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INTRODUCTION

The subject of this literature review is one of the ongoing mysteries of
environmental analytical chemistry. Essentially the problem amounts to a large
discrepancy between the total chlorine concentration in an appropriate organic extract
(usually cyclohexane) of fish tissue (lake and marine sediments have also been
investigated), as determined by neutron activation analysis (NAA), and the concentrations
of targeted organochlorines such as PCBs, chlorinated pesticides (DDT, Toxaphenes,
Mirex, etc.}, chlorophenols, etc. The chlorine bound in identified pollutants typically
contributes less than 10-15% of the total extractable organochlorine {EOCL) in fish, and

about 5% in sediments [1-3].

Some recent Swedish and Norwegian work has concentrated upon trying to identify
major components in this unknown 85% of the EOCL. There are two major groups
involved, apparently working independently of one another. One group is at the Swedish
Environmental Research Institute in S.tockholm, and the other at the University of Lund.
There is also some related work from a group at the Center for Industrial Research in

Oslo, Norway, which has connections with the Lund group.

The following account is essentially a somewhat expanded version of summaries
published by the Lund group [4-7] on work on chlorinated lipids. Some additional work
by other groups on other potential chlorinated residues, which might possibly account for

some of the thus far unidentified EOCL, has bean added.
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CHLORINATED FATTY ACIDS

This section deals largely with the recent Scandinavian work [1-7]. However, at
this point it is appropriate to mention some early Canadian connections. In 1978, Leach
and Thakore [8] of British Columbia Research in Vancouver identified ‘chlorinated stearic
acids and chlorinated resin acids in pulp mill waste streams. In 1982, Richard Addison
of the Bedford Institute of Oceanography proposed [9] that chlorinated fatty acids might
be incorporated into fish lipids. In 1985 Voss and Rapsomatiotis [10], of the Pulp and
Paper Research Institute in Pointe Claire, confirmed the findings of Leach and Thakore,

mentioned above.

Early work (1988) on the problem of identification of EOCL in fish used gel-
permeation chromatography (GPC) to show [11,12] that about 80% of the total EOCL was
associated with material having molecular weight greater than about 300 Da. Also in
1988 it was shown [13] that EOCL from rainbow-trout liver eluted from the GPC column
together with triacylglycerols {molecular weights around 850 Da) and with substances
having molecular weights around 2000 Da. The related problem of organically bound
bromine (EOBR) in marine fish was studied very early (1972) by Lunde [14], who found
this EOBR to behave similarly to triacylglycerols and sterol esters. In 1980 it was shown
[15] that 60-80% of the EOBr in marine fish was likely associated with brominated fatty
acids. Up to this point, all identifications were based ubon comparisons of

chromatographic retention behaviour with that of synthesised standards.



By about 1990, serious applications of modarn analytical methods to this problem
began to appear in the literature. In 1990 and 1991 Remberger et al. [16,17] published
some excellent work on the analysis of EOCL fractions from marine sediments (not fish
tissues). Full details are given of extraction procedures, of synthetic methods for
standards, of quantitation by GC/FID and qualitative identification by GC/MS. Free
organochlorine compounds were dominated by chlorinated long-chain alkanoic aids and
chlorinated resin acids. (Resin acids are triterpenes produced as byproducts of pulp mill
operations, see Leach and Thakore [8]). Transesterification with anhydrous sodium
methoxide in methanol yielded additiona! chlorinated alkanoic acids (as their methyl
esters) ranging from 40-100% of the free acids. For example, one sediment contained
9,10-dichloro-octadecanoic acid at 148 mg/kg in the free form, and 154 mg/kg as the
bound form liberated by transesterification. The chlorinated resin acids identified and
quantified were chlorinated forms of dehydroabietic acid, present entirely in the free forms
(no increase upon transesterification) at fevels often higher than those of the chlorinated
alkanoic acids. This indicates that some of the chiorinated fatty acids were bound as
glycerides. Chlorophenolic compounds were also investigated. Chloroguaiacols were
present, mostly (not entirely) bound in a manner from which they were released by
treatment with KOH. Chlorocatechols and chlorophenols were also observed and
quantitated, but these were all apparently in the free form (no increases on treatment with
KOH). The authors [16] give the following summary for identified components in the most

polluted of the sediment samples:



Analysis of an EQCL extract from a polluted sediment [16] (all concentrations expressed

as mg of chlorine per kg of organic carbon):

total chlorinated resin acids, 105;

total chlorinated fatty acids, 68;

total chlorinated phenolic compounds, 9.5;
chloroform, 1.3;

PCBs, 0.4,

EOCL, 2180.

These papers [16,17] by the Stockholm group, although dealing with sediments
and not fish tissues, are extremely informative and helpful. (It has been shown [18,19]
that sediments containing chlorinated poliutants can be a source of chlorinated
substances in fish). The authors emphasise that, despite all their efforts, not more than
8% of the EQCL fractions were identified in terms of known compounds. With the
exception of the PCBs, all of the identified compounds were established constituents of

pulp bleach effluents.

Also in 1990 the Lund and Oslo groups published an excellent short paper [4] on
characterization of EOCL in fish tissue (cod liver) and marine sediment. Again an
excellent level of experimental detail was included. The EOCL extracts were split into

portions, only one of which was hydrolyzed by lipase. In each case neutral and acidic



fractions were obtainéd by partitioning between cyclohexane and an alkaline buffer, ie.
a total of 4 fractions from each original extract. Each of the cyclohexane fractions was
washed with aqueous H,SO, (pH2), and the aqueous layers discarded. The aqueous
alkaline fractions were acidified with H,SO, to pH 2, and extracted with cyclohexane. All
of these final cyclohexane solutions were washed with distilled water, dried over Na,SO,,
and the total chlorine content determined by NAA. Recoveries of chlorophenols were
determined by spiking standards into the first fraction in alkaline buffer. In the case of the
cod livers, no free chlorophenols or chlcrinated fatty acids were detected in the control
portion not subjected to enzymatic hydrolysis. All of the EOCL (by NAA) was recovered
in the neutral fraction. After hydrolysis about 40% of the original EOCL was recovered
in the neutral fraction, 30% in the acidic fraction, and 30% could not be accounted for.
In the case of the sediment, the portion not hydrolysed again showed all the EOCL in the
neutral fraction. After enzymatic hydrolysis about 20% of the EOCL was recovered (in
the neutral fraction only), and the remainder could not be accounted for. Thus, the vast
majority of the EOCL in both sediment and cod liver was affected by lipase hydrolysis.
Acidic chloroorganics were released, in addition to substances which could not be re-
extracted by cyclohexane following acidification of the aqueous buffer. Possibly some
EOCL was dechlorinated in the hydrolysis, but this was pure speculation. The lipase
used is known to not be specific for acylglycerols, e.9. p-nitrophenol fatty acid esters can
be hydrolysed, so it is possible that chlorophenol conjugates of fatty acids were present
and hydrolysed. It has been reported that such conjugates are found in rat liver, involving

pentachlorophenol [20] and hydroxylated DDT [21}. For this reason the chlorophenol



spiking studies were done, and good recoveries obtained in the alkaline extract
(containing acidic substances) except for those compounds (catechols) known to be

susceptible to oxidation.

The main conclusion from this work [4] was thus that the acidic chloroorganics
(about 30% of total EOCL in the cod liver) are chlorinated fatty acids and/or chlorinated
phenols. The loss of EOCL upon enzymatic hydrolysis could be due to uncontrolled
degradation (e.g. for chlorinated catechols), or could be a measure of chlorinated
compounds liberated by hydrolysis but which are too hydrophilic to be extracted into the

cyclohexane layer (e.g. short-chain chlorinated organic acids).

The Lund group published two major contributions in 1992. The first [5] was a
study of analytical methods using model compounds, viz. chlorinated alkanoic acids and
their triacylglycerol (TAG) esters. Methodologies investigated included reverse-phase
HPLC (refractive index detector) and LC/MS (plasmaspray interface) for the TAGs. The
chiorinated acids themselves were analysed by GC, with FID, ECD, and mass
spectrometric detection (El and positive-ion ammonia Cl for methyl esters, and isobutane
negative-ion Cl for pentafluorobenzyl esters). Again, the level of experimental detail
provided is excellent. The HPLC with refractive index detection was very insensitive.
Plasmaspray LC/MS of the TAGs gave low sensitivity, with no molecular ions. For methyl
esters of chlorinated octadecanoic acids, GC/FID and GC/ECD detection limits (S/N = 3)

were about 1ng and 0.5ng, respectively. Positive-ion GC/MS (electron impact) mass



spectra of these same monochloro esters were dominated by loss of HCI, so that the
spectra were very similar to those of the corresponding product unsaturated (non-
chlorinated) esters. The extremely low molecular ion intensities made this approach
useless for quantitation by selected ion monitoring (SIM). However, positive ion ammonia
Cl gave intense (M + NH,)* signals, with SIM detection limits of about 0.1ng. Negative
ion CI of the same methyl esters gave clean spectra but much poorer detection limits.
However, the pentafluorobenzyl esters of the same chlorinated acids gave negative ion
C! detection limits about the same as those for the corresponding methyl esters in
positive ion Cl. In the same paper, experiments were also described which investigated
recoveries of the chloroalkanoic acids upon chemical hydrolysis (both acid and base
catalysed), upon lipase hydrolysis, and upon transesterification (both acid and base
catalysed). All 4 chemical methods liberated 100% of the fatty acids or methyl esters
from tri-9,10-dichlorooctadecanoylglycerol (synthetic method described), although the
base-catalysed hydrolysis caused a chlorine loss of about 5%. The enzymatic hydrolysis

liberated about 80% of the free acids. This paper [5] is extremely helpful.

The second 1992 paper [6] by the Lund group (again in collaboration with the
group in Stockholm) described the actual detection of chlorinated fatty acids in fish lipids
using enzymatic hydrolysis and analysis by GC with electrolytic conductivity detection
(Hall detector). The detection limits obtained for reference compounds were
disappointing, about 50 pg of chiorine {corresponding to about 0.4 ng of monochioro and

0.25 ng of dichloro octadecanoic acid methyl esters). The GC/FID detection limits were



only slightly higher. However, useful results were obtained for several samples of both
eel and flounder, taken from waters both close to kraft mills and from waters remote from
such point sources of chlorinated organics. The more poliuted eel samples contained
1200 ppm of EOCL, of which the majority appeared to be chlorinated fatty acids (liberated
both by transesterification and by lipase hydrolysis). In particular 9, 10-dichlorostearic

acid was confirmed to some degree by co-injection of a synthesised standard.

In 1993 the Lund group published a two-page abstract [7] summarising their work
to date and describing work in progress. The new data shown are for the poliuted eel
sample mentioned above [6}, for which GC/MS using positive-ion ammonia Cl in SIM
mode allowed confirmation of 9, 10-dichlorohexadecanoic acid, 9, 10-dichlorcoctadecancic
acid, and 9, 10, 12, 13-tetrachlorooctadecanoic acid (all as methyl esters, of course). The
dichloro compounds were found in both the TAGs and in the phospholipids, but the
tetrachioro compound only in the latter. In addition, these same 3 compounds were seen
in the phospholipid fraction from herring purchased at a local market. The authors also
refer to, but give absolutely no details of, batch procedures developed to selectively
concentrate chlorinated fatty acid methyl esters (manuscript in preparation). They also
acknowledge that the origins of these chlorinated fatty acids are unclear. Their
concentrations are appreciably higher in fish exposed to chlorine-bleach pulp mill
effluents, but are also non-zero in fish from remote areas. The authors believe that
chlorinated fatty acids bound in TAGs have little physiological impact, but that these

compounds in phospholipids might cause membrane damage. (Infact, it has been shown



[22, 23] that chlorinated lipids have detrimental effects as judged by various bioassays).
The authors refer to another manuscript in preparation, in which they will describe the
effects of phospholipids containing chlorinated fatty acids on ATP leakage from cultured
mammalian cells. On a related point, some information has been published [24,25] on
the effects of brominated fatty acids on liver and hearts of rats fed either pure standards
or brominated corn oil (brominated vegetable oils have been used as food additives and

as flame retardants).

The chiorinated fatty acid hypothesis thus appears likely to account for at least part
of the unidentified EQCL load, at least in fish exposed to pulp bleach effluents. It remains

to be determined to what extent the hypothesis can account for all such contamination.

It is worthwhile to summarise here some information on naturally occurring marine
lipids containing chlorine. White and Hager [26] found fatty acid chlorohydrins (i.e.
containing the -CHCI-CH(OH)- group) in the lipids of a species of jellyfish. Elovson and
co-workers [27,28] characterised some unusual C,, and C,, 1,14-diol disulphates
containing up to 6 chlorine atoms, found in the chrysomonad Ochromonas danica. Both
groups speculated on the biogenesis of these unusual compounds. Though not
concerned with fish lipids a review [29] of naturally occurring halogenated organics in the
Rhodophyta marine red algae, and a monograph on bichalogenation [30], are of interest

if only because they emphasise that organochlorines are not unknown in nature.
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CHLORINATED RESIN ACIDS

The chlorinated resin acids were mentioned above in the context of the Stockholm

group’s work [16,17] on marine sediments. The diterpene chlorinated dehydroabietic
acids were shown to be toxic byproducts of kraft pulpmill bleach plants by Leach and
Thakore [31]in 1975. A synthetic procedure for standards was described by Kutney and

Dimitriadis [32].

CHLORINATED PARAFFINS

Chlorinated paraffins with at least 10 carbon atoms are widely used as plasticisers,
lubricating oil additives, paint additives, fire retardants, etc. n 1980, the annual world
consumption was estimated at 230,000 tonnes. In North America these compounds are
produced mainly by the Diamond Shamrock Co. under the tradename Chlorowax, and in
the U.K. by ICI under the tradename "Cereclor xy", where "xy" is a number denoting the

approximate weight percent of chlorine.

These compounds are extremely difficult to analyse due to the large numbers of
isomers and to their involatility and thermal instability which precludes GC analysis. Early

methods due to Zitko used column chromatography followed by microcoulometric
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detection [33], and a confirmatory method [34] in which the chloroparaffins are
dechlorinated by reduction with sodium bis(2-methoxyethoxy) aluminum hydride, and the
' resulting hydrocarbons analysed by GC. Both methods are insensitive and non-selective.
Friedman and Lombardo [35] described a GC method applicable to chloroparaffins which
are slightly volatile, based on microcoulometric detection and photochemical elimination
of chlorinated aromatics which would otherwise interfere. Hollies ef al. [36] were unable
to reproduce this latter technique, and devised a method based upon thin-layer
chromatography with detection limits stated to be in the range 50 ng/kg to 16 ng/kg for
sediments and biota, for chloroparaffins with chlorine contents in the range 42-45% This
method [36], which distinguishes only between long carbon chains (C,-Cg,) and shorter
chains (C,,-C,;) was subsequently used in a study [37] of these compounds In the
environment around the U.K. (very low or not detected) and of their toxicities (very iow)

to fish, shellfish and birds [38].

In 1982 the first mass spectrometric method for chloroparaffins was described [39],
in which samples were introduced to a negative-ion (methane) chemical ionisation source
by direct probe. The sample investigated contained only C,,-C,; molecules with a
chiorine content of 70%, and thus corresponded to the more volatile molecules of this
type and should have contained molecules with molecular weights over 900. However,
the mass spectra thus obtained peter out at about m/z 5§50, in agreement with general
findings about the volatilities of these compounds. Nonetheless, the method was capable

of demonstrating the same mass spectrometric fingerprint in a cyclohexane extract of fish
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exposed to the same chloroparaffin preparation in a controlled feeding study. Later
[40,41] a GC/MS method was described using negative-ion CI, and again all mass
spectra terminated above m/z 550. Nonetheless this was the best attempt yet, and
demonstrated chloroparaffin levels of approximately 30 ppm, 200 ppb and 5 ppb in
samples of sewage sludge, human fat, and lake sediment, respectively. Very recently a
preliminary report of development of an LC/MS method, by DFO (Winnipeg) and the
University of Manitoba, was presented [42]. The LC/MS interface used was a VG
Plasmaspray (a variant of Thermospray, in which the sample is indeed subjected to
considerable heating), and the only mass spectrum shown [42] again terminated at m/z
520 or so. A summary of work done on toxicology of chloroparaffins, up to 1984, is given

in {41].
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CHLORINATED POLYCYCLIC AROMATIC HYDROCARBONS

The case of polychlorinated naphthalenes, manufactured as industrial formulations,
is dealt with separately below. The possibility of chlorination of PAHs during disinfection
of contaminated water was investigated by Carlson and his collaborators [43,44]. The
earlier work [43] was devoted to devising an HPLC/GC method for analysis, and
demonstrating the production of chlorinated PAHs at low pH. The more recent work [44]
derived a rate expression for reaction of phenanthrene over the pH range 3-10, and
characterised the major reaction products, viz. the arene oxide phenanthrene 9,10-oxide

at pH > 4, and phenanthrene-9,10-dione plus 9-chlorophenanthrene at pH < 4, with other

oxygenated and/or chlorinated products making minor contributions. A kinetic mechanism
was proposed, consistent with the experimental findings for phenanthrene. A few
experiments were also conducted using the non-alternant PAHs fluorene and
fluoranthene, at low pH. Monachloro-substituted PAHs were the major products, with

some evidence of higher degrees of chlorination.
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CHLORINATED HETEROCYCLIC AROMATICS

The susceptibility of organic materials present in wastewater to chemical
transformations during disinfection by chlorination has been studied for several structural
types, including PAHslby Carlson et al. [43,44] as summarised above. Carlson later
extended this study to include several aromatic heterocyclic compounds [45], including
indoles and carbazoles, pyridine and quinoline, benzothiophenes, efc. Chlorinated water
(hypochlorous acid and hypochldrite) gave products arising from both chlorination and
oxygenation, while CIO, in general yielded only oxygenation products. Chloramine was
in general quite unreactive under the conditions used, except at low pH where the

reactivity may have been due to a significant conversion to hypochlorous acid.

The case of chlorinated dibenzofurans and dibenzodioxins is so well appreciated
that there is no reason for its inclusion here. Chlorinated thiophenes have been identified
[46,47] in effluents from kraft bleach plants, and shown to have a weak mutagenic
activity, At the ultra-trace level, chlorinated dibenzothiophenes (sulfur analogues of
chlorinated dibenzofurans) have been observed in environmental samples, including crab

pancreas [48-53].

No reference was found to chlorinated indoles or carbazoles in environmental
samples. It was found by Lin and Carlson [45] that chlorination of indole and carbazole

with hypochlorite did produce chlorinated as well as oxygenated products. The literature
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on preparative chlorination of indole [54-57] emphasises the use of non-aqueous solvents.
Some work has been published [58,59] on chlorination of tryptophan (an amino acid with
an indole sidechain), with reference to both food processing and more general
environmental concerns. In the work of Trehy et al. [58] dichloroacetonitrile and chlorai
were shown to be major products; chlorinated aromatic intermediates were detected and
characterized in the case of tyrosine, but were not reported for tryptophan. The work of
Sen et al. [59] was concerned with kinetic and mutagenicity studies, without characterizing

the products of the chlorination.

CHLORINATED NAPHTHALENES.

Polychlorinated naphthalenes (PCNs) have been manufactured as technical
formulations for at least as long as héve PCBs, although production never rose to the
levels of the latter. PCNs are also present as contaminants in PCB formulations, and are
produced in municipal waste incineration, in chlorine production, efc. PCNs are now as
widespread in the environment as PCBs, and have been shown [60] to represent a similar
health hazard. A detailed study of PCBs and PCNs in Swedish environmental samples

has been published recently [61].
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CONCLUSIONS

This brief review has been concerned only with what is known (in summer 1993)
or speculated about the 80-85% of organochlorines in contaminated fish (and sediments)
which have not thus far been identified and/or quantified. Some of the speculations
involve organochlorines known to be present in the environment, but which are not
amongst the compounds normally analyzed due to lack of reliable analytical techniques
{e.g. the chloroparaffins). Others (e.g. chlorinated fatty acids) correspond to compound
classes whose presence has been known or suspected for some time, but which have
not, for one reason or another, been extensively investigated up till now. Thus, nothing
has been said here about PCBs, chlorinated pesticides, efc., and little about
chlorophenols, which together constitute the 10-15% of the EOCL which have been
identified and are regularly analyzed. Also, the main emphasis has been placed upon
chemical identification of the unknown 85%, with almost nothing noted about possible
sources and sinks for these compounds, nor about their possible deleterious effects. An
excellent review of literature concerned with distribution, fate and persistence in the

environment of organochlorine compounds from pulp mills, has been published [17].

Any review on this subject will almost certainly be outdated as soon as written.

However, it is believed that the present effort covers the relevant literature available as

of July, 1993.
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