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Abstract

A review and discussion of the analytical developments of the last 10 years in the determination of
polychlorinated biphenyls (PCBs) in water are presented, including sample treatment, clean-up, identification and
determination. Some of the most significant advances have occurred in the area of sample preparation, such as the
increased adoption of solid-phase extraction and on-line techniques and the chromatographic separation of PCB
congeners, principally by mass spectrometry. Special attention is focused on applications to real samples.
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1. Introduction

There are 209 theoretically possible polychlori-
nated biphenyl (PCB) congeners. The commer-
cial products [Aroclor (USA), Chlorphen (Ger-
many) and Kaneclor (Japan)] are complex mix-
tures containing 132 congeners, and each mixture
consists of different, but overlapping, assem-
blages of PCBs [1]. Their long-term heavy usage
as dielectric fluids, in transformers and
capacitors, hydraulic fluids, fire retardants,
paints, pigments and the paper and cardboard
industries, together with their high hydropho-
bicity, lipid solubility and persistence, have re-
sulted in their widespread permeation into al-
most every environmental medium throughout
the world [2-5].

Because of their ubiquity, PCBs are common
environmental pollutants that are included in the
priority pollutants list published by the US En-
vironmental Protection Agency (EPA) [6] and by
the European Union (EU) [7].

The toxicities of PCBs differ for each congener
and range from highly toxic, which are potent
inducers of enzymes (P-450 and glucuronil trans-
ferases), to moderately toxic, which are more
potent inhibitors of dopamine and other neuro-
transmitters [8]. PCBs have immunosuppressive
activity, are tumour promoters and interfere with
calcium utilization (thus producing their well
known negative effect on eggshell formation in
birds) [9]. They are classified as carcinogens by
both the EPA and the International Agency for
Research on Cancer (IARC). Because of their
persistence, potential for bioaccumulation and
biomagnification, monitoring of PCBs is impor-
tant for the conservation of the environment and
biota [10].

Aquatic ecosystems have been contaminated
by direct dumping of PCBs and waste fluids
containing PCBs [11,12]. Their insoluble charac-
ter causes their rapid binding to some organic
entities, such as river and lake sediments [13,14].
algae and protozoa [15-17].

The concentrations of PCBs in water are very
low and can only be measured by sensitive
techniques. The EU established a maximum level
of 1-2 ug/l for natural waters [18] and a ten

times lower value for drinking waters [19]. Con-
centrations in seawater in the low picogram per
litre level have been reported for the most
abundant congeners.

Therefore, adequate methods for monitoring
the levels of these compounds in effluents and in
waters affected by such effluents are required. To
avoid this problem, some Marine Health pro-
grammes utilize biological indicators such as
mussels to judge coastal contamination by PCBs.
It has been suggested that this “mussel watch”
could serve as an early warning system for
ecological catastrophes [20-23].

This review examines the most important
advances in the analysis of water pollution by
PCBs and also reports real concentrations in
environmental waters. The rising cost of sample
preparation and the need to measure PCBs at
the ultratrace level make automation and on-line
systems necessary in routine analysis. The princi-
ples and practices of determining the recoveries
of trace PCBs and the values obtained in the
various studies are discussed.

2. Sampling

Water sampling is made difficult by the usually
very low concentrations of PCBs in waters
caused by the hydrophobic nature of these com-
pounds [24,25]. Atmospheric transport is the
major pathway of the global distribution of PCBs
from land to water [26], with the river and ocean
sediments serving as reservoirs of PCB residues
[27]. The distribution of these contaminants in
water is heterogeneous; there is a gradient of
concentration occurring from the fresh water
sources toward the sea. The water sample taken
must be representative of the water environment
[20].

In seawater samples, the concentration of
PCBs is great in the surface layers. The air-sea
interface is a point of interest because sea slicks
may significantly accumulate PCBs [26]. There
are specific microlayer samplers suitable for
collecting the upper water layer of thickness 50—
400 um. However, to take a representative
sample, possible contamination by the penetra-
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tion of the sampler through this surface layer of
the sea has to be excluded. For this purpose,
different samplers have been designed: the
Blumer sampler, the DHI sampler and a high-
volume water sampler prepared to pump water
from a defined depth below the sea surface
outside the wake of the survey vessel [28].

Sampling is a time-consuming and error-prone
step in the analytical procedure. Equipment used
for sampling and storage must be treated accord-
ing to the procedures commonly recommended
in the literature [29,30].

A problem derived of the low water solubility
is their adsorption on solid supports with a
potential substantial effect on the results. Owing
to adsorption, the use of polymers, other than
PTFE, should generally be avoided during PCB
analyses, as demonstrated in different experi-
ments. Generally, water samples were collected
in 50 1 or larger stainless-steel drums to avoid
these problems [24,31].

The adsorption on solids also complicates PCB
determinations in surface water. In the water
phase, material is present in a wide range of sizes
and with many different characteristics. The
range encompasses truly dissolved materials such
as proteins, lipids and humic and fulvic acids,
which constitute the dissolved organic matter
(DOM), and also colloids and suspended solid
matter (SPM) [32].

SPM is an operationally defined parameter; in
practice, the SPA is usually defined as all par-
ticles that are retained by a 0.45-um filter.
Concentrations of PCBs in water containing
suspended matter are almost completely deter-
mined by this SPM. Distribution coefficients
between this SPM and solutions have been
reported to be of order of 10° [24]. Removal of
the SPM therefore is necessary. Different devices
such as glass-fibre filters, which have nominal
1-um pores [32-35], tangetial flow membrane
filters with exact 0.45-um pores [32] and con-
tinuous-flow centrifugation [32,36] are available.
Possible artifacts with filtration, such as clogging
during filtration and adsorption of PCBs on the
filter, have been investigated.

It is generally appreciated by environmental
analytical chemists that the binding of organic

chemicals to DOM remaining in the water sam-
ples can also affect the recoveries obtained on
extracting PCBs from filtered or centrifuged
water [24].

The subsequent processing of the water sam-
ples may include different steps that allow both
the extraction and enrichment of the PCBs with
high selectivity [25,37-39].

3. Isolation and clean-up procedures

In general, liquid-liquid or liquid-solid ex-
traction techniques are applied [40-42], but
analysts are continually exploring new tech-
niques and new aspects of the old techniques.
Alternative approaches that should still be
studied intensively are mentioned in the litera-
ture: dialysis [43], solvent-filled dialysis mem-
branes [44], adsorption on uncoated capillary
columns [4546], gas purging [47] and in situ
extraction with a fluidized bed-type extractor
[48].

An interesting selective concentration method
was developed by Hess et al. [49], in which PCBs
(24 congeners) were concentrated by adsorption
on magnesium hydroxide and precipitated in situ.
The precipitate was removed by centrifugation
and dissolved in a small volume of acidic buf-
fered solution for analysis. The method is selec-
tive for polycyclic aromatic hydrocarbons
(PAHs) and PCBs of high molecular mass.

3.1. Liquid-liquid partitioning (LLP)

Although it uses large amounts of potentially
toxic organic solvents, LLP is one of the time-
tested conventional sample preparation methods
in environmental analysis for measuring organic
pollutants in water and waste water samples.

A review of the literature about methods used
to extract and isolate PCB residues in water
(Table 1) reflects that the majority of LLP
methods for isolating PCBs are now well estab-
lished. Table 1 shows the type of water analysed,
the isolation and clean-up methods used, the
PCBs determined, the amounts spiked into the
water and the recoveries determined, the limits



SJuaWiEaN) Julfeyje pue py

auexsy (I
66 ozy 0921 ur 1933 [AQIAIP %GT JO [W (09 X € M 21sem
[8¢] and sd00 - 8101 08¢ ¥SZ1 101201V (yuounsnfpe Hd moyim) 1a1em pue 1aal ‘dey
jusuesl)
JuepIXO pue pe ym dn-ues) (1 ¢ 3noqe)
[26] aosd sdD0 - - - sg0d suex9y-# Jo W 057 1M
60T
L0T
00T
881
ps1
N L8
M 0s
D 67 089 vdd
M S WOQ W 09 X € 19)em IaAU
Wv [9¢] asw sdD0 - - 0g1-LT T (yusunsnipe Hd noyum) 191em pue dej ‘Jusgesy
SN Amnorow Ol[eIdw yum
el Inydins [euawala JO [RAOWIY
= I1suol4 yim dn uesp) (3uuany
&~ suexay-u moynm) (1 1)
< {ss] aod - - - T1-700  siusuodurod o¢ ut WO %ST JO W 06 X € 1o1em 215eM
5 7921
) 09Z1
S
g pSTl
N 871
S Wl
- sauazuaq x4} 089 vdd
- pajeutioy) 1eet NOQ W 0§ X € (1 1) 1018M JoAL
- tps] asw sdDO 10 - 500 9101 40[201y 8 Hd ‘1o1em pue de) ‘Juadeay
s 86 8€00°0 61
® €6 $$00°0 €61
H s1D L8 £2000 101
= sadoOH 96 8¥00°0 oy 198 eolIs pioe yim dn-uesp (I #x¥)
3 (39] aosd sq4D - L6 6000 81 suexay-u Jo [W (8 X ¥ sojdures 1ajem
[z$) aond sdD0 - €01-18 ot 0921 10901V suejuad-¥ WM FAS Jw 001-01 “1orem
S6-16 08 0921
S6-16 0s psTL
66-L8 oy 8Tl
L6-€8 87 wil
001-98 s w eununfe pue 01°L
201-06 S¢S 1zen [1sto}4 Aq dn-uespd pue auexay  ‘z o1 passalpe Hd ‘([ 1)
[1¢] aodg sdDO - 101-26 sT 9101 10p0IY DA 10 NOQ JO W 0§ X € Io1em sem
spunodwod (1/8u) (%) (1/87) paisal
‘194 uo1NB( Y0 W] uonANRdQ K19A003Y uoneIIUIIU0)) 19uaduod gDd dn-ueapo pue uonejosg 101eM

452

19)EM Ul SgDd JO UOHBUIULIAAP Y1 IO] poylow Uonodep DO pue 4711

I fIqel



453

G. Font et al. | J. Chromatogr. A 733 (1996) 449-471

(pst *d uo panunuo))

|UIZUIQOLOIYD
{¥o] aod sdDO s—¢
JU9ZUAGOIOTYD
[¥9) aod sdDO $1-2
l€9) asw - -
[29] aosd - -
[19] and sdDO -
[09] and sdDO 006-00S
sploe J1jAxoqIe)
[¥€] aod sauey|v-# -

[6€] asn sdD0 -

06-08

0L

S98

89-€S
19-Tv
69-1S
1L-9¢
1L-08
6L-9L
89
6618
vL-S9
LI1-96
S11-L01
9L-1L
7669
$9-95

06-08

01-66
Wil

S0°0-100

S0'0-100

21000
£100°0
81000
7000
91000
61000
L1000
12000
1000
L1000
02000
92000
SPO00

8¢0°0

1-08

/b1

081
1338
8¢l
101
[43
8¢
081
38
8¢l
101
(49
8¢

-

P61
S61
961
102
0oLl
081
L8l
8¢l
14!
€51
8L
161
101
ST

05V uaydopyD

0921
9101 10201y

sg0d
60T
00¢
881
¥S1
L8
0s
6¢C
S
1

suejuad jo [w g

101e10deas A1ejos e ul
suejuad-u jo fw ¢71

Juexay Jo [w g§

193 eoips yum dn-ues)

WOdQ 1w 00S

uonesedas 10j 138 el

WOQ 1w 0

809 vdA

anydins wniuowweAylowens|,
Inydjns [eIU3UISYS JO [RAOWISY
IS0l

ynm pue edis yum dn-uesD
WOQ Wt 9 X¢

SNONURUOD

(Jw 0s7) duexayopA)

WNOd WS X ¢
089 vdI

an

ardures 1o18M

(WY

ojdures 123eM

12

131eM I9AY

(¥’ pue 71 ‘1 HA)
(102)
19)eM

(1w 001)
131eM

(1w 00¢)
J2JBM JISEM

(1 001-05)
JEILT N =N

an

sajdures 19jepm



G. Font et al. | J. Chromatogr. A 733 (1996) 449-471

454

601-201 v61
ZLL-€01 oLt
€I1-€6 691
¥I1-201 081
SOI-9L 951
SOL-v6 91
SO1-89 971
9Z1-001 81
£01-26 ot
SLI-L6 €61
001-1L 81l
€11-101 st
sAADd 86-£6 LL (luroo1)
[ve] and sadadnd - 86~LS 1-100 101 suejuad-u yum juowdmbe Qs REILTN
(11 Hd)
ISUOL] Yim dn-ued]) (109)
[s¢l aosd sdDO £10°0-L00°0 06 500+ (€1-L) sg0d WOA W 00§ X T 191eMm 19A0Y
jusuneal) pRy
sjouaydoloryd €8 0921 QUEXIY- JO [W (9 X € (1 7) so1eMm
{691 and sdDO 1 €9 0z-27 ySZ1 dopoly 65 HJ “1o7epm 1oau pue dey,
ard 081
€€ (81
ST el
L 01
4! €S1
Le 811
€1 101
€1 44
01 (14 ozsﬁ:ﬂw ESEOEENES«OENEOH
N.N NW ::?:-._w _mu:u-:u_u uG _N>QEQN—
8T 8¢ IS Yum dn-ueap)
87 1€ suejuad (o1
—Nm_ aonda 400 S CH< - 81 -U4 M UOI0eIIXd snonunuo) 19)em eog
[89] aod sdDO - ¥6-18 968°0 sgDd SUEX3Y-U JO [W 0§ X € FEN I ;>_~w
(1s1
[¢9] aod sdDO 9 96-08 - sgDd WO W 0 X T 101eM 13A1]
antd [suojf ynam dn-ues[d ao
[99] and - o€ oL 1 0921 lopoly WO W 0ZL X T 191eMm 2ISeM
(Jw 005)
[s9] aod sdD0 - 001 4 9 da suexay-u yum Jqs s|dwes 1a1epm
081t
€51
el
10t
2UaZU3qQOIONYD) s an
[¥9] aod sdDO S¢ oL> 8T suexay yum Jds ajdutes 131epm
spunodwod (1/3u) (%) (1/37) paisa)
PEN| uonddRg BPYIO N[ U0 K19A000Y UONBNUIUO)) 12uaduod god dn-ueap pue uonejosy 191N

(pamunuod) 1 91qeL



G. Font et al. | J. Chromatogr. A 733 (1996) 449-471 455

of detection (LODs), other compounds that can
be extracted together with PCBs and the detec-
tor employed.

Recovery measurements are one of the more
difficult and ill-defined aspects of trace organic
analysis. Experiments designed to obtain the
efficiency of an analytical method often implicitly
assume that this also includes the efficiency of
the extraction from the matrix.

Differences in behaviour between spiked
PCBs and those already present in the water
phase have induced some researchers to perform
recovery measurements by comparing several
extraction methods [34]. At present, the way to
calculate properly the recovery of a method
using spiked water samples is well established.
The PCBs are added below the surface of the
sample in a small volume (ca. 1-2 ml) of water-
miscible solvent. The water must be completely
mixed and allowed to stand at least overnight
prior to extraction to allow the PCBs to come
into equilibrium with the other organic materials,
particularly humic materials. The spiked water
samples must be analysed in them entirely,
including the inner surfaces of the container,
either separately or as a single determination
[32,50]. Some of them are recommended by
different environmental protection agencies. For
example, the EPA published the 500 series of
methods for drinking water analysis and the 600
series for waste water [70,71].

Eleven pesticides and PCBs are measured with
method 505 [72,73]). A 35-ml water sample is
extracted with 2 ml of hexane in a liquid-liquid
extraction (LLE) procedure. Similarly, separa-
tion, identification and measurement are via
capillary GC-electron-capture detection (ECD)
using one capillary column.

Method 508 requires that the sample was
collected with the mercury(II) chloride as bac-
tericide. A 1-1 volume of water is buffered to
neutral pH and dechlorinated; salt is added to
decrease the pesticide solubility and the sample
is shaken with 300 ml of dichloromethane
(DCM). Method 505 is cheaper and easier to use
than Method 508.

PCB determinations in waste water are re-
solved by EPA Methods 608, 617 and 680 [74].

Waste water typically requires extraction (with
DCM or DCM-hexane mixtures), concentration
and clean-up with silica or Florisil before in-
jection into the GC system.

There are other well established testing pro-
cedures such as American Society for Testing
and Materials (ATSM) methods or Standard
Methods for the Examination of Water and
Waste Water [75].

The simplest LLP technique is shaking or
stirring the sample with an appropriate organic
solvent at room temperature without pH adjust-
ment, that is, at about neutral pH [74]. However,
the effect of pH on the extraction efficiency of
PCBs and chlorinated pesticides from filtered
Niagara river water has been demonstrated [62].
In 43 samples collected in 1985-86, the basic
extract contained 40% of the PCBs and chlori-
nated pesticides, the acidic extract contained
15% and the suspended solids 45%. This phe-
nomenon may be the result of the binding of
lipophilic chemicals to DOM, binding that is not
disrupted by organic solvent extraction at acidic
or neutral pH but is at least partially disrupted
by extraction at high pH.

LLP procedures with samples up to 100 1 and
using reverse continuous-flow extractors have
been published [32,34]. These extractors should
be used when the sample is very diluted (such as
occurs in sea water).

Simultaneous steam distillation—solvent ex-
traction (SDE) procedures have been reported
[24,64,65]. The compounds are first distilled and
then extracted into an organic solvent. These
techniques were initially laborious and required
solvent concentration by evaporation [37]. More
recently, micro-extraction procedures, using dif-
ferent solvents, such as n-pentane [24,52] or n-
hexane [65], have yielded good recoveries of
PCBs from water and are ecologically beneficial,
because they need only small amounts of sol-
vents (<10 ml). In contradiction, Geisller and
Scholer [64] found unacceptably low recoveries
with SDE.

3.2. Solid-phase extraction (SPE)

In SPE processes, a compound is isolated from
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a liquid sample by differences in its relative
solubility between a liquid mobile phase and a
stationary phase. The process is often performed
by packing a stationary phase into a cartridge,
passing the water sample through the cartridge
and eluting the retained analytes with a solvent
of the appropriate strength [76-78]. Table 2
shows the SPE method applied to the water
analysis for PCBs.

A wide variety of solid sorbents exhibiting
various chemistries are available [78]. C,; sor-
bents are efficient for trapping PCBs using sam-
ple volumes between 1 and 10 1[88,94], which are
generally sufficient to achieve a detection limit of
0.1 ug/l. The use of Amberlites or polyurethane
foams is recommended when high volumes (>16
1) of sample are to be analysed [34,80].

The SPE recovery depends on factors such as
the type of water sample (presence of particulate
matter, presence of interfering compounds such
as surfactants, ionic strength of the water), pH
and sorbent treatment [78]. All these factors
have been studied for water analysis for PCBs by
SPE using C,; [88]. pH does not affect the
recovery. However, the presence of organic mat-
ter and surfactants diminishes considerably the
efficiency of the process.

SPE has advantages over the LLP such as
avoiding manipulations with large volumes of
solvents and being rapid and easily automated,
and because of this it has been proposed by the
EPA in a draft method [73] for the determination
of 43 organic contaminants, including PCBs. The
cartridge procedure, as presented in EPA Meth-
od 525, requires a 1000-ml water sample acidified
to pH 2 and elution with ethyl acetate—-DCM
(1:1).

A goal of SPE would be the integration of the
entire sample extraction, separation, analyte
identification and analyte measurement proce-
dures into a totally automated system. A simple
on-line technique for the determination of PCBs
in water has been achieved [84]. A retention gap
coupled to the capillary column served as the
recipient of relatively large sample volumes (ca.
199 ul) introduced into the GC system. Re-
coveries of more than 95% were observed and
detection limits of less than 1 pg/l were found. A

deterioration of the ECD performance, caused
by the introduction of water, represented the
main problem.

A new generation of SPE devices that borrow
the disk configuration of membrane filters has
recently emerged. These devices include flat
disks with high cross-sectional areas that provide
advantages not found with cartridges [87,90,94].

The performance of disk extraction was evalu-
ated for PCBs and compared with the results
obtained using cartridge extraction for reagent,
tap, ground and river water samples [87,90]. The
results presented demonstrate that the speed of
routine analysis and consequently the productivi-
ty of a testing laboratory can be increased
considerably by using the extraction disk in place
of packed columns with practically the same
reliability under normal conditions.

SPE reduces the solvent volume required to
less than 25 ml [78]. In order to increase the
reduction in the use of organic solvents, super-
critical fluid elution (SFE) was proposed [90,94]
to replace solvent elution. The results of these
studies demonstrated that this alternative tech-
nique produces good precision and accuracy data
for the analytes studied.

3.3. Comparisons between LLP and SPE
procedures

Liquid-liquid extraction and adsorption on
polyurethane foam and Amberlite XAD-2 have
been compared for the determination of PCBs
and other compounds [34]. The authors reported
that LLE is the method providing these com-
ponents in higher relative amounts, and Amber-
lite XAD-2 adsorption is the method yielding a
lower proportion. Adsorption on polyurethane
foam represents an intermediate case. This trend
appears to be independent of the operational
conditions used.

Geissler and Scholer [64] compared three
established procedures: liquid-liquid extraction,
solid-liquid extraction with C,; cartridges and
extractive steam distillation. The best enrichment
results were obtained with the LLE method.
However, Molté et al. [88], comparing the results
obtained in extracting PCBs from fortified tap
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water with those obtained using classic solvent
extraction methods, demonstrated that PCBs can
be extracted from water using C,, with at least
the same recoveries as those obtained using LLE
methods.

The differences in the results reported by
various authors may be because the recovery in
SPE depends both on the sample volume perco-
late and on the breakthrough volume, which is
related to the chromatographic retention vol-
umes in water, and thus on the nature and
amount of sorbent [95]. In SPE, it is always
possible to show examples with recoveries of
100% by decreasing the sample volume. A sim-
ple calculation indicates whether handling of this
volume will allow the detection level required.
Some comparisons between LLP and SPE have
been made without taking this parameter into
account and samples up to 500 | have been
percolated [34].

The main disadvantages reported for SPE have
been the risk of overloading the column or an
early breakthrough due to blocking of the pores
by percolating unknown samples with a high
content of contaminants [76,78].

The lower recoveries observed with SPE when
water samples with high contents of organic
matter, DOM or SPM, have also been reported
with LLP [32,35,62], although the mechanisms
implicated seem to be different [95].

SPE presents some advantages over LLP such
as speed and simplicity, no emulsion formation,
safety, low cost, flexibility and sampling in the
field.

3.4. Clean-up

As is well known, the extent of clean-up
required is dependent on the type of sample
being analysed, the detection limit demanded
and the detection technique employed [42]. As
might be expected, about 60% of the reported
methods for the analysis of water samples, sum-
marized in Tables 1 and 2, did not require clean-
up of extracts.

However, the extraction techniques selected
for the PCB determinations are also suitable for
the determination of a wide range of different

contaminants present in water (see Tables 1 and
2). When there are matrix interferences or over-
lapping of other compounds, different clean-up
schemes should be performed.

The clean-up procedures reported for water
samples for PCB determinations are mainly
based on the use of solid phases and chemical
treatments. Liquid-liquid partitioning with hex-
ane was reported only in one study [86].

Chromatographic clean-up has been developed
in the normal-phase mode using silica [53,60-62],
alumina [51,96] and Florisil [32,51,55,60,89,97].
The solid phase is suitable both for removing
interfering compounds and for separating PCBs
from other organochlorine pesticide (OCP) con-
taminants in different fractions. Clean-up with
Florisil and alumina was compared [51]. Re-
coveries from both columns were excellent and
there is no reason to choose one phase over the
other.

To separate PCBs from the OCP compounds
and, at the same time, to remove interfering
compounds, a fractionation procedure was de-
veloped [60]. Several extract clean-up procedures
based on silica and Florisil chromatography were
investigated. Regardless of the reproducibility of
the fractionation, it is apparent that the Florisil
fractionation method is not suitable for samples
that contain OCPs and PCBs.

Chemical treatment followed by GC determi-
nation is probably one of the most useful ap-
proaches for confirmation because of its simplici-
ty, specificity and sensitivity. The process can be
carried out with concentrated sulphuric acid
[57,69] or ethanolic KOH [34]. The effect of both
procedures was studied with several treatment
times for the confirmation of PCBs [58]. The
behaviour of OCPs and PCBs (individual con-
geners and Aroclors) on treatment with sulphuric
acid, potassium  hydroxide and chro-
mium(VI) oxide has been studied [93]. PCBs
resist both acid and alkali attack. Chro-
mium(VI) oxide is the best of the three treat-
ments for Aroclors but some low-chloride PCBs
are totally or partially destroyed by oxidative
treatment.

Elemental sulphur, which may be present in
waste waters, gives GC peaks that mask the
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region of PCBs. Several methods are available
for the removal of sulphur from extracts. Shaking
with metallic mercury [S5], activated copper and
Raney nickel and tetramethyl ammonium sul-
phite [32,60] have been reported for the clean-up
of extracts from waste water prior to determining
PCBs by GC.

4. Identification and determination

The identification and determination of PCBs
in water samples are complicated by the fact that
there are 209 individual congeners. The selected
method to determine PCBs is GC. Early mea-
surements of PCBs were made using packed GC
columns and commercial mixtures such as Aro-
clor, Clorphen and Kanechlors [98,99].

Environmental contamination may be derived
from these mixtures or from incidentally gener-
ated chlorobiphenyls, whose profiles do not re-
semble mixture patterns. In the environment
their composition could be altered by biological
and chemical processes. Taking into considera-
tion such factors, this quantification method is
inadequate [100,101].

Moreover, PCBs differ in their physico-chemi-
cal characteristics and in their toxicological prop-
erties. The ideal analytical procedure is one that
identifies and measures each individual chloro-
biphenyl isomer. The need for congener-specific
analysis was stressed at the beginning of the
1980s [102].

It is surprising that industrial formulations are
still used for qualitative and quantitative analysis,
but it occurs. Many laboratories use packed
columns [51,57,58,61,65,69). They do not give
sufficient peak resolution and summed peak
areas on the low-resolution chromatogram are
quantified.

Techniques for the quantification of PCBs
based on perchlorination of all individual con-
geners to fully chlorinated decachlorobiphenyl
have been reported [103]. Dechlorination of
PCBs has also been used as an alternative to
perchlorination [104]. The advantage of these
approaches is the conversion into a single deriva-
tive for each positional perchlorinated isomer.

Another important approach is the use of
capillary columns but quantifying using commer-
cial mixtures [66,81,88], although the irrelevance
of this quantification has been pointed out by
Druinker et al. [105].

It is also not uncommon that PCBs in water
samples are quantified on the basis of charac-
teristic groups (homologues), based on the num-
ber of chlorine atoms in the PCB molecule. A
principal components multivariate statistical
method based on SIMCA (soft independent
method of class analogy) has been applied [106].
The results from principal components modelling
of samples and Aroclors by using both isomers
and Cl,-Cl;, homologue concentrations were
compared. Modelling of normalized data from
Aroclors or their mixtures gave similar sample
score plots for both data sets. However, model-
ling environmental sample congener concentra-
tions gave erroneous classification results when
compared with results from modelling isomer
data [107].

All the modern approaches depend on reli-
able, accurate and unambiguous measurements
of PCBs in water. The main problem in achieving
this has been the commercial unavailability of
many of the 209 PCB congeners. Considerable
effort has gone into the production of individual,
pure PCBs.

Nowadays, selected PCBs are available as
certified or well characterized materials for moni-
toring and toxicological studies [108]. Non-ortho-
chlorine-substituted congeners such as 3,3'4.4'-
tetrachlorobiphenyl, 3,3'4,4'5-pentachlorobi-
phenyl and 3,3'4.4’,5,5 -hexachiorobiphenyl are
far more toxic than other congeners, but on the
other hand ortho-chlorine-substituted congeners
are more abundant.

As even high-resolution chromatographic
peaks of the non-ortho- and mono-ortho-PCBs
may overlap those of multi-ortho-PCBs, in addi-
tion all mono-ortho- and non-ortho-PCBs are
present at substantially lower concentrations
compared with the remaining PCBs. It is there-
fore necessary to perform a series of group
separations prior to the final resolution of the
PCBs by HRGC.

PCBs are present in environmental waters in
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trace amounts, at the picogram per litre level. In
European countries, the drinking water ordi-
nance is set at a limiting concentration of 0.5
wng/l for the sum of all isomers and 0.1 ug/l for
each isomer, so that detection limits below the
0.1 ng/l level are required for monitoring drink-
ing water. Such low detection limits are also
necessary for studying the fate and the transport
of PCBs directly in environmental waters. A
method has been described for calculating ana-
lytical values for water quality parameters from
sub-detection limit measurements [109].

A selected method to determine PCBs is the
GC with a capillary column. Other determination
methods have also been proposed for PCB
detection and quantification in water samples,
such as combustion tube decomposition and
molecular emission cavity analysis [110], fluores-
cent excitation and emission characteristics in a-
and p-cyclodextrin [99,111] and supercritical
fluid chromatography using a microbore C,,
column, and open-tubular capillary column
coated with SE-52 and CO, as supercritical fluid
[112].

4.1. Group separation

The possibility of separating PCBs according
to planarity (and hence toxicity) is very useful.
Although the number of analyses for toxicity
evaluation is increasing, and there is much evi-
dence about the extreme toxic potential of these
coplanar PCBs, very little information is avail-
able on their water concentration [113]. The
most probable cause is that the concentration of
the most abundant PCBs in water samples is very
low and it is noted that monochlorobiphenyls
constituted as much as one-third of the total
PCBs in water [114]. In spite of this, several
systems are available which can perform these
separations in the extracts.

Adsorption chromatography using Florisil, sil-
ica or alumina has been investigated to separate
non-ortho- and mono-ortho-substituted from the
remaining PCBs. Three main problems were
observed: lipid removal cannot be effected simul-
taneously on the same column, the volume of

eluents used is greatly increased and the planar
congeners were only partially eluted [115,116].

Activate carbon has been used extensively to
separate the toxic congeners. There are many
papers dealing with the testing of the efficiency
of various types of activated carbon (Norit,
Darco, AX-21, PX-21, etc.) and the suitability of
various supports such as polyurethane foam,
sand, glass-fibre and Chromosorb. PCBs are
fractionated by column chromatography using
mixtures of cyclohexane, toluene, dichlorome-
thane and methanol as eluents [117-121].

HPLC on porous graphite columns has also
provided satisfactory results in the field [122,123].
Various types of semi-automated apparatus, that
include an active carbon column with reversed
elution, have been introduced [124].

Other special chromatographic materials such
as a silica bonded phase, 2-(1-pyrenyl)ethyl-
dimethylsilylated (PYE) material [125-127], di-
nitroanilinopropylsilica (DNAP), a tetranitro-
fluoreneaminopropylsilica (TENF) [128] and
poly(styrene~divinylbenzene) (PSDVB) cova-
lently bonded to C,, and C,, fullerenes [129]
offer new electron donor-acceptor (EDA) ad-
sorbents with high sample capacity, and are of
use in HPLC to fractionate and enrich coplanar
PCBs from other isomers. They separate the
ortho- and non-ortho-chloro-PCBs on the basis
of the degree of planarity and chlorination.
Hexane provides the best mobile phase.

4.2. High-resolution gas chromatography
(HRGC)

The selection of the capillary column and GC
conditions is very important to obtain good
identification and quantification of the PCB
residues present in water samples.

4.2.1. HRGC columns
The complexity of PCB separations often
requires the separation to be achieved by capil-
lary columns, and many standard GC methods
are being revised to substitute the use of packed
columns by these capillary columns [130,131].
Currently there are two general types of capil-
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lary columns, conventional (0.10-0.25 mm I.D.)
and wide-bore capillary columns (0.53 mm 1.D.).
A study was performed to determine the relative
retention times (RRTs) of OCPs and PCBs using
three wide-bore capiliary columns and two differ-
ent packed columns [132]. Although these capil-
lary columns are now considered to be packed
columns, they offer much higher separation ef-
ficiency and are more inert than packed columns.

The only complete set of retention time data
for a capillary column so far available for all 209
congeners was obtained by Mullin et al. [133]
for the SE-54 5% diphenyl-1% divinyl-
dimethylsiloxane. Because this is very useful,
some analyses have been based on the phase
[32,53,57]. Measurements of the retention times
of 51 PCBs on seven narrow-bore columns,
CPSil8, CPSill2, CPSill9, CPSil88, C,, SB
Smectic and FFAP, have been reported [134].
These data can be used for choosing the op-
timum column combination for multi-dimension-
al GC separations. However, the most commonly
employed GC phase in the determination of
PCBs in water (see Table 3) is 5% phenyl-
methylsiloxane (24,55,56,59,60,86-90,92-94].
DB-17, 50% phenyl-methylsilicone, has also
been employed mainly as a confirmatory column
[88,89,93].

Some workers have measured PCBs using
narrow-bore columns, CPSil8 CB [64] and
CPSil19 CB [32]. Fifteen PCBs were also sepa-
rated on a fused-silica capillary column coated
with B-cyclodextrin on OV-1701 with hydrogen
as the carrier gas and flame ionization detection
[136). The temperature is programmed from an
initial low temperature (ca. 80°C) to high tem-
peratures (ca. 270°C) at a low gradient rate.

Although the use of single capillary column is
essential to the determination of specific PCB
congeners, no single column is available that can
separate all 209 PCB congeners. Different meth-
odologies have been proposed to solve this
problem, as follows.

Quantification of individual isomers of toxicologi-
cal importance. The separation of PCB congen-
ers by HRGC on a 50% n-octyl-methylpoly-
siloxane phase was reported [137]. The sepa-

ration mechanism for PCBs on this phase, nor-
mally used in SFC, can be described as a sepa-
ration resting on increasing planarity of the
molecuies as defined by the number of chlorine
atoms in the 22’- and 6,6'-positions. A similar
behaviour has been observed in RP-HPLC. Con-
sequently, the last-eluting congeners of each
chlorination degree are those without “ortho”
chlorine atoms. These congeners can easily be
determined without preseparation if mass-selec-
tive detection is used.

Confirmation of PCB isomer identity. At least a
second confirmatory column is required. An
improved method for the determination of PCBs
using the parallel capillary column technique has
been described; the method employs two capil-
lary columns of different polarity in parallel from
the common injector to separate detectors
[98,138,139].

Mixtures of chlorobiphenyls can be deter-
mined unambiguously in terms of the individuals
PCBs by multi-dimensional gas chromatographic
(MDGC) techniques. The separation of complex
isomeric mixtures was optimized using an
MDGC system containing two capillary columns
of different polarities, operated within a double-
oven instrument [140]. As an alternative for the
determination of PCBs the use of column switch-
ing eliminates the need to concentrate the sam-
ple extract. PCBs can be measured using a rotary
valve and two capillary columns in DCM with an
electron-capture detector [141}.

4.2.2. Injection systems

The most commonly employed injection tech-
nique is the splitless mode with injection volumes
between 1 and 5 ul [24,32,62,64,87-90,92-94]
followed by on-column injection [84,91].

The Community Bureau of Reference (BCR)
organized a collaborative interlaboratory project
to improve the analytical protocol for some
specific PCBs within the EU. A series of test
procedures were prescribed to optimize the GC
conditions for splitless and on-column injection,
which substantially improved the quality of the
data obtained. No significant difference could be
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Table 3

Chromatographic conditions used for determination of PCBs in extract from water samples

Column systems Detection system Ref.
HTS-OV-1, Hewlett-Packard (30 m X 0.33 mm [.D.) ECD [52]
Two capillary columns in parallel to separate ECD: ECD [53]
OV-1, Hewlett-Packard (25 m X 0.22 mm L.D. X 0.11 zm)
SE-54, Hewlett-Packard (25 m X 0.22 mm L.D. X 0.11 um)
10 m OV-101 stationary phase on glass capillary (WCOT) columns MSD [79]
Scan/SIM
DB-1701, J & W Scientific (30 m X 0.25 mm LD. X 0.25 zm) ECD [80]
12 m X 0.21 mm L.D. OV-101 (methylsilicone, Carbowax deactivated) GC-CI-SIM* [54]
fused-silica capillary column (methane)
Packed column (2 m X 3 mm I.D.), 5% QF-1 on Gas Chrom Q (100-200 mesh) ECD [57]
Retention gap (2 m X 0.3 mm I.D.) and SE-54, home-made (50 m X 0.25 mm
I.D. X0.25 pm)
SPB-S, Supelco (30 m X 0.24 mm 1.D.) ECD [55]
SE-30 (50 m X 0.25 mm 1.D.)
DB-5 from J & W Scientific (30 m X 0.32 mm LD. X 0.25 pm) MSD [56]
SE-52 (25 m X 0.25 mm L.D. X 0.15 pm) ECD [81]
DB-5 (30 m X 0.25 mm or 0.32 mm 1L.D.) MSD [59]
Scan
DB-5, J & W Scientific (30 m X 0.25 mm LD. X 0.25 xm) ECD [60]
SPB-608, Supelco (30 m X 0.25 mm LD. X 0.25 pm)
Capillary column ECD [85]
SE-52 (25 m X 0.25 mm LD.) ECD [34]
5 m fused-silica retention gap (0.50 mm O.D., 0.32 mm L.D.) + CP Sil ECD [84]
5 CB fused-silica capillary column (25 m X 0.22 mm 1.D. X 0.13 um)
Two capillary columns in parallel to separate ECD: ECD [62]
(25 m X 0.22 mm 1.D. X 0.17 um)
Retention gap (2.5 m X 0.32 mm 1.D.); analytical column CP-Sil-8 CB, ECD (64]
Chrompack (50 m X 0.32 mm LD. X 0.25 um)
DB-5, ] & W Scientific (30 m X 0.25 mm 1.D. X 0.25 pm) MSD (87}
Scan
Packed columns OV-101, OV-225, OV-17 + QF1 ECD [65]
Two capillary columns in parallel to separate ECD: ECD [32]
CP Sil-19 CB, Chrompack (50 m X 0.32 mm LD. X 0.2 um)
SE-54, Chrompak (50 m X 0.32 mm 1.D. X 0.2 xm)
RSL-200 (30 m) ECD [135]
Fused-silica capillary column, Hewlett-Packard Ultra 2 cross-linked 5% ECD [86]
phenyl-methyisilicone (5 m X 0.32 mm LD. X 0.33 xm)
Single injection into two capillary columns of different polarity (DB-5 Switching valve [89]
and DB-17 from J & W Scientific, both 30 m X 0.25 mm LD. X 0.25 xm) and ECD and
NPD (for other
compounds)
HP-1, Hewlett-Packard (10 m X 0.53 mm LD. X 2.65 um) ECD [91]
BP-5 Scientific Glass Engineering (25 m X 0.25 um) and to confirm DB-17, ECD [88,93]
J & W Scientific (30 m X 0.25 cm L.D. X 0.25 xm)
BP-5, Scientific Glass Engineering (25 m X 0.25 um) ECD and NPD [92]
(for other
compounds)
DB-5, J & W Scientific (60 m X 0.25 cm 1.D. X 0.25 um) ECD [24]
DB-5, J & W Scientific (30 m X 0.25 cm 1.D. X 0.25 um) GC-ITD-MS" [90,94]

* GC-CI-SIM = gas chromatography—chemical ionization—selected ion monitoring.

" GC-ITD-MS = gas chromatography—-ion-trap detection mass spectrometry.
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found between splitless and on-column injection
[142].

The injection of larger extract volumes into a
programmed-temperature vaporized (PTV) sys-
tem operating in the solvent-venting mode was
described [86] for the sensitive determination of
PCBs and toxaphene in water. This injection
technique allows the elimination of the solvent
before the sample transfer to the capillary col-
umn and reconcentration of toxaphene and PCB
components having relatively low volatilities.

4.2.3. Detection systems
GC detection methods mainly used in PCB
determinations are electron-capture detection
(ECD) and mass spectrometric detection
(MSD). The electron-capture detector is opti-
mized using a modified simplex technique for the
determination of PCBs. Pulse voltage, tempera-
ture, make-up gas flow-rate and reference cur-
rent (or pulse frequency) using the signal-to-
noise ratio as criteria must be optimized [143].
The similarity of most PCB mass spectra
sometimes decreases the specificity of the tech-
nique in identifying each congener, particularly
when GC peaks are unresolved [144]. Different
MS approaches are employed such as selected-
ion monitoring (SIM) and negative-ion chemical
ionization (NICI). The latter has made this
detector considerably more amenable to the
identification and measurement of PCBs at the
trace level with similar precision to the ECD
(145]. Some investigations have dealt with the
systematic determination of PCBs in water [146].
When the identification is difficult because GC
peaks are unresolved, electron impact (EI) ioni-
zation with NICI-MS has been demonstrated to
be a powerful tool [145]). The use of ECD with
NICI-MS (with methane as reagent gas) has been
investigated as a possible means of discriminating
PCBs in the presence of interferences [147].
The “ortho effect” resulting from the loss of
halogen atoms relative to the molecular ion can
be combined with the GC retention index for
isomer-specific identification by GC-MS [148].
Collision-induced dissociation mass spectra are
sensitive and specific for the detection of PCBs

without isobaric interferences from congeners
with higher levels of chlorination [149].

Quantitative measurement of PCB isomers by
response factor calibration (RFC) was evaluated
with GC and a Hall electrolytic conductivity
detector. These RFC measurements provide
quantitative analysis in the absence of a standard
for each measured component [150].

GC with electrolytic conductivity detection
(ELCD) and ECD in combination with GC-MS,
operated in the EC-NICI mode, were evaluated
by Greaves et al. [66] for the determination of
PCBs in waste water from an industrial facility.
The specificity of ELCD reduces the sample
turnround time because the extract could be
analysed without fractionation or clean-up. ECD
was subject to interferences from non-halogena-
ted compounds and required additional sample
clean-up. EC-NICI-MS was highly specific and
provided full mass spectra of PCB congeners at
the same quantification limit.

Atomic emission detection allows the quantifi-
cation of individual PCB congeners with an
average error of *32% at mg/l levels [151].
HRCG, coupled with the superior IR spectra
produced by matrix isolation Fourier transform
ED (FT) IR, yields powerful analytical tool
[152].

5. Applications of the methods

The performance of extraction and clean-up
methods for the determination of PCBs in water
has been tested with spiked water samples (see
Tables 1 and 2). In these studies good recoveries
have been found in the determination of PCBs,
but unfortunately these experiments are usually
carried out on low ionic strength and particle
colloid-free aqueous samples representing a ma-
trix rather different from natural waters, and
particularly from sea water.

The interest in establishing all this methodolo-
gy suitable for the determination of PCBs in
water samples is its application to the knowledge
of the environmental water pollution level by
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Table 4
PCB contents in environmental waters

Sample PCB Concentration range (ng/l) Ref.
Saline waters
Baltic Sea (Germany) PCBs 5.5-46.0 (571
1980-84
Mediterranean Sea PCBs 1.30-8.80 [34]
(Spain) 1987
Atlantic Ocean® 28 0.79-0.11 182]
(Netherlands) 1988 52 0.60-0.17

101 0.46-0.16

118 0.17-0.08

138 0.55-0.26

153 0.34-0.15

180 0.30-0.13
Arctic Ocean PCBs 2.0-6.3 [83]
(Canada) 1988
North Sea PCBs 0.07-0.19 [32]

(Netherlands) 1992

Estuarine waters and brines
Dutch Delta PCBs 0.07-0.60 [20]
(Netherlands) 1989

Surface waters (rivers, lakes, artificial impoundments, runoff, etc.) and drinking water

Niagara River (Canada) 18 0.22 [53]
1980 40 0.11
10t 0.38
153 0.16
194 0.06
Niagara River water 18 7 [62]
(Canada) 1985-86 15 27
54 57
31 22
52 53
49 37
44 85
60 11
101 49
87 21
71 164
154 4
151 8
118 63
114 12
153 86
105 26
141 12
137 S
138 79
159 2
182 5
187 4
183 17
180 27
191 6
201 17

209 1
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Table 4 (continued)

Sample PCB Concentration range (ng/1) Ref.
Burlington Ship Canal 15 0.8
(Canada) 1985-86 101 0.6-1.8
151 0.2-0.7
118 0.6
153 0.3-1.3
141 0.4
138 0.2-21
187 0.1-0.5
180 0.1-1.0
170 0.6-1.1
201 0.3
196 0.2
195 0.1
194 -
Gran, Saugeen and PCBs 8 [67)

Thames Rivers
(Canada) 1986-90

Shing Mung River Cl, 6.22 [63])
(Hong Kong) 1991 Cl, 342

cl, ND

cl, ND

Cl, 0.31

cl, ND

Cl, 0.13

Cl, ND
River and drinking Aroclor 1254 <1-3 [69]
water (Croatia) 1260 <1-3
1988-89
Meuse River (Belgium) Aroclor 1260 420-620 81]
1985
River water of rural 52 2-14 [89]
area, Valladolid (Spain) 101 2-42
1990 153 6
Guadalquir River PCBs 85-222 [68]
(Spain) 1989
River water, Valencia Aroclor 1016 129 [88]
(Spain) 1990 1242 84-354

1254 212

River water, Valencia Aroclor 1248 10-313 [92]

(Spain) 1992
Waste waters

Waste water, Castellén Aroclor 1254 3.4-1547 [58]
(Spain) 1992
Waste water treatment PCBs 3200-500 [55]

plant, Fribourg

(Switzerland) 1988

Waste water from industrial Aroclor 1260 100-600 [66]
outfall (Carolina, USA)

1991

® Results for samples taken at 100 and 4000 m depths.
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PCBs, coupling them with the monitoring pro-
grammes established by regional, national or
international regulations (e.g. EC Directives) or
international conventions such as the Paris and
Oslo conventions for the North Sea or the
Barcelona convention for the Mediterranean
Sea.

Table 4 lists the content of PCBs found in
environmental waters. Many of the proposed
extraction and determination methods (see
Tables 1-3) have only been applied to spiked
samples.

It is of interest that the River Rhine con-
centration data show a reduction over recent
decades. Similarly, PCB concentrations in sea
water, plankton and molluscs in the Mediterra-
nean and in the coastal seas of the Netherlands
and the Arctic in the same period showed a
reduction by a factor of 2-5 [20].

In saline waters, which present the lowest
levels among the natural waters, it has been
observed that concentrations of PCBs identified
in the early studies sometimes were significantly
higher than those identified in samples collected
after 1985. These observations may reflect a
decline in PCB levels in the open ocean or an
improvement in the analytical methods. These
low PCB levels require their concentration from
relatively large volumes of water, typically of the
order of 100-1000 1, to reach the required de-
tection levels.

As has been noted before, the distribution of
PCBs in water is heterogeneous. Moreover, of
the gradient established from river water to the
sea, in surface waters there is a redistribution of
the PCBs caused by turbulence and advection by
the main current of the river [20,27]. However, in
ocean water the redistribution is related to
depth. The detection of OCPs synthesized only
in the last few decades in abyssal water, biota
and sediments indicates that vertical transfer
processes exist from the surface to greater depths
in the ocean.

Observations that sea water concentrations of
PCBs appeared to be independent of depth in
the Pacific Ocean were explained on the basis of
the aqueous solubility. It was proposed that the
less soluble PCBs would be more rapidly trans-

ported to depth on sinking particles, because a
greater proportion of these compounds were
associated with particulate material in the surface
waters. Other studies, in the Mediterranean,
have demonstrated that grazing zooplankton also
contribute to the PCB flux bellow 100 m by the
production of rapidly sinking faecal material [15].

Pollution prevention is the environmental ob-
jective of the 1990s. It replaces two decades of
environmental policy based on mandatory regu-
lations. Future environmental policy will empha-
size pollution prevention and pollution source
reduction.

Few studies have been performed to estab-
lished mechanisms for the reduction of PCB
levels. For example, Bush et al. [153] reported
the precipitation of PCB congeners from aque-
ous solution by clay and Aly and Badawy [154]
evaluated the efficiency of coagulation and
chlorination for removal of PCBs from drinking
water.

6. Conclusion

The solid-phase isolation and concentration
process is faster than the liquid extraction pro-
cedure, and it is being adopted as the extraction
technique of choice. The advantages of this
technique are that no emulsions are formed and
the passage of the sample through a column bed
replaces repeated extractions and centrifuga-
tions.

It is clear that a large and very diverse number
of studies exist describing the determination of
PCBs by HRGC, and their interest is not di-
minished by the persistence of these contami-
nants. A selective detector can be used to en-
hance the response of the analytes. The most
modern and accurate approach is to quantify
PCBs in water on the basis of individual con-
geners. All the recent research on PCBs clearly
indicates that it is time for PCBs to be measured
and studied exclusively as individual chemical
entities. Also, it is now the time to apply this
advanced analytical methodology to real-world
problems.



G. Font et al. | ]. Chromatogr. A 733 (1996) 449-471 469

Acknowledgement

The authors thank the Spanish CICYT, Minis-
try of Science and Education (AMB93-1215) for
its financial support of this study.

References

[1] D.E. Schultz, G. Petrick and J.C. Duinker, Environ.
Sci. Technol., 23 (1989) 852.

2] R.F. Addison, M.F. Zinck and T.G. Smith, Environ.
Sci. Technol., 20 (1986) 253.

[3] J. de Boer, Chemosphere, 17 (1988) 1811.

{4] R.A. Rapaport and S.J. Eisenreich, Environ. Sci. Tech-
nol., 18 (1984) 163.

[5] A. Opperhuizen, F.A.P.C. Gobas, J.M.D. Van der Steen
and O. Hutzinger, Environ. Sci. Technol., 22 (1988)
638.

[6] US environmental Protection Agency, Fed. Regist., 55
(1990) 30370.

[7] F. Bro-Rasmussen, Rev. Environ. Contam. Toxicol.,
137 (1994) 83.

[8] RJ. Fielder and D. Martin, in B. Ballantyne, T. Marrs
and P. Turner (Editors), General and Applied Toxicol-
ogy, Macmillan, London, 1994, Ch. 51, p. 1133.

[9] JH. Dean, J.B. Comacoff, G.J. Rosenthal and M.L
Luster, in AW. Hayes and D.A.B.T. Fats (Editor),
Principles and Methods of Toxicology, Raven Press,
New York, 1994, Ch. 30, p. 1065.

[10] J. Paasivirta, Chemical Ecotoxicology, Lewis Pub-
lishers, Chelsea, MI, 1991.

[11] D.C. Muir, R. Wagemann, B.T. Hargrave, D.J. Thomas,
D.B. Peakall and R.J. Norstrom, Sci. Total Environ.,
122 (1992) 75.

[12] M.P. Brown, M.B. Werner, RJ. Sloan and K.W. Simp-
son, Environ. Sci. Technol., 19 (1985) 656.

[13] J.M. Brannon, C.B. Price, F.J. Reilly, Jr., J.C. Pen-
nington and V.A. McFarland, Bull. Environ. Contam.
Toxicol., 51 (1993) 873.

[14] K. Booij, Bull. Environ. Contam. Toxicol., 50 (1993)
205.

[15] B.T. Hargrave, G.C. Harding, W.P. Vass, P.E. Erickson,
B.R. Fowler and V. Scott, Arch. Environ. Contam.
Toxicol., 22 (1992) 41.

[16] R.P. Eganhouse and RW. Gossett, Anal. Chem., 63
(1991) 2130.

[17] K. Booij and C. van den Berg, Bull. Environ. Contam.
Toxicol., 53 (1994) 71.

[18] EEC, Chemicals Dangerous to Aquatic Environments
(List I), 76/464/EEC No. L129, EEC, Brussels, 1976.

[19] EEC Drinking Water Guideline, 83/779/EEC No.
L1229, EEC, Brussels, 1980.

[20] E.K. Duursma, J. Nieuwenhuize and J.M. Van Liere,
Sci. Total. Environ., 79 (1989) 141.

[21] D.C.G. Muir, RJ. Norstrom and M. Simon, Environ.
Sci. Technol., 22 (1988) 1071.

[22] V. Roe, M. Lacy, J.D. Stuart and G. Robbins, Anal.
Chem., 61 (1989) 2584.

[23] J.L. Metcalfe and M.N. Charlton, Sci. Total. Environ.,
97-98 (1990) 595.

[24] V. Lang, J. Chromatogr., 595 (1992) 1.

[25] H. Huhnerfuss and R. Kallenborn, J. Chromatogr., 580
(1992) 191.

[26] E. Atlas, T. Bidleman and C.S. Giam, in ].S. Waids
(Editor), PCBs and the Environment, CRC Press, Boca
Raton, FL, 1986.

[27] S. Raccanelli, B. Pavoni, A. Marcomini and A.A. Orio,
Sci. Total. Environ., 79 (1989) 111.

[28] T.C. Sauer and J.G.S. Durrell, Mar. Chem., 27 (1989)
235.

[29] E.K. Duursma, J. Nieuwenhuize, J.M. Van Liere and
M.TJ. Hillebrand, Neth. J. Sea Res., 20 (1986) 239.

[30] L.H. Keith, in Environmental Sampling and Analysis.
A Practical Guide, Lewis, Chelsea, MI, 1991, Ch. 3, p.
31.

[31] T. Cseh, S. Sanschagrin, J. Hawari and R. Samsom,
Appl. Environ. Microbiol., 55 (1989) 3150.

{32] J.H. Hermans, F. Smedes, JW. Hofstraat and W.P.
Cofino, Environ. Sci. Technol., 26 (1992) 2028.

[33] J.P. Boom and J.C. Druinker, Environ. Monit. Assess.,
7 (1986) 209.

[34] J.I. Gémez Belinchon, J.O. Grimalt and J. Albaiges,
Environ. Sci. Technol., 22 (1988) 677.

[35] B. Quemerais, C. Lemieux and K.R. Lum, Chemo-
sphere, 29 (1994) 591.

[36] M.S. Driscoll, J.P. Hasselt and C.L. Fish, Environ. Sci.
Technol., 25 (1991) 1432.

[37] R.C.C. Wegman and P.H.A.M. Melis, CRC Crit. Rev.
Anal. Chem., 16 (1986) 281.

[38] M.E. Nubbe, V.D. Adams, R.J. Watts and Y.S. Robinet
Clark, J. Water Pollut. Control Fed., 60 (1988) 773.

[39] K. Ballschmiter, Pure Appl. Chem., 55 (1983) 1943.

{40] F.I Onuska, J. High Resolut. Chromatogr., 12 (1989) 4.

[41] C.J. Koester and R.E. Clement, CRC Crit. Rev. Anal.
Chem., 24 (1993) 263.

[42] W.P. Cochrane, D. Chaput and J. Singh, in D. Steven-
son and L.D. Wilson (Editors), Sample Preparation for
Biomedical and Environmental Analysis, Plenum Press,
New York, 1994, p. 191.

{43] H.F. Prest, WM. Jarman, S.A. Burns, T. Weismueller,
M. Martin and J.N. Huckins, Chemosphere, 25 (1992)
1811.

[44] A. Sodergren, Ecotoxicol. Environ. Saf., 19 (1990) 143.

{45] A. Zlatkins and R.P. Ranatunga, J. Anal. Chem., 62
(1990) 2471.

[46] D.W. Potter and J. Pawliszyn, Environ. Sci. Technol., 28
(1994) 298.

[47] JW. Sproule, WY. Shiu, D. Mckay, WH. Schroeder,
RW. Russell and F.AP.C. Gobas, Environ. Toxicol.
Chem., 10 (1991) 9.

[48] J.W. Hofstraat, J.A. Tieolrooij, H. Compaan and W.H.
Mulder, Environ. Sci. Technol., 25 (1991) 1722,



470 G. Font et al. | J. Chromatogr. A 733 (1996) 449-471

[49] G.G. Hess, D.E. McKenzie and B.M. Hughes, J. Chro-
matogr., 366 (1986) 197.

[SO] D.E. Wells, in D. Barcelé (Editor), Environmental
Analysis. Techniques, Applications and Quality Assur-
ance, Elsevier, Amsterdam, 1993, p. 80.

[51] J.D. Millar, R.E. Thomas and H.J.I. Shattenberg, Anal.
Chem., 53 (1981) 214.

[52] M. Godefroot, M. Stechele, P. Sandra and M. Verzele, J.
High Resolut. Chromatogr. Chromatogr. Commun. 5

(1982) 75.

[53] B.G. Oliver and K.D. Nicol, Chromatographia, 16
(1982) 336.

[54] E.E. Hargesheimer, J. Assoc. Off. Anal. Chem., 67
(1984) 1067.

[55] L.F. De Alencastro, V. Prelaz and J. Tarradellas, Int. J.
Environ. Anal. Chem., 22 (1985) 183.

[56] A.L. Alford Stevens, T.A. Bellar, JW. Eichelberger and
W.L. Budde, Anal. Chem., 58 (1986) 2022.

[57] M. Mohnke, K.H. Rohde, L. Brugmann and P. Franz, J.
Chromatogr., 364 (1986) 323.

[58] F. Hernandez Hernandez, F.J. Lépez Benet, J. Medina
Escriche and J.C. Barberd Ubeda, J. Assoc. Off. Anal.
Chem., 70 (1987) 727.

[59] A.L. Alford Stevens, JW. Eichelberger and W.L.
Budde, Environ. Sci. Technol., 22 (1988) 304.

[60] V. Lopez Avila, S. Schoen, J. Milanés and W.F.
Beckert, J. Assoc. Off. Anal. Chem., 71 (1988) 375.

[61] A. Riebel, F. Seefeld and I. Grobe, Nahrung, 33 (1989)
743.

[62] R.J. Maguire and R.J. Tkacz, Chemosphere, 19 (1989)
1277.

[63] VW. Chui, SY. Lam Leung and T.C. Chan, Biomed.
Environ. Sci., 4 (1991) 399.

[64] A. Geissler and H.F. Sachdler, Chemosphere, 23 (1991)
1029.

[65] C. Hemmerling, C. Risto, B. Augustyniak and K.
Jenner, Nahrung, 35 (1991) 711.

[66] J. Greaves, E. Harvey and R.J. Huggett, Environ.
Toxicol. Chem., 10 (1991) 1391.

[67]1 R. Frank, L. Logan and B.S. Clegg, Arch. Environ.
Contam. Toxicol., 21 (1991) 585.

[68] L.M. Hernandez, M.A. Fernandez and M.J. Gonzilez,
Bull. Environ. Contam. Toxicol., 49 (1992) 192.

[69] S. Fingler, V. Drevenkar, B. Tkalcevic and Z. Smith,
Bull. Environ. Contam. Toxicol., 49 (1992) 805.

[70] R. Reding, J. Chromatogr. Sci., 25 (1987) 338.

[71] Z.A. Grosser, J.F. Ryan and M\W. Dong, J. Chroma-
togr., 642 (1993) 75.

[72] Methods for Determination of Organic Compounds in
Drinking Water, Publication No. PB89-220461, US
Department of Commerce, Springfield, VA, 1989.

[73] Method for Determination of Organic Compounds in
Drinking Water, Supplement 1, Publication No. PB91-
146027, US Department of Commerce, Springfield, VA,
1991.

[74] Methods for the Chemical Analysis of Water and
Wastes, Publication No. PB84-12677, US Department
of Commerce, Springfield, VA, 1984.

[75] M.A. Franson, Standard Methods for the Examination
of Water and Wastewater, American Public Health
Association, Washington, DC, 1992.

[76] L Liska, J. Krupcik and P.A. Leclerq, J. High Resolut.
Chromatogr., 12 (1989) 577.

[77] Y. Pico, J.C. Molto, J. Manes and G. Font, J. Microcol.
Sep., 6 (1994) 331.

[78] G. Font, J. Manes, J.C. Molto and Y. Pico, J. Chroma-
togr., 642 (1993) 135.

[79] D. Gallis, A. Defner Hallowell, J.C. White and J.
Waber, Bull. Environ. Contam. Toxicol., 31 (1983) 285.

[80] J.E. Woodrow, M.S. Majewski and J.N. Seiber, J.
Environ. Sci. Health, B21 (1986) 143.

[81] J.P. Thome and Y. Vandaele, Int. J. Environ. Anal
Chem., 29 (1987) 95.

[82] D.E. Schultz, G. Petrick and J.C. Duinker, Mar. Pollut.
Bull., 19 (1988) 526.

[83] B.T. Hargrave, V.P. Vass, P.E. Erickson and B.R.
Fowler, Can. Tech. Rep. Fish Aquat. Sci., No. 1644
(1989).

[84] E. Noroozian, F.A. Maris, MWF. Nielen, RW. Frei,
G.J. De Jong and U.A.Th. Brinkman, J. High Resolut.
Chromatogr. Chromatogr. Commun. 10 (1987) 17.

[85] H. Hermenau, E. Stottmeister and P. Hendel, Acta
Hydrochim. Hydrobiol., 16 (1988) 45.

[86] E. Stottmeister, H. Hermenau, P. Hendel, T. Welsch
and W. Engewald, Fresenius’ J. Anal. Chem., 340
(1991) 31.

[87] A. Kraut-Vass and J. Thoma, J. Chromatogr., 538
(1991) 233.

[88] J.C. Molt6, Y. Pico, J. Maiies and G. Font, J. AOAC
Int., 75 (1992) 714.

[89] J.L. Bernal, M.J. Del Nozal, J. Atienza and J.J.
Jiménez, Chromatographia, 33 (1992) 67.

[90] PH. Tang, J.S. Ho and JW. Eichelberger, J. AOAC
Int., 76 (1993) 72.

[91] J. Lenicek, J. Holoubek, M. Sekyra and S. Kocianova,
Chem. Listy, 87 (1993) 852.

[92] Y. Pico, J.C. Molté, M.J. Redondo, E. Viana, J. Maiies
and G. Font, Bull. Environ. Contam. Toxicol., 53
(1994) 230.

[93] E. Viana, J.C. Moltd, J. Maies and G. Font, J. Chroma-
togr. A, 678 (1994) 109.

[94] 1.S. Ho, PH. Tang, JW. Eichelberger and W.L. Budde,
J. Chromatogr. Sci., 33 (1995) 1.

[95] M.C. Hennion and P. Scribe, in D. Barcelé (Editor),
Environmental Analysis. Techniques, Applications and
Quality Assurance, Elsevier, Amsterdam, 1993, Ch. 2,
p- 24.

[96] J. Satsmadjis, E. Georgakopoulos Gregoriades and F.
Voutsinou Taliadouri, J. Chromatogr., 437 (1988) 254.

[97] B.A. Pedersen and G.M. Higgins, LC-GC Int., 2 (1988)
46.

[98] G.S. Durell and T.C. Sauer, Anal. Chem., 62 (1990)
1867.

[99] J. Hernéndez Garcia, Z. Sosa Ferrera, A.J. Bermejo
Martin Lazaro and J.J. Santana Rodriguez, Anal. Lett.,
27 (1994) 1355.



G. Font et al. | J. Chromatogr. A 733 (1996) 449-471 47

[100] E.D. Pellizari, M.A. Moseley and S.D. Cooper, J.
Chromatogr., 334 (1985) 277.

[101] D.E. Wells, in D. Barceléo (Editor), Environmental
Analysis: Techniques, Applications and Quality Assur-
ance, Elsevier, Amsterdam, 1994, Ch. 4, p. 113.

[102] J.C. Druinker, M.T. Hillebrand, K.H. Palmork and
S. Wilhelmsen, Bull. Environ. Contam. Toxicol., 25
(1980) 950.

[103] H. Steinwandter and H. Brune, Fresenius’ Z. Anal.
Chem., 314 (1983) 160.

[104] S. Stojkovski, R.J. Magee, L.M. Markovec and R.H.
Smiilie, Chem. Aust., 2 (1987) 422.

[105] J.C. Druinker, D.E. Schultz and G. Petrick, Chemo-
sphere, 23 (1991) 1009.

[106] F.I. Onuska, A. Mudroch and S. Davies, J. High
Resolut. Chromatogr., 8 (1985) 747.

[107] D.L. Stalling, T.R. Schwartz, W.J. Dunn, III, and S.
Wold, Anal. Chem., 59 (1987) 1853.

[108] S.A. Wise, M.M. Schantz, R.M. Parris, R.E. Rebbert,
B.A. Benner and T.E. Gills, Analusis, 20 (1992) M57.

[109] J.E. Gaskin, T. Dafoe and P. Brooksbank, Analyst, 115
(1990) 507.

[110] G. Persaud, R.B. Boodhoo, D.R. Budgell and D.A.
Stiles, Anal. Chim. Acta, 177 (1985) 247.

[111] R.A. Femia, S. Scypinski and J.L.C. Love, Environ. Sci.
Technol., 19 (1985) 155.

{112] F.I. Onuska, K.A. Terry, S. Rukushika and H. Hatano,
J. High Resolut. Chromatogr., 13 (1990) 317.

[113] V.A. McFarland and J.U. Clarke, Environ. Health
Perspect., 81 (1989) 225.

[114] M.R. Harkness, J.B. McDermott, D.A. Abramowicz,
J.J. Salvo, W.P. Flanagan, M.L. Stephens, F.J. Mondello,
R.J. May, J.LH. Lobos, K.M. Carroll, et al., Science, 259
(1993) 503.

[115] E. Storr-Hansen and T. Cederberg, Chemosphere, 24
(1992) 1181.

{116] S.J. Harrad, A.S. Sewart, R. Boumphrey, R. Duarte-
Davison and K.C. Jones, Chemosphere, 24 (1992) 2609.

[117] PH. Cramer, R.E. Ayling, K.R. Thorburg, J.S. Stanley,
J.C. Remmers, J.J. Breen and J.S. Schoemberger,
Chemosphere, 20 (1990) 935.

[118] S.S. Autuma and O. Anderson, Chemosphere, 27
(1993) 1.

[119] A. Kocan, J. Petrik, J. Chovancovd and B. Drobna, J.
Chromatogr. A, 665 (1994) 139.

[120] D.W. Kuehl, B.C. Butterworth, J. Libal and P. Marquis,
Chemosphere, 22 (1991) 1055.

[121] N. Kannan, S. Tanabe, M. Ono and R. Tatsukawa,
Arch. Environ. Contam. Toxicol., 18 (1989) 850.

[122] C.S. Creaser and Al-Haddad, Anal. Chem., 61 (1989)
1300.

[123] J. de Boer, C.J.N. Stronk, F. van der Valk, P.G. Wester
and M.J.M. Daudt, Chemosphere, 25 (1992) 1227.

[124] C.A. Ford, D.C.G. Muir, RJ. Norstrom and M.J.
Mulvihill, Chemosphere, 23 (1993) 1981.

[125] P. Haglund, L. Asplud, U.H. Jarnber and B. Jannson,
Chemosphere, 20 (1990) 887.

[126] P. Harglund, L. Asplud, U.H. Jarnber and B. Jannson,
J. Chromatogr., 507 (1989) 389.

[127] A.G. Kelly, I. Cruz and D.E. Wells, Anal. Chim. Acta,
276 (1993) 3.

[128] E. Grimvall and C. Oestmann, J. Chromatogr. A, 685
(1994) 338.

[129] D.L. Stalling. CY. Guo and S. Saims, J. Chromatogr.
Sci., 37 (1993) 265.

[130] S.M. Sonchik, J. Chromatogr. Sci., 21 (1983) 106.

[131] F.I. Onuska, R.J. Kominar and K.A. Terry, J. Chroma-
togr., 279 (1983) 111.

[132] 1.D. Tessari and D.T. Winn, J. Chromatogr. Sci., 29
(1991) 1.

[133] M.D. Mullin, C.M. Pochini, S. McCrindle, M. Romkes,
S.H. Safe and L.M. Safe, Environ. Sci. Technol., 18
(1984) 648.

{134] J. de Boer and Q.T. Dao, J. High Resolut. Chroma-
togr., 15 (1992) 249.

[135] S.H. Mitchell and S. Kennedy, Sci. Total. Environ., 115
(1992) 163.

(136] W. Vetter, B. Luckas, F. Biermans, M. Mchnke and H.
Rotzsche, J. High Resolut. Chromatogr., 17 (1994) 851.

[137] R. Fisher and K. Ballschmiter, Fresenius’ Z. Anal.
Chem., 332 (1988) 441.

[138] J.F. Schneider, S. Bourne and A.S. Boparai, J. Chroma-
togr. Sci., 22 (1984) 203.

[139] E. Storr-Hansen, J. Chromatogr., 558 (1991) 375.

[140] G. Schomburg, H. Husmann and E. Hubinger, J. High
Resolut. Chromatogr., 8 (1985) 395.

[141] S.M. Sonchik, J. Chromatogr. Sci., 24 (1986) 22.

{142] L.GM.T. Tuinstra, A.H. Roos, B. Griepink and D.E.
Wells, J. High Resolut. Chromatogr., 8 (1985) 475.

[143]) CY. Chen and Y.C. Ling, Chromatographia, 33 (1992)
272.

[144] K. Ballschmiter, R. Bacher, A. Mennel, R. Fisher and
V. Riehler, J. High Resolut. Chromatogr., 15 (1991)
260.

[145] D. Barceld, Trends Anal. Chem., 10 (1991) 323.

[146] X.B. Xu and A.L. Burlingame, Biomed. Environ. Sci., 1
(1988) 253.

[147] CY. Ma and CK. Bayne, Anal, Chem., 65 (1993) 772.
[148] GW. Sovocool, R.K. Mitchum and J.R. Donnelly,
Biomed. Environ. Mass Spectrom., 14 (1987) 579.

[149] R. Guevremont, R.A. Yost and W.DD. Jamieson,
Biomed. Environ. Mass Spectrom., 14 (1987) 435.

[150] R.L. Ramus, S.J. Hein and L.C. Thomas, J. Chroma-
togr., 404 (1987) 155.

[151] PJ. McAteer, T.B. Ryerson, M.D. Argentine, M.L.
Ware and G.W. Rice, Appl. Spectros., 42 (1988) 586.

[152] J.F. Schneider, G.T. Reedy and D.G. Ettinger, J.
Chromatogr. Sci., 23 (1985) 49.

[153] B. Bush, L. Shane and L. Wood, Bull. Environ. Con-
tam. Toxicol., 45 (1990) 125.

[154] O.A. Aly and M.I. Badawy, Bull. Environ. Contam.
Toxicol., 36 (1986) 929.



