

In general, liquid-liquid or liquid—solid extrac-
tion techniques are applied. Recent publications
dealing with this subject focused predominantly
on hexachlorocyclohexane (HCH) isomers and
PCBs. In addition. organometallics, polycyclic
aromatic hydrocarbons (PAHs), organophos-
phates, chlorophenols, nitrogen-containing pol-
lutants and other organochlorines have been in-
vestigated.

2.1.1. Liguid-liquid extraction

A typical procedure being used in connection
with the DHI sampler is the following (further
technical details of the sampler werc given by
Gaul and Ziebarth [6]). On board the ship, the
watcer samples can be extracted within the sam-
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pler, thus minimizing potential losses by adsorp-
tion effects. The water samples are extracted with
200 ml of hexane that has been purified by col-
umn fractional distillation. The extracts are
stored in a refrigerator at about 253 K until the
end of the cruise. Ashore the extracts arc purified
and analvsed by known procedures [6,9], which
Include purilication ol the hexane solulion by
column chromatography over alumina and sub-
sequent on-column GC analysis using a nickel-63
clectron-capture detector. It should be noted that
the alumina must be prepared carefully accord-
ing to the procedure described by Ernst ez af. [9],
ie.. first the alumina has to be kept for 3 h at
1123 K (lower temperatures give rise to modifica-
tion of the alumina and thus to varying rccovery
rates, in particular of the standard e-HCH!), and
then 5% ofl water is added.

In addition, the samples can be fractionated
further by column chromatography over Florisil,
where the first fraction contains the PCB deriv-
atives and the second fraction mostly consists of
the HCH isomers [Y].

The different procedures described in the liter-
ature are mainly distinguished by the application
ol different selvents, e.g., cyclohexane or n-hex-
ane [6,10]. #-pentane [11], dichloromethane [2],
tetrachloromethane [10], different cthers [12] or
ethyl propionate [12]. In general, the solvent
must be insoluble in water; however, the choice
of the appropriate solvent depends on the polar-
ity of the substances to be extracted.

2.1.2. Solid-phase extraction

During the extraction ol environmental sam-
ples, both biogenic and anthropogenic com-
pounds are extracted into the organic solvent.
and this complex matrix may intetfere seriously
with the determination of the respective analytes.
For example, lipid material and aliphatic and
polvaromatic hydrocarbons are co-exlracled
with organochlorine compounds into a non-po-
lar solvent such as n-hexane. As a consequence,
chromatographic peaks may overlap, substances
are deposited on the detector [eil of the clectron-
capture detector and the clectron density and the
ECD response may be affected considerably. In

summary, complex environmental matriccs can-
not be handled by simple liquid-liquid extrac-
tion, but additional subsequent clean-up proce-
dures arc required. Very elegant experimental ap-
proaches are based on liquid-solid extraction
methods that include extraction, fractionation
and clean-up of the sample.

Numerous techniques have been suggested (or
the rcmoval of fats and other interfering sub-
stances from solvent extracts of environmental
samples. Gel permeation chromatographic
(GPC) separation [13] and adsorption chroma-
tography involving alumina [6,9}, silica gel [14]
and Florisil [9] microcolumns have been most
commonly used. Examples of clean-up with alu-
mina and Florisil microcolumns have already
been given in Section 2.1.1. With regard to silica
gel column chromatography, Takada and Ishi-
watari [14] used this technique for the determina-
tion of alkylbenzenes with normal C;o—C14 and
branched C;,—-C; alkyl ¢chains in sediments and
suspended matter. This method was reported to
be applicable to environmental samples contain-
ing nanogram amounts of alkylbenzenes per
gram ol sample (dry mass). The recoverics of al-
kvlbenzenes were 81-94% and the reproducibil-
ity was good. An improved two-step clean-up
procedure involving alumina—silica column chro-
matography and GPC of air particulate matter
and river sediment cxtracts and a GPC clean-up
procedure for marine biota samples were de-
scribed for the determination of PAHs with two
to five rings and selected polychlorinated biphe-
nyl congeners. respectively [13]. Bio-Bcads SX-3
and SX-12 (200400 mesh) were used as packing
materials. The recoveries obtained varied from
52 to 78% depending on the compound. In gen-
eral, GPC should be considered as an alternative
technique to remove the higher-molecular-mass
co-extractive lipids which so often interflere in the
GC analyses of organophosphorus and organo-
chlorinated pesticides, PCBs and PAHs. The sep-
aration mechanisms in GPC involve adsorption,
partition and size exclusion. The predominance
of one mechanism over the others is largely deter-
mined by the choice of the mobile phase and the
packing pore size [13] and, therelore, GPC 1s as-
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sumed to be a very versatile technique.

In addition, reversed-phase columns of differ-
ent polarity have been used [or clean-up proce-
dures in recent years [15~17]. Sperling et af. [15]
used a combination of clean-up methods that
proved to be very effective for the scparation of
various organohalides from commercial cod-liver
oil. The method consisted of a liquid-liquid par-
titioning between dimethylformamide and hex-
ane followed by a reversed-phase (octadecyl) par-
titioning. A systematic comparison between dif-
ferent reversed-phase columns (C, s phase, phen-
yl phase) and various high- and low-volatile ha-
logenated hydrocarbons by Pfaffenberger [17)
showed that Cy¢ phases are superior in many in-
stances to phenyl phases because of their more
general applicability. However, C,5 phases are
not recommended for application to the analysis
of high-volatile halocarbons, because the recov-
ery may be as low as 10-20% [17]. Further, it
should be noted that reversed-phasc columns
should not be used for trace analyses of marine
organic pollutants without careful purification
with the solvent prior to application. In general,
glass columns are less problematic than plastic
columns, which may cause serious interferences
due to leaching of plasticizers and other contami-
nants.

Sometimes, lipophilic organic substances are
dissolved in sea water in such minute concenltra-
tions that the chemical characterization and de-
termination of single compounds is possbile only
after a sufficient amount has been collected by
concentration from relatively large volumes of
water, typically of the order of 100~10001. In this
case, sorption and enrichment on specific solids,
e.g., XAD-2 resins, may be a suitable experimen-
tal approach. However, prior to application of
the resins careful purification according Lo the
procedure described by Ehrhardt has to be per-
formed [18,19].

Materials used for the above chromatographic
clcan-up methods sufler from disadvantages,
such as lot-to-lot variation, relatively poor col-
umn efficiency, slow clution and high consump-
tion of solvents. In comparison, HPLC columns
packed with microparticles cxhibit the advan-

tages of high reproducibility, low consumption of
solvents, high efficiency and higher sample load-
ing capacity [20]. A rapid, efficient HPLC proce-
dure was reported by Krahn ez a/. [21], who used
a size-exclusion column to separate the analytes
of interest from interfering compoungds in the
sample matrix. Analytical results were presented
for organic contaminants from mussel and oyster
tissues and from sediment extracts.

2.1.3. On-line liquid-liguid extraction (OLLE)

Fogelqgvist et al. [22] developed a mechanized
system for extractive sample work-up for GC
coupled on-line to an on-column injector. Ex-
traction of the water sample is performed in a
liquid-liquid segment flow in a glass coil internal-
ly coated with a hydrophobic layer. After extrac-
tion the phases are separated with the aid of a
hydrophobic membrane supported by a screen
coated with Teflon. The organic phase is fed to a
loop injector. A schematic diagram of the OLLE
system 1s shown in Fig. 1.

One of the important advantages of the system
1s that it is closed from the atmosphere. Further,
it was shown to provide rapid and precise work-
up of sea-water samples for the determination of
high-volatile halocarbons, e.g., chioroform, bro-
modichloromethane, dibromochloromethane,
bromoform, trichloroethylene, tetrachloroethyl-
ene, tetrachloromethane and 1.1,1-trichloroeth-
ane. Compared with manual extraction, smaller
volumes of sample and organic phasc are needed.
Reliability was tested by Fogelqvist er al. [22]
during a three-week cruise when 350 sea-water
samples were processed without failure. Concen-
trations down to the picograms per litre level in
water can be determined, using injection volumes
up 10 130 pl. Further, an intercalibration experi-
ment was performed utilizing both the classical
liguid-liquid extraction method and the OLLE
mcthod. It turned out that the relative standard
deviations in the manual technique were about
20% and with the latter system about 10%. The
mean values of the two determinations were
found not to be statistically different. For lurther
details of this method, which is assumed to be the
most sensitive technique for high-volatile halo-
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Fig 1. Schematic diagram of the OLLE system according to ref, 97. O = 50-ml glass syringe with extraction solvent. How-rate 138 gl min;
S = 30-ml plass syringe with water sample, flow-rate 1430 plimin; P1 = phasc segmentor: £ = polynier-coated glass extraction
coif (3 m * 0.7 mm 1.D.}; P2 = phase separator with Teflon membrane, 0.2-pm pore size; W = waste: V = rotary valve with variable
loop (load position); C = carrier gas inlet. hvdrogen 5 mi/min: GC — gas chromatograph, oven lemperature 318 K isothermal, 9m
0.3 mm [.D. silanized retention gap and 22 m x 0.5 mm LD. separation column with 0.5-pm immobilized SE-54; ECD = ¢lectron-

capture detector 54% K, scavenger gas nitrogen at 30 ml/min.

carbons, the paper by Fogelgvist er al. [22]
should be consulted.

2.1.4. Extraction of warine sediments and biota

Al first glance, concentrations of marine or-
ganic pollutants often appear to be minute and
negligible. As a consequence, many workers try
to infer the toxical potential of specific parts of
the world’s oceans nat by analysing the water it-
self, but by determining the level of pollutants in
scdiments and marine biota, which are known to
concentrate pollutants by adsorption and/or
bioaccumulation and biomagnification cffects.
This holds, in particular, for higher members of
the ecological [ood web, and hence the analytical
problem caused by detection limits can be avoid-
ed, although the organic matrices may be more
complex and additional clean-up procedures
have to be applied.

It is not the intention of this paper to give a
comprehensive review of this subject. Only some
of the most recent papers that have appeared in
generally accessible journals will be cited, and re-
ports and “grey literature™ will be neglected. For
older literature the rcader should refer to the ref-
erences given in the papers cited hereafler.

With regard to the analysis of sediments and
marine biota that have been used as “‘indicator
animals™ the most recent papers are summarized
in Table 1.

Determination of the substances in question in
the respective murine compartments and tissues

summarized above needs highly sophisticated
methods. In general, a complete analysis of pollu-
tants in. e.g., anmal tissues consists of the fol-
lowing five steps: (a) homogenization and drying;
(b) extraction of all lipophilic substances by
means of organic solvents; (¢) separation of the
substances in question [rom the excess of natural
lipids (“‘clean-up™); (d) isolation of single com-
pounds from the complex mixture, usually by
¢GC and somctimes by HPLC; and (e) identifica-
tion.

It should be noted that with regard to the first
step (homogenization, drying) a controversial de-
bate ¢xists in the literature, becausc two different

TABLEL 1

RECENT LITERATURE DEALING WITH THE EXTRAC-
TION OF MARINL SEDIMLENTS AND BIOTA

Matrix References

Sediments 13, 14, 16, 21, 23 (interlaboratory
study). 24-31, 125

Musscls 16, 21 32-36, 130, 136

Fish 13, 15, 32, 33, 3645, 126, 130, 131,
137

Sea birds 46, 125

Common Eider ducks 47,124, 129, 135, 138

Penguin blubber 20, 48, 136

Harbour sculs 38, 39,4850, 124, 136

Hermit crabs 51.52

Marine mammuls 37,40, 53, 127,128

Plankion, algae 54, 55, 131

Benthic organisms 126, 131
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approaches are being used by environmental lab-
oratories, drying by means of freeze-drying and
drying by pulverizing with the help of anhydrous
sodium sulphate. The present authors performed
comparative experiments with these two meth-
ods, and observed that freeze-drying bears the
potential danger that losses of substances duc to
evaporation cannot be avoided in all instances
and that extreme caution has to be applied when
using this mecthod. The sccond method, pulveriz-
ing with the help of anhydrous sodium sulphate,
appeared to be less problematic regarding sclec-
tive losses of substances.

The extraction and clean-up procedures sum-
marized in the preceding section can bhe used in
an analogous manner for sediments and animal
tissucs. As an example, Fig. 2 shows ¢GC-ECD
traces for extracts of sediments (top) and oyvster
tissue (bottom) after the HPLC trcatment de-
scribed by Petrick ef o/ [20] for PCB congeners
and p,p’-bis(d-chlorophenyl)-2,2-dichloroethene

/

|

(p,p"-DDE). Additional examples for HPLC and
¢GC analyses of marine samples will be discusscd
in later sections.

3. HIGII-PERFORMANCE LIQUID CHROMATOGRA-
PHY

The unequivocal advantage of HPLC is its ap-
plicability both to the clean-up of the sumple and
to the determination of organic pollutants. In the
last decade, the development and improvement
of detectors, e.g., fluorescence, inductively cou-
pled plasma atomic cmission spectrometric and
other specific detectors, gave rise to an increase in
sensitivity and to a decrease in detection limits. In
addition, many investigators were able to use
HPLC at concentrations down lo the picograms
per litre level in water, e.g., by HPL.C-GC-ECD
combination, i.e.. they replaced the TTPLC sensor
by the ECD sensor of the gas chromatograph for
the analysis of chlorinated compounds.

Fig. 2. eGC-ECD of (top) sediment and {bottom) oyster tissue originating from the Mediterranean, after the HPLC treatment
deseribed by Petrick er al. [20] for PCB congeners and p,p’-DDE. PCB numbers according to ref. 118; chromatograms from ref. 20.
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The analysis of natural marine substanccs in
sea-water, ¢.g., amino acids [56,57], amines [58],
ammonium ions [58,59], photosynthctic pigments
[60.61] and carotinoids [62], is well described in
many publications and reviews. The same holds
for biogenic pollutants such as toxins [63]. In this
review, emphasis is placed on the HPLC analysis
of man-made organic pollutants, i.e., organome-
tailics, PAHs, pesticides and halogenated pollu-
tants.

3.4, Classical stationary phases

3.1 Organometallics

There has been a growing realization that the
form in which a trace metal occurs, so-called spe-
ciation, is of vital importance in a number of
fields, ¢.g., toxicology and environmental mon-
itoring. A prime example is the marine antifoul-
ing agent tributyltin (TBT), which is known to
allect seed oysters and dog whelks at environ-
mental concentrations below 100 ng/l. Inorganic
tin species do not act in this manner. This has led
Lo increased interest in methods for trace metal
speciation. A promising analytical approach to
such speciation is to couple the capability of
chromatography for species separation with the
selectivity and sensitivity of atomic spectrometry
for detection. II'two species co-elute and only one
contains the metal of interest, the use of metal-
specific detection means that only the metal-con-
taining species is detected. Hence complete chro-
matographic separation is not required.

A simple yet effective HPLC— flame atomic ab-
sorption spectrometry (FAAS) coupling utilizing
pulse nebulization and a slotted tube atom trap
was described by Ebdon er af. [64] for the specia-
tion of tin in natural waters. A detection limit of
200 ng for tin was obtained and the separation of
tin(11), tin(IV) and tributyltin (TBT) within 8 min
was possible. Thus, large preconcentration fac-
tors are required in order to measure the levels in
environmental samples.

Another procedure for the determination of
TBT ions in estuarine waters by HPLC with fluo-
rimetric detection using morin in a4 micellar solu-
tion was described by Ebdon and Alonso [63].

TBT was quantitatively retained from 100-500
ml samples on a 4-cm-long octadecyl sitica (ODS)
column. After washing off the salts with 20 ml of
distilled water, the ODS column was backllushed
with methanol-water (80:20) containing 0.15 M
ammonium acelale on to a 25-cm-long Partisil
SCX analytical column. The detection limit of
this method is 16 ng of TBT (as tin).

Branch e al. [66] investigated the coupling of
HPLC with inductively coupled plasma mass
spectrometry (1CP-MS) utilizing itwo diflerent
types of plasma torch, and assessed the implica-
tions for the analysis of tin species. The principal
practical difficulty with the use of ICP-MS Is the
requirement to introduce a mobile phase contain-
ing a high concentration ol organic solvent |66].
In spite of these difficulties, Branch er a/. [66] rc-
ported an improvement of several orders of mag-
nitude over coupling of HPLC with flame atomic
absorption spectrometry (FAAS), i.e., a limit of
detection of 0.025 pug/ml TBT was achicved,
which is equivalent to 1.6 ng of tin injected.

Recently, Tolosa ¢f al. [67] compared four dit-
ferent methods for the determination of organo-
tin derivatives in sea-waler, marine sediments
and mussels, viz., ¢GC coupled with flame photo-
metric detection (FPD), with ECD and with MS
was compared with liquid chromatography (LC)
with MS detection. The coupling of ¢GC with
single- or dual-flame FPD using a 600-nm inter-
ference filter exhibited the best performance for
the trace level determination of alkyl- and aryltin
compounds as methyl derivatives 11 aquatic ma-
trices [67,132]. Limits of detection in the pico-
grams to nanograms per litre and per gram for
water and for sediments and biota, respectively,
were obtained. Characteristic cGC-FPD traces
for methyl derivatives of organatin compounds
are shown in Fig. 3 [or extracts (rom water. scdi-
ments and biota,

On the other hand, the ¢GC—clectron-impact
ionization (ET) MS in the SIM mode can be con-
currcntly used as a confirmatory technique for
cGC-FPD assignments. The moest common mul-
tiple-ion detection (MID) mode has not exhibited
adequate sensitivity for the analysis of real cnvi-
ronmental samples.
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ap 180 T{e)
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Fig. 3. Characteristic ¢cGC-FPD traces of methyl derivatives of
arganotin compounds in {A) water, (B) sediment and (C) biota
{from ref. 67). Compounds: 2 = n-butyltin; 3 = di-n-butyltin; 4
= (ri-n-butyltin: 5 = {ctra-a-butyltin: 6 = diphenyltin: 7 =
triphenyltin; 4 = hydroxy derivative of tri-n-butyltin.

In 1982 and 1985, two comprehensive reviews
on the application of HPLC to organometallic
and metal coordinalion compounds were pub-
lished by Willeford and Veening [68] and Nick-
less [69], respectively; the latter also included oth-
er chromatographic techniques. However, since

then, much additional experimental evidence has
been reported, shedding more light on the specia-
tion problem of metals in sea-water.

Mackey [70] performed an investigation on
naturally occurring complexes of Cu, Zn, Fe,
Mg, Ni, Cr, Mn and Cd using HPLC with atomic
fluorescence detection. The metal-organic com-
plexcs were isolated from coastal sea-water on to
octadecyl-bonded silica (Sep-Pak cartridges). Or-
ganic complexes of Cu, Zn, Fe, Mg, Nt and Mn
were found to be present but no cemplexes of Cr
or Cd were delected. The complexes covered a
widc range of polarities with no specific complex-
es being predominant. Typical values of the
amounts ol trace metals 1sclated by this tech-
nique corresponded to concentrations in the orig-
inal sea-water of > 65 ng/l (Cu), >27 ng/l (Fe)
and >41 ng/l (Zn). According to the experience
of the present authors with polar organic pollu-
tants, it has to be assumed that a significant frac-
tion of the metal organics present was too polar
to be completely retained by the Sep-Pak car-
tridges.

In order to overcome this basic problem,
Mackey and Higgings [71] comparcd the poten-
tial of different reversed-phase chromatographic
supports such as Sep-Pak C;g cartridges, Sep-
Pak cartridges packed with Styragel and XAD-2
resin and subsequent elution with methanol, ace-
tonitrile or tetrahydrofuran. Analysis of the ex-
tracts by HPLC with atomic fluorescence detec-
tion of trace melals showed that methanol ex-
tracts remain unchanged for up to three months
in polypropylene at temperatures between 293
and 253 K and in glass at 253 K. Further, high-
intensity lamps improved the sensitivity of the
atomic Mucrescence delector by 1-2 orders of
magnitude, and Zn, Mg, Cu, Ni and Fe could be
determined simultaneously with detection limits
ranging from 0.05 ug/l (Zn) to 7 pg/l (Fe). It
should be noted that all the chromatographic col-
umns investigated (Cig Resolve, C g Nova-Pak,
PRP-1 and Protein-Pak 125) contained impurity
sites thal could interfere with the analysis of or-
ganometallic compounds at the ultra-trace level.
As this obscrvation is in full accordance with the
experience of the present authors with C, g phases
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available in Europe, it is strongly recommended
thal attention be paid to potential interferences
caused by impurities in the phases. Mackey and
Higgins [71] claimed that interference effects
could be reduced by the addition of modifying
agents containing alkali metal salts at a concen-
tration of 50 mM. The most suitable salt is potas-
sium trifluoromethanesulphonate.

The speciation of trace amounts of organome-
tallic compounds such as metallothionein, a low-
molecular-mass sulphur-containing and metal-
binding protein, is of special interest, because it
has been characterized as the primary protein re-
sponsible for trace metal detoxification of both
invertebrates and vertebrates. Mazzucotelli ¢f al.
[72] used a high-performance liquid chromato-
graph equipped with an off-column spectropho-
tometric reactor for the determination of such or-
ganometallic compounds. The metallothioneins
were determined by absorbance measurements at
520 nm after an off-column reaction of the metal-
containing eluates with a buftered 4-(2-pyridyla-
zojresorcinol (PAR) solution. The proposed
HPLC PAR method appears to be more sensi-
tive and selective and faster than the classical
procedure based on macro-column separation
with subsequent fraction collection and atomic
absorption spectrometric (AAS) determination.
From a biological point of view, the importance
ol the results is that it had never previously been
demonstrated that zinc per se can stimulate the
neosynthesis of metallothioneins in marine orga-
nisms. In addition, it has been demonstrated that
Cd/Zn-binding proteins isolated from mussel ts-
sues belong to the class of metallothioneins. Zinc
in turn can be displaced by exposure of the ani-
mals to melals such as Cu, Cd and Hg, which
have a much stronger affinity for —SH residues
[72].

The applicability of this experimental ap-
proach was extended by the addition of further
detectors such as ultraviolet diode-array and
electrochemical detectors [73].

Recently, Mazzucotelli ef al. [74] investigated
the potential of the combination of HPLC and
inductively coupled plasma atomic emission
spectrometric (LCP-AES) detection for the deter-

mination of trace amounts of metalloproteins in
marine mussel samples. It turned out that some
problems may occur; however, after having over-
come these obstacles, the method 15 mainly an
improvement on most previous methods in that
microsamples are analysed more rapidly, allow-
ing a high samplc throughput per day.

Lower sensitivities and high sample through-
put were also the aim of Nagaosa ef al. [75], who
investigated the separation and simultaneous de-
termination of Al, Fe and Mn in natural water
samplcs by using HPLC with spectrophotometric
and electrochemical detection, and of Ohashi et
al. {76]. who determined simultancously Mo, V.
Ga, Cu, Fe and In as 8-quinolinolate complexes
by ITPLC. The versalility of [CP-MS was demon-
strated by McLaren ef al. [77]. The simultaneous
determination of seven f{race elemenls was
achieved. The authors claimed that ICP-MS ex-
hibits a detection power far superior to [CP-
AES. and a much larger number of trace ele-
ments ¢can be directly determined in concentrates
prepared [rom sca-water samples. Further, ICP-
MS complements other sensitive techniques such
as graphite furnace AAS in permitting the certifi-
cation of new elements for which there were pre-
viously an insufficient number of independent
methods of delermination. The use of ICP-MS in
combination with HPLC offers a powerful new
approach 1o the determination of trace element
speciation which has been applied to, e.g., arsenic
speciation in fish tissue and tin speciation in a
harbour sediment.

3.1.2. Polyeyclic aromatic hydrocarbons

The analysis of PAHs in the environment is ol
considerable importance owing to increasing
concern about the mutagenicity and carcinogen-
icity of many of these compounds. The main diffi-
culty associated with a PAH determination is the
extreme complexity of environmental matrices.
Even after extensive fractionation, the PAH frac-
tion may contain several hundred compounds. In
order to determine selected compounds in such
mixtures, methods that offer combinations of
good chromatographic resolving power and de-
tector selectivity arc required. As a result of a
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need to establish reliable values for a set of PAHs
in different marinc compartments, several groups
have investigated the applicability of various
combinations.

Theobald [78] investigated petroleum hydro-
carbons in sea-waler using HPLC with fluorcs-
cence dctection. Bo-Xing and Yu-Zhi [79] de-
scribed a method for the concentration and de-
termination of several PAHs in watcr by flotation
cnrichment and subsequent HPLC. Another ap-
proach was chosen by Nunez and Centrich [80],
who first cxtracted the samples with light petro-
leum-—diethyl ether (85:15) and concentrated lhe
samples before analysis by HPLC with fluores-
cence detection. In this instance, the recoveries of
individual PAHs from spiked water samples were
0.16-0.27 ng/ml. Detection limits in the picogram
range were obtained for each compound. The de-
termination of PAHs by HPLC with simultane-
ous MS and ultraviolet diode-array detection in
sediment matcrial was reported by Quilliam and
Sim [81]. EI-MS with the moving-belt interface
provides high sensitivity and selectivity, in addi-
tion to structural information such as molecular
mass, functional groups and elemental composi-
tion. The diode-array detector helps to differen-
tiate isomeric structures and confirm compound
identity.

A straightforward HPLC analysis was possible
for samples obtained in the Gulf of Naples be-
cause of their high contamination, which in turn
was due to the concentration of industries in that
area including an important steel plant and mu-
nicipal developments [82]. The levels of sixteen
PAHs were investigated in five shellfish and in
fourteen fish species along the coast of the Gulf
of Naples. The average total amount of PAHs in
shellfish was 217 ug/kg wet mass, with a range
185-295 ug/kg, and in fish species 94-1930 ug/kg
wet mass.

Galgani et al. [130] investigated PAHS in fish
from northwest France, in order to gain an in-
sight into the correlations hetween 7-ethoxyreso-
rufin-O-deethylase (EROD) activity and the con-
tent of various pollutants including PCBs. HCHSs
and PAHs.

Rapid, ' semi-quantitative screening of sedi-

ments for aromatic compounds using sonic ex-
traction and HPLC-fluorescence analysis was re-
ported by Krahn ef al. [83]. The concentrations
of aromatic compounds determined by the
screening method were highly correlated with the
sum of the aromatic hydrocarbons determined by
a standard analytical method which used HPLC
clean-up and GC-MS determination.

Van de Nesse et al. [84] used on-line coupling
of LC with thin-layer chromatography (TLC) lor
the identification of PAHs in marine sediment by
fluorescence excitation and emission spectrome-
try. Eleven PAHs were thus identified. High-per-
formance thin-layer chromatography (HPTLC)
obviously combines the advantages of TLC and
HPLC.

Hofstraat and co-workers [85,125] and Mas-
tenbroek et al. [86] compared a standard HPLC
technique with a new experimental approach,
high-resolution Shpol’skii spectroscopy, for the
determination of PAHs in harbour and marine
sediments. The technique affords comparable
low detection limits to a standard procedurc
based on HPLC with fluorimetric detection, but
offers much greater selectivity. As the Shpol’skii
effect 1s a matrix effect, the selectivity of the
method can be significantly increased by using
sclective cxcitation, cven with a conventional
broad-band light source. The results obtained
with Shpol’skii spectroscopy were in good agree-
ment with those given by a standard method em-
ploying HPLC with fluorescence detection. A
typical Shpol'skii fluorescenee spectrum obtained
with 304 nm excitation is shown in Fig. 4. The
spectrum was used for the determination of
PAHs in a harbour sediment sample [85].

In particular, the low-temperature Shpol'skii
technique provides high-resolution fluorcscence
spectra of PAHs that can serve as fingerprints.
Thus, information concerning peak purity was
obtained and the number of components identi-
fied was roughly doubled [86].

3.1.3. Pesticides and halogenated pollurants

GC still appears to be the major technique
used for marine organic pesticides and halogen-
ated poliutants owing to its high separation pow-
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Fig. 4. Shpol'skii fluorescence spectrum of a harbour seal sample, excited at 304 nm (from ref. 85). The main peaks were assigned to
chrysene {CHR). pyrene (PYR), benzo[f]flucranthene (B(b)F). benzo|a]pyrene (B(a)P), benzo|k|fluoranthene (B(k)l-), benzo[ghilpery-
lene (B{gh1)P}. indeno|1.2,3-cd]pyrene (IP) and pyrene-d, (PYRdm)_

er (capillary column) and the availability of sclec-
tive and sensitive detectors. However, the appli-
cation of HPLC is growing, especially [or the de-
termination of pesticides that cannot be subject-
ed directly to ¢GC owing to poor volatility,
polarity andjor thermal instability of the com-
pounds. Special reversed-phase columns have
been introduced for the analysis of such groups
of pesticidcs, e.g., carbamates, phenylurea herbi-
cides, hydroxytriazines and nitrophenols. Schlett
{87] gave a survey of pesticides that cannot be
determined by ¢GC or only after & cumbersome
and time-consuming derivatization, but which
can be determined directly by HPLC. This list of
69 substances includes many environmental pol-
lutants that are assumed to have a severe impact
on marine ecosystems. However, only a limited
number of substances can be measured in a single
run. One has to focus on the 20-30 compounds
that are relevant in the water catchment area.
The chromatographic scparation is performed in
a gradient mode (for details see ref. 87). A good

separation is possible, as shown in Fig. 5 for two
different wavelengths, 245 and 230 nm. Substanc-
¢s that interfere can be scparated by changing
either the pH of the mobile phase or the gradient
programine.

The factor currently limiting the application of
HPLC to marine water samples is the low con-
centration of the pesticides and organohalide
compounds generally encountered in the world’s
occans. In order to overcome this basic disad-
vantage limiting the applicability of HPLC to
pesticides and halogenated pollutants, many in-
vestigators prefer a HPLC GC combination.
Thus the unequivocal advantages of HPLC for
the clean-up procedure and for fractionation and
the sensitivity of ECD or nitrogen—phosphorus
detection (NPD) in GC can be used. Examples of
this experimental approach are given in Section
4.

In summary, there is a great need for a chlo-
rine-selective detector in LC that will allow trace
analyses for organic halogenated pollutants. Var-
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Fig. 5. Chromatographic separation of pesticides by HPLC and
detection at two different wavelengths: (A) 245 nm and (B) 230
nm (from ref. 87). Peaks: 1 = desisopropylatrazing; 2 =
hydroxysimazine; 3 = metamitron; 4 = chloridazone; 5 = des-
ethylatrazine; 6 = hydroxyalrazine; 7 = hexazinone: 8/9 = me-
toxuron/bromacil; 10/11 = simazine/hydroxypropazine; 12 =
desethylterbutylazine: 13 = methabenzthiazuron; 14 = chlorto-
luron; 15 = atrazine: |6 = monolinuron: 17 = diuren; I8 =
isoproturon; 19 = metobromuron; 20 = propazine; 21 = terbu-
tylazine: 22 = linuron: 23 = chlorexuren.

ious attempts have been made to modify existing
halogen-sensitive GC detectors for use with LC.
A very promising approach was suggested by
Folestad er af. [88], who developed a novel design
of a chlorine-selective flame-based detector
adapted to microcolumn reversed-phase LC. The
total column effluent (20-70 ul/min) is intro-
duced via a thermospray interface into a heated-
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oven system. Chlorinated compounds are con-
verted, afler pyrolysis in a stream of hydrogen,
into indium(I) chloride, which is subsequently ex-
cited in a cool hydrogen diffusion flame to emit at
360 nm. The detection limit is 9 pg/s for 1,1,2-
trichloroethane in water. A linear response from
5 to 70 ng for 1,1,2-trichlorocthane in methanol-
water (15:83) was observed. Non-volatile com-
pounds such as chlorinated uracils, guanine and
guanosine could be detected selectively. Hence
this detector is suitable for work with columns of
| mm 1.D. For applications where higher concen-
trations of organic solvents (> 30%) and where
higher sensitivity are necessary, more studies are
needed.

3.2. Chiral stationary phases

As recently suggested by Faller ef al. [89], the
chromatographic separation of the enantiomers
ol marine pollutants allows a discrimination be-
tween enzymatic and non-enzymatic processes in
marine and terrestrial ecosystems. Hihnerfuss
and co-workers [89,90] developed a GC method
applicable to environmental samples exhibiting
low concentrations of non-polar organic pollu-
tants {sece Section 4.2), and subsequently [91]
aimed at analysing polar chiral compounds in-
cluding phenoxvcarboxylic acids. In the latter in-
stance, the application of HPLC with chiral sta-
tionary phases turncd out to be a very promising
method. Ludwig er al. [91] investigated the mi-
crobial degradation of 2-(2.4-dichlorophenoxy)-
propionic acid (DCPP) by marine microorgan-
isms with the help of HPLC using the chiral
phase Chiral-o;-AGP (100 mm x 4 mm 1.D.).
They reported the notable result that the mi-
croorganisms which were obtainced from the
North Sea area German Bight degraded DCPP
enantioselectively, i.e., the R-enantiomer was ex-
clusively deccomposed to  2,4-dichlorophenol
whereas the S-enantiomer remained unaffected.
Typical HPLC traces illustrating this phenom-
enon are shown in Fig. 6 after a degradation peri-
od of 21 days for a sterile control and for a mixed
culture of marine microorganisms.

Basically. this experimental approach is ex-
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[1g. 6. HPLC of the §- and R-enantiomers of 2-(2,4-dichioro-
phenoxy)propionic acid (DCPP) and of 2.4-dichlorophenol
(24DCTP). (A) of a sterile control and (B) after degradation by
marine microorganisms (21 days) (from ref. 91). ¢ -AGP column
(100 mm x 4 mm 1L.D.); cluent, waler-2-propanol (96:4) can-
taining 10 mmol of phosphate buifer {(pH 4.85); Nlow-ratc. 0.4
ml/min: UV detection at 240 nm.

pected to be applicable 10 many environmental
problems, in particular to investigations on the
fate of organic chiral andjor prochiral com-
pounds and their degradation products. How-
cver, the detection limits discussed in Section
3.1.3 also hold for this experimental approach.

Another interesting variation of the chromato-
graphic separation of chiral compounds was re-
ported by Einarsson et al. [92] who synthesized a
new chiral reagent, (+)-1-(9-fluorenyljethyl chlo-
roformate. This reagent can be used for the chiral
derivatization of primary and secondary amino
acids, and also other compounds with reactive
amino groups. thus forming stable, [uorescent
and easily separable products. The derivatives
thus obtained have lavourable chromatographic
properties, as demonstrated, e.g., by a reversed-
phasc separation of the D- and L-forms of seven-
teen primary amino acids in a single run [92].
However, the potential for the analysis of marine
pollutants with reactive amino groups must be
further investigated.

3.3. Passibilities and limitations of HPLC

As alrcady outlined above, the low concentra-
tions of many environmental pollutants, in par-
ticular of halogenated hydrocarbons, currently
set limits on more general applicability. How-
ever. Lhe unequivocal advantage of HPLC re-
garding its potential for clean-up and fraction-
ation of organic substances gave risec to an
HPLC—GC combination that 1s frequently used
in environmental trace analysis. In summary,
there is a great need for a chiorine-selective detec-
tor in LC that allows trace analyses for organic
halogenated pollutants. With regard to the analy-
sis of organometallics and PAHs in marine envi-
ronmental samples, in particular in scdimcnts
and marine biota, HPLC is widely used.

Very promising perspectives are the applica-
tion of chiral phases, examples of which are dis-
cussed in Scction 3.2, and miniaturization of col-
umns. The latter experimental approach, which
has attracted much attention in recent years, may
give rise to considerably shorter retention times
and to various other improvements [88.93], e.g.,
the development of mass-sensitive detectors is
possible, because the flow-rates remain sufficient-
ly large in spite of miniaturization. This implies
that an increase in signal is expected with an in-
crease in the mobile phase flow-rale. A linear re-
lationship can be obtained typically in the range
20-60 ul/min. An increase in signal is accompa-
nied in turn by a decrease in noise, as higher fow-
rates yield a more stable flame with less flickering
[88].

4. CAPILLARY GAS CHROMATOGRAPHY

Because of the volatility of most marine organ-
ic pollutants or their derivatives, GC has been
and still remains a4 major force in organic sep-
aration and analysis, although more recently
cven its predominant position has and is being
challenged by modern L.C. However, as already
outlined 1n Scction 2, the organic matrix of cnvi-
ronmental samples, be it samples of sea-water,
sediments or marine biota, mostly is so complex
that prior to GC analysis a thorough clean-up
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and fractionation procedure has to be performed.

Because of the large number of publications
available in this field, it is not possible to com-
ment on all of them. However, it is the intention
to try to discuss the current status of the GC
analysis of marine pollutants including its prob-
lems, and to show some perspectives of this chro-
matographic application.

Substances discussed herc include high-volatile
organic compounds, in particular volatile an-
thropogenic halocarbons, and low-volatile or-
ganic compounds as summarized in Table 2.

4.1. Classical stationary phases

4.1.1. High-volatile organic compounds

The major problem connected with the analy-
sis of high-volatile organic compounds is the pre-
concentration of these marine pollutants without
substantial losses. Extraction of, e.g., 100 ml of
water with 5 ml of hexane or pentane gives rise to
an enrichment factor of 20. However, ofien con-
siderably larger enrichment [actors arc required
in order to achicve appropriate concentration
levels. Further concentration of the extract by a

TABLE 2

RECENT LITERATURE DEALING WITH LOW-VOLA-
TILE MARINE ORGANIC POLLUTANTS

For publications on organometallics and PAHs, see Sections
3.1.1 and 3.1.2, respectively.

Compound Reterences

HCH isomers 2. 6. 20, 47, 89, 90, 107, 108, 127, 130,
131, 134, 137, 138

PCBs 2,4, 13,15, 106, 20, 21, 23, 32, 33,3540,
43, 46, 48-50, 53, 108-114, 124, 127,
128, 130, 131, 134, 136

Organophosphates 108, 115, 116

Chlorophenols L6, 117

Nitrogen-containing

pollutants 12

Other organochlorines 2. 15, 16, 20, 21, 24, 34, 39, 43, 49, 127,
130, 131, 134

PAHs 133

Organotin derivatives 67, 132

gentle stream of nitrogen, as accomplished in so-
lutions with low-volatile hydrocarbons, in gener-
al leads to considerable losses of the volatile com-
pounds. In addition, when dealing with sca-wa-
ter, special problems are encountered, as a num-
ber of volalile halocarbons produced by marine
organisms can be present in the sample and in-
terfere with the determination of anthropogenic
halocarbons [94-97].

Common preconcentration methods applied to
sea-waler samples usually include liquid-liquid
cxtraction [95], purge-and-trap [98,99] and
OLLE [22]. [n addition, sampling of marine air is
performed by using solid-phase tubes, e.g., Deka-
bon tubing [98] or Tenax TA [99,100].

Sample work-up according to liquid-liquid ex-
traction and by purge-and-trap is mostly very
time consuming and bears the risk of contam-
ination. So far, OLLE (for details, see Section
2.1.3) appears to bhe superior to these two pre-
concentration methods. Further, intercalibration
between the two classical methods and OLLE
showed [22] that the relative standard deviations
in the manual techniques were about 20% and in
the OLLE set-up about 10%. An improvement in
the relative standard deviation from 20 to 10%
means a considerably enhanced applicability of
the method, in [act a reduction of the detection
limit by more than a factor of 2. Fogelqvist er af.
[22] claimed that the better repeatability of the
mechanized OLLE system compared with
manual methods is a result of the modified cx-
traction technique and the closing of the system.

The aims of the analysis of high-volatile ma-
rine organic pollutants are currently devoted
mainly to the discrimination between biogenic
and anthropogenic halogenated hydrocarbons
[95-97] and to studics of distribution patterns of
halogenated hydrocarbons in coastal areas [101]
and of fluorinated hydrocarbons in deeper ocean
laycrs [98,102-106] as tracer substances for the
study of water mixing and (ransport processcs.
Further, the study of the sources and distribution
of halocarbons in marine air is a subject ol great
interest in order to gain further insight into glob-
al transport processes of airborne pollutants [98—
100].
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4.1.2. Low-volatile organic compounds

Recent investigations on low-volatile marinc
organic pollutants were locused predominantly
on HCH isomers and PCBs. In addition, orga-
nophosphales, chiorophenols, nitrogen-contain-
ing pollutants and other organochlorines have
been analysed. The most recent publications
dealing with these low-volatile organic pollutants
are summarized in Table 2. For publications on
organomelallics and PAHs. see Sections 3.1.1
and 3.1.2, respectively.

As a-HCH, »-HCH and the PCBs are ubiqui-
tous cnvironmental contaminants, most investi-
gations have been focused on the distribution
and fate of these pollutants in the world’s oceans.
The latter aspect includes their persistence and
toxic implications to marine biota, the microbi-
ological and photochemical degradation path-
ways, the biotransformation in marine ccological
[oed webs and seasonal differences in the distri-
bution in marine biota.

Special emphasis has been placed on the in-
vestigation of highly toxic coplanar PCBs; of the
209 theoretically possible isomers and congeners,
20 members may attain coplanarity due to non-
ortho-chlorine substitution in the biphenyl rings.
Earlier studies suggested that the toxic nature of
technical PCB mixtures may be associated with
the presence of trace levels of particular coplanar
PCBs having four or more chlorine atoms at both
para and meta positions such as 3,3" 4.4'-tctra-
chlorobiphenyl (PCB77, according to the nomen-
clature introduced by Ballschmiter and Zell
[118]), 3.3".4.4" 5-pentachlorobiphenyl (PCB126)
and 3,3".4.4°.5,5 -hexachlorobiphenyl {(PCBI169).
They are tsostereomers of highly toxic 2.3,7,8-tet-
rachlorodibenzo-p-dioxin and 2.3,4.7.8-penta-
chlorodibenzofuran and are known to elicit com-
mon toxic and biological responses including
body weight loss, thymic atrophy, immunotoxic-
ity, high binding affinity to hepatic cytosolic re-
ceptor protein and high induction potency of 3-
methylcholanthrene-type hepatic microsomal en-
zvmes (for secondary literature on the above tox-
ic effects, see the review of Tanabe et al. [37]).

Although there 1s much evidence on the ex-
treme toxic potential of these coplanar PCBs, ve-

ry limited infermation is availuble on their envi-
ronmental distribution [4,37,119]. The rcason for
this lack of information appears to be the difficul-
Ly in separating the peaks of coplanar PCBs [rom
interfering peaks of other PCB congeners. Spe-
cial techniques, e.g., multi-dimensional GC with
ECD [4] or variations of the usual technique [120]
(prolongation of the column, multi-step temper-
ature programming) are necessary in order to ob-
tain a sufficient separation of the co-eluting PCB
congeners in question. This aspect will be further
pursued in the Section 4.1.3.

Tanabe et af. [37] detected three toxic coplanar
PCBs in all specimens analysed. The residuc val-
ues ranged from 11 pg/g to 42 ng/g lor 3,3'.4.4"-
tetrachlorobiphenyl (PCB77), 5 pg/g to 4.0 ng/g
for 3.3".4.4".5-pentachlorobiphenyl (PCB126)
and | pg/g to 3.6 ng/g for 3,3'.4.4',3,5-hexachlo-
robiphenyl (PCB169), on a wet mass basis. The
highest concentrations, about 40 ng/g PCB77, 4
ng/g PCB126 and 4 ng/g PCB169, were found in
a killer whale caught oll' the Pacific coast of Ja-
pan but reared in an aquarium for two ycars be-
fore its death. Significant concentrations were al-
so detected in other marine vertebrales such as
{ish and finless porpoise from coastal regions and
Dall’s porpoisc, Baird’s beaked whale and Pacific
white-sided dolphin living in the open ocean.
When considering the diflerence in accumulation
patterns between males and females in those
specimens where both sexes were available in Ta-
nabe e al’s study [37], lower concentrations of
coplanar PCBs and total PCBs were found in fe-
malcs, possibly because of transplacental and lac-
tational transfer.

When comparing the residue levels of coplanar
PCBs and total concentrations of other PCB con-
geners., the coplanar PCBs were found to be 3 5
orders of magnitude lower than total PCBs [37].
In all instances bhiological specimens with high
concentrations of PCBs appear to have high re-
sidue values of coplanar I"CBs.

When inferring the relative toxic contribution
of coplanar PCBs in the various compartments of
the marine ecosystem from the results of Tanabe
et al. [37], 1t 1s nccessary to take into consider-
ation their toxic potencies and residual concen-
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tration. However, the toxic cffects of trace levels
of coplanar PCBs, polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans on a
long-term basis on marine biota are neither fully
understood nor clearly demonstrated. The most
useful approach to elucidating the environmental
toxic significance of these chemicals may be by
comparing their biological responsc to induce the
microsomal enzymes. The aryl hydrocarbon hy-
droxylase (AHH) and the EROD induction po-
tencies of coplanar PCBs and some representa-
tive dioxin and dibenzofuran derivatives have
been determined in rat hepatoma cell lines, and
the direct quantitative correlation between in vii-
re dosc-response biological effect (microsomal
enzyme induction) and i vivo toxic effects (body
weight loss and thymic atrophy) ol thesc chem-
icals have also been demonstrated in rats (for sec-
ondary literaturc on these toxic aspects, see Ta-
nabe e a/. [37]). Some light has been shed on the
toxic potential of coplanar PCBs by normalizing
the residual concentrations ol PCB congeners
based on their individual induction capabilities
relative to 2,3,7.8-tetrachlorodibenzo-p-dioxin.
Interestingly, one of the toxic coplanar PCBs,
3.3".4.4' 5-pentachlorobiphenyl (PCB126)), rc-
vealed the highest value of tetrachlorodibenzo-
dioxin equivalent (T,CDD equivalent) among all

PCDDs

the toxic chemicals examined, including the most
toxic 2,3,7.8-tetrachlorodibenzo-p-dioxin itself
(see Fig. 7).

In summary, the environmental data so far
available for coplanar PCBs show that more in-
tensive research on this subject is necessary in or-
der to gain a more comprehensive insight into the
toxic potential of coplanar PCB congeners in the
marine ecosystem.

Another problem in marine chemistry is relat-
ed to the chromatographic separation ol the
enantiomers of chiral marine pollutants and their
degradation products [47,89,90,107,138]. This as-
pect and its toxic implications are discussed in
Section 4.2.

The toxic potential of organophosphates and
nitrogen-containing marine pollutants is well rec-
ognized [12,115]. [n particular, these substances
are acetylcholinesterase inhibitors in mammals.
However, only a few data are avaible on the dis-
tribution of these pollutants in the marine ecosys-
tem [12.108,116]. According to a Chemical Ab-
siracts literature search, some results on chloro-
and nitrophenols [121] and on sym-triazine herbi-
cides [122] in sca-water have been published in a
Russian journal; however, this was not available
to the reviewers and thereforc cannot be dis-
cussed here.
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Fig. 7. T, equivalent of polychlorodibenzadioxing (FCDDs), polychlorodibenzofurans (PCDFs) and coplanar polychlorobiphenyls
(PCBs) with regard to the induction potencies for the enzymes AHH and EROD (from ref. 37).
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4.1.3. Multi-dimensional gas chromatography

A multi-dimensional GC technique was sug-
gested by Duinker er /. [4] for the effective sep-
aration of PCB congeners that cannot be separat-
ed on a single SE-34 or other column by conven-
tional methods. Two capillary columns are ar-
ranged in series, such that the second column re-
ceives only small, presclected [ractions eluting
{rom the first column. The technique offcrs com-
plete scparation and increased sensitivity. The
possibilities of this experimental approach were
demonsltrated for toxic coplanar PCB congeners,
PCB 37, PCB77, PCB8&1, PCB118, PCB123,
PCBi14, PCBI105, PCBI126, PCB167, PCB156,
PCBI157, PCB16Y9 and PCB189, which were de-
termined accurately for the first time in Clophen
(see Fig. 8) and Aroclor commercial mixtures and
a seal blubber extract. The relalive concentra-
tions differed considerably between the blubber
extract and the commercial mixture. This tech-
nique supplies very accuratc data, but special
two-oven gas chromatographs and skilled per-
sonnel are neeessary for performing these time-
consuming analyses.

On the other hand, Veller er af. [120] claimed
that at least some of the coplanar PCB congen-
ers, c.g.. a4 separation of the three co-eluting
PCBs PCBI53, PCBI132 and PCBI0S, can be
achieved by a considerably simpler technique,
ie., by using a 50-m SE-54 column and a multi-
step temperature programme. They proposcd the
application of an efficient SE-34 column as stan-
dard column to determine PCBI153 without inter-
ference from PCBI105 and PCBI132. OV-1701 is
suitablc as a stationary phase in the second col-
umn, and an QV-225 column can be an interest-
ing addition Lo apolar phases, as the elution se-
quence on this phase is very different from that
on an apolar phase. Vetter er al. [120] obtained
the best resolution of PCBI1353, PCB132 and
PCB105 on this phase. However, a simultaneous
separation of several coplanar PCBs can presum-
ably only be achieved by multi-dimensional tech-
niques.
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Fig. 8 Multi-dimensional ¢GC (from ref” 4). (a) Chromatogram
of Clophen AS50 en the first column (SE-54) as delected with the
monitor LCD. (b,e) Details of the chromatograms recorded with
the monitor ECT). The peaks labelled 110, 77, and 153, 132, 1035,
eluting from the first column, have been cut consceutively from
this eluate to pass through the second column. (¢, ) Chromato-
grams recorded with ECD reflecting the compositions ot the
peak culs in (b) and (¢). The position where congencr 77 would
have eluted if present is indicated by an arrow. (d) Signal of
congeners 10 and 77 on the main electron-capture detector after
cutting (the corresponding peak from the first column after in-
jection of a synthetic mixture of these congeners. Numbering of
PCB congeners according 1o rel. 118,
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4.2. Chiral srationary phases

4.2.1. Theory and experimental approach

GC measurements with classical stationary
phases supply an insight into the distribution of
organic pollutants and their degradation prod-
ucts in the marine ecosystem. However, a deci-
sion as to whether or not enzymatic or non-en-
zymatic processes were responsible for the degra-
dation of the respective pollutants cannot be in-
ferred from concentration patterns.

Recently, Faller ¢f al. [89] suggested a new ex-
perimental approach that allows a discrimination
between these two processes in marine and ter-
restrial ecosystems: the application of heptakis(3-
O-butyryl-2,6-di-O-pentyl)-fi-cyclodextrin as a
chiral stationary phasc for the first time offers the
possibility of determining the enantiomeric ex-
cess of chiral pollutants cven at low concentra-
tions as encountered in a North Sea water sample
by means ol ¢GC. The method is expected to be
generally applicable to many environmental
problems in which chiral biogenic and anthropo-
genic substances and chiral degradation products
are involved. Regarding the discrimination he-
tween cnzymatic and non-cnzymatic processes. it
can be safely assumed that chiral substances will
be decomposed by non-enzymaltic processes non-
enantioselectively, whereas enzymatic processes
will give rise Lo enantioselective degradation. In
the latter instance, an enantiomeric cxcess of the
educt and/or the degradation product can be ex-
pected, which in turn can be determined by the
new (GC method using cyclodextrin phases.

4.2.2. Application for studying the fate of organic
marine pollutants

The feasibility of this method was demonstrat-
ed by Faller er al. [89] by analysing the
enantiomeric ratio of «-HCH in a water sample
laken in the North Sea Skagerrak area south of
the Norwegian coast. Of the eight HCH isomers,
only «HCH is chiral, exhibiting two
enantiomers, whercas the insecticide y-HCH (lin-
dane) is optically inactive. Technically produced
2-HCH shows an enantiomeric ratio of 1:1. The
samc enantiomeric ratio would have to be expect-

cd in the marine environment if the decomposi-
tion and;or isomerization of «- and »-HCH were
dominated by non-enzymatic processes, because
{a) the HCH isomers are exclusively man-made,
so the enantiomeric ratio at the sources basically
should be identical with that of technical z-HCH,
and (b) non-enzymalic processes arc not assumed
to lead to an ecnantiomeric excess of chiral com-
pounds. If microbiological processes dominate
the decomposition of HCH isomers, however, be
it in sea-water or in terrestrial ecosystems, an
enantiomeric excess can be expected, becausc the
decomposition by microorganisms in general
proceeds enantioselectively.

In the case of the North Sca water sample tak-
cn in the Skagerrak area, Faller er al. [89] deter-
mined a ratio (+)-a-HCH/{—)-z-HCH = 0.88,
which implics that microbiological processes are
significantly influencing the degradation of thc
HCH isomers. The same conclusion was drawn
by Faller ef af. [90] from a more extensive dala set
obtained from water samples of all characteristic
North Sca areas.

Ludwig and co-workers [107.123] performed
systematic laboratory investigations on the de-
composition of »- and y-HCH by marine mi-
croorganisms and by photochemical processcs,
determining the enantiomeric excesses by GC
with chiral stationary phases. They drew the fol-
lowing conclusions. (a) The prochiral y-HCH 1s
decomposed by marine microorganisms (o
y-1,3.4,3,6-pentachloro-1-cyclohexane (y-PCCH)
or isomerized to a-HCH non-enantioselectively.
However, the further degradation of the chiral
v-PCCH is cffected cnantioselectively. a-HCH
and B-PCCH are decomposed by marine mi-
croorganisms enantioselectively. These results
imply that in the case of HCH isomers, a prochi-
ral substrate (y-HCH) is not sufficient for an
cnantiosclective microbial degradation or iso-
merization, and a chiral substrate (x-HCH,
F-PCCH, »-PCCH) is required in order to obtain
enantioselective decomposition. (b) Measure-
ments of the air-watcer transport of - and
B-PCCH showed that more than 99% of the
v-PCCH that had been formed by degradation of
y-HCH was transported {rom the waler into the
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air, whereas with §-PCCH this process can be
neglected. (¢) Photochemical degradation of
a-HCH and of f-PCCH in sea-water by artificial
sunlight turned out to be non-enantioselective.
However, enantiomeric excesses of f-PCCH that
may have been formed by enzymatic processes
may be modified by photochemical processes
provided that enzymatic processes become less
important, e.g., owing to seasonal variations of
microbial activity. (d) Determination of the
cnantiomeric cxcess of «-HCH, y-PCCH and
B-PCCH in seven water samples from the North
Sea and fourteen water samples from the Baltic
Sea gave the following average values: North
Sea, (+)-2-HCH/ —)-«-HCH = (.87, Baltic
Sea, (+)-«-HCH/{ —)-x-HCH = 0.85, y,-PCCHy/
y2-PCCH = 1.15 and p;-PCCH/f,-PCCH =
0.97. These values can be explained by assuming
significant contributions of both enzymatic
(enantioselective} and non-enzymatic (non-enan-
tioselective) processes.

4.2.3. Application for studying processes in the
ecological food web

Kallenborn er al. [47,135] investigated the (+ )-
o-HCH/( —)-0-HCH enantiomeric ratio in liver,
kidney and muscle tissue of the Eider duck (So-
materia mollissima (L.)). The Eider duck was
chosen because it largely favours mussels (Myri-
Ius edulis L.} in its diet. Mussels, in turn, are ca-
pable of strongly enriching pollutants and thus
serve as indicator organisms to provide an insight
into the state of an aquatic environment. In Fig.
9 the gas chromatograms of the «-HCH
enantiomers are shown for water, mussel and liv-
er of the Eider duck. Whereas the mussel largely
reflects the characteristics of the adjacent water
area, i.e., an cnantiomeric excess of the (—)-a-
HCH enantiomer, in the liver of the Eider duck
the ( +)3-2-HCH enantiomer is dominant.

Basically, in all three extracts of liver, kidney
and muscle { +)-2-HCH was clearly enriched; al-
most enantiomerically pure (-+)-2-HCH was
present in liver extracts. In contrast, the (+ )-o-
HCH/( —)-z-HCH enantiomeric ratio was about
7.0 in muscle samples and about 1.6 in kidney
extracts; the valucs for thesc organs were slightly
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Fig. 9. linantiomer separation of «-HCH extracted from a Baltic
Sea water sample. from a mussel (Mytilus edudis L.) and from the
liver ol a common Eider duck (Somateria mollissima (L)) using a
fused-silica capillary column coated with 50% heptakis(2,3.6-tri-
O-n-pentyl)-f-cyclodextrin and 50% QV-1701. Column temper-
ature programme: initial 323 K. increased at 10K /min 1o 388 K;
carrier pas, helium (45 kPa) on-column injection; ee =

endantiomeric exeess.

larger or smaller for different Eider ducks [47].
The authors could not give an exact explana-
tion for the appearance of different enantiomeric
ratios in the organs of the Eider ducks. However,
they assumed that the reason lics in the different
physiological functions of the organs. For muscle
and kidney, whose main functions are locomo-
tion and excretion, respectively, the content of
extractable lipids was about 2%; these organs
can, therefore, store lipophilic pollutants. Liver,
which contains about 2.5% of extractablc lipids,
serves as a detoxification organ and is therefore
not capable of storing toxic compounds but can
metabolize them to substances that the body can
tolerate or excrete. As the (+)-x-HCH found in
the liver is almost enantiomerically pure, (—)-z-
HCH is presumahly more readily degraded en-
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zymatically than the { + )-enantiomer in the liver.

This is only a first example of ongoing investi-
gations. However, this chromatographic ap-
proach appears to have encouraging perspec-
tives.

4.2.4. Possibilitics and limitations of ¢GC using
chiral stationary phases

The first chiral cyclodextrin phases used for
trace analysis in the marine environment consist-
ed exclusively of fi-cyclodextrin  derivatives,
which tolerated a maximum oven temperaturc of
423 K, when working with environmental sam-
ples that exhibited such low concentrations that
application of ECD was required. This gave re-
tention times of more than 3 h. At considerably
higher temperatures, e.g., 443 K, bleeding of the
column would have given rise to a considerably
noisier baseline. These problems were not en-
countered, however, when working with concen-
lrations such that flame-ionization detection
could be applied.

In the meantime, the chiral cyclodextrin phases
applicable to environmental trace analysis have
been improved considerably: capillary columns
coated with 50% heptakis(2,3,6-tri-O-n-pentyl)-
f-cyclodextrin and 50% OV-1701 give signifi-
cantly better resolution and shorter retention
times [107,123,138].

In particular, application of these latter chiral
phases allows the determination of the
enantiomeric ratios of many chiral pollutants
and their chiral degradation products in cnviron-
mental samples with good reproducibility. As
ECD can be used, measurements can be perlorm-
ed at trace concentrations, which in turn supplies
a new experimental approach for the discrimi-
nation between enzymatic (enantiosclective; for
exceptions, see Hihnerfuss and co-workers
[107,123]) and non-enzymatic (non-cnantioselee-
tive) processes both in  marine waters
[89,90,107.123] and in the marince food web [47].

5. CONCLUSIONS

This review has taken into account the vital
importance of clean-up and f{ractionation tech-

niques by giving a brief overview of liquid-liquid
and solid-phase extraction methods. Liquid-
liquid extraction is often applied to sea-water
samples, while the more complex matrix of ma-
rine biota in general requires additional clean-up
procedures including GPC separation and other
adsorption chromatographic techniques. In par-
ticular, reversed-phase columns of different po-
larity have been used for clean-up procedures in
recent vears. Rapid and precise work-up of sea-
water samples for the determination of high-vol-
atile halocarbons can be achieved by means of
OLLE.

The unequivocal advantage of HPLC is its ap-
plicability both to the clean-up of the sample and
to the determination of organic pollutants, al-
though the low concentrations of many environ-
mental pollutants limits more general applicabil-
ity. Therefore, much effort has been spent on the
development and improvement of detectors, e.g.,
fluorescence ICP-AES and other specific detec-
tors that gave increases in sensitivity and decreas-
cs in detection hmits. However there is still a
great need for a chlorine-selective detector in LC
that will allow tracc analyses for organic halog-
enated pollutants. In order to overcome this
problem, the HPLC-GC-ECL combination has
been used, i.e., the HPLC sensor is replaced with
the ECD of the gas chromatograph. Hence poliu-
tants can be determined at the picograms per litre
level in sea-water. In this review, emphasis has
been placed on HPLC analyses of organometal-
lics, PAHs, pesticides and halogenated pollu-
tants. Further, the recent advances achieved by
the application of chiral stationary phases have
been reported. The chromatographic separation
of the enantiomers of chiral marine pollutants al-
lows a discrimination between enzymatic and
non-enzymatic processes in the marine ecosys-
tem. Another experimental approach that has at-
tracled much attention in recent years is the mini-
atunization of columns, which may give rise to
considerably shorter retention times.

c¢GC still remains a major force in the separa-
tion of organic marine pollutants, although the
high sensitivity of this method in general requires
thorough clean-up and fractionation procedures
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prior to its application. Recent investigations on
marine organic pollutants were focused predom-
inantly on HCH isomers and PCBs. In addition,
organophosphales, chlorophenols, nitrogen-con-
taining pollutants and other organochlorines
have been analysed. Some recent papers include
high-volatile organic pollutants. New promising
techniques include multi-dimensional GC and
the application of chiral stationary phases in
¢GC. The former method allows the scparation
of coplanar PCBs and, as a consequence, the tox-
ic potential of the PCB fraction of environmental
samples can be established much more reliably.
c¢GC measurements with chiral stationary phases
have allowed the discrimination between cnzy-
matic and non-enzymatic degradation processes
of marine pollutants at trace levels. The possibil-
ities and limitations of this method have been re-
viewed.
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