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Despite several decades of study, ambiguities persist in terms used to express environmental and biotic occur-
rences of polychlorinated alkanes (PCAs), the main ingredient of chlorinated paraffins (CPs). This can lead to
misinterpretation of data between analytical chemists, toxicologists, risk assessors/managers and regulators. The
terms recommended here to harmonise reporting and reduce ambiguity use the conventional definition of PCAs -
linear chlorinated alkanes (typically, C>10) with one chlorine per carbon, although some evidence of multiple
chlorination exists. Other recommendations include.

@ reporting the “Sum of measured PCAs” because “Total PCAs” is currently unquantifiable.

@reporting individual chain lengths, e.g., ¥PCAs-C;;, PCAs-C;3, allows easier comparability and allows
toxicology and risk assessment to consider different PCA combinations.

@ maintain studies on individual PCAs in order to better characterise chemical, environmental and health risk
behaviour.

The terms could be extended in future to assimilate new findings on individual PCAs, multiple chlorination
and chirality.

1. Introduction

Chlorinated paraffins (CPs) are industrial chemicals that have been
manufactured and used for almost a century and are still produced in
huge volumes. Although there was significant use of CPs during the first
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world war, the commercial application of the product as a pressure
additive in lubricating oils saw the first large scale production in the US
starting in 1932 [1]. Historically, the largest production volumes were
seen in Europe and North America but these were surpassed by China
during the mid-1990s [2]. Current global production is estimated
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between 1.5 and 2 million tonnes per year [2,3] of which China and
India account for the largest amounts.

The diverse applications of CPs have witnessed temporal changes
which also vary by region. Early wide-scale use for weather- and flame-
proofing of military materials in the US during and after the Second
World War gave way to the most common application as a machining
fluid which still accounts for a significant proportion of global usage.
However, the use of CPs as a secondary plasticizer and flame retardant in
polyvinylchloride (PVC) manufacture is the largest current application,
particularly in Europe and China [2,4]. In addition to CPs, smaller
quantities (<1000 tonnes/year during peak production) of mixed pol-
yhalogenated paraffins (brominated-chlorinated paraffins, referred to as
BCPs or polyhalogenated alkanes, PXAs) have also been manufactured
for use as flame retardants in commercial materials such as PVC, poly-
urethane foam, textiles, etc. [5,6].

Conventionally, CP manufacturers characterise their products as
short-, medium-, and long-chain CPs (SCCPs, MCCPs, and LCCPs,
respectively) based on the length of the carbon chain (Cj¢.13, C14-17, and
traditionally C;g 30, respectively, although literature may also refer to
the latter as Cx1g, C1g-20 or Cs20). The degree of chlorination is influ-
enced by the industrial applications of the products. Some longer chain
LCCPs products which are increasingly being produced may be referred
to as very long chain CPs (VLCCPs) [7]. Similarly, CPs with very short
chains lengths (vSCCPs, typically, Cg to Cg) have also been detected,
both in abiotic and biotic media [8-12].

Historically, these chemical products were known under various
names, e.g. chloraffins, chlorcosanes, chlorowaxes, until the more
recently used term — chlorinated paraffins (CPs). Similarly, the terms
used for the analysis of polychlorinated alkanes (PCAs, usually with
carbon chain lengths of C>1¢), initially for assaying manufactured
products and subsequently for estimating occurrences in environmental
and biological samples, have also varied. Despite representing two
distinct although mutually related chemical mixtures, the terms CPs and
PCAs are used synonymously for reporting occurrences, generally
without clarification despite clearly being directed to the estimation of
PCAs. The terms widely used for describing the mixtures e.g., SCCP,
MCCP, etc. are also indistinct because the manufactured products were/
are based on the intended applications and contain varying proportions
of different chain length PCAs [9,13,14] even if the terms specify a range
of carbon lengths. For example, LCCP products, which are specified as
containing chain lengths of C-1g have been shown to contain as much as
52 % C;17-MCCPs [15]. Other ambiguities can arise through the terms
used for identifying and reporting estimated PCA occurrences. An in-
dividual PCA is sometimes referred to as a constitutional isomer despite
the IUPAC definition of this term specifying that it refers to individual
compounds that show “isomerism between structures differing in
constitution and described by different line formulae e.g. CH3OCH3 and
CH3CH30H” [16]. Another example is the reporting of measured PCAs
as total CPs or total CP mixtures (e.g., total SCCPs), despite the very
poor, or no instrument response to PCAs with one to four chlorines [4,
17-19] or to some PCAs with terminal chlorines [15]. The exclusion of
these elements clearly invalidates the use of “total” in the reported oc-
currences. This ambiguity in the terms used for describing PCAs and
reporting measured occurrences can lead to misinterpretation of the
data, not only between analytical chemists but also between pro-
fessionals in disciplines that generate or use PCA data, such as toxi-
cology, risk assessment and regulatory science.

Chemically, the products targeted during CP manufacture are the
PCAs, typically with carbon chain lengths of C>19 and the general
empirical formula of CpHy,.2xCly. The most common production
methods used direct chlorination of crude n-alkane feedstocks using
chlorine, until the required level of chlorination was achieved [14,20].
Additives may be introduced in order to maintain mobility in the higher
chlorinated products [1,20]. In addition to PCAs, unreacted alkanes,
chlorinated alkenes (polychlorinated alkenes, commonly referred to as
polychlorinated olefins), polychlorinated branched chain or
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polychlorinated iso-alkanes, added stabilizers and in some cases, chlo-
rinated fatty acid methyl esters, also form part of the CP product [9,21,
22]. Other reported by-products such as polychlorinated biphenyls
(PCBs), polychlorinated naphthalenes (PCNs) and polychlorinated
dibenzo-p-dioxins and furans (PCDD/Fs) are minor but toxicologically
significant components [23,24]. Production using linear alpha-alkenes
has also been applied commercially and Cjz24 chlorinated alkenes
were registered in the USA, Europe, China and Japan, but the actual
products were PCAs (although these are no longer in the current Toxic
Substances Control Act or REACH inventories) [25].

CP products contain PCAs with varying numbers of chlorine atoms
per molecule, depending largely on the applied level of chlorination.
Higher levels of chlorination yield products with a larger proportion of
more highly chlorinated PCAs, which includes the possibility of multiple
chlorines per carbon [14]. However, most methods of assay and mea-
surement are based on the pragmatic concept that the carbons in the
chlorinated alkane chains bear no more than a single chlorine (Fig. 1).
This is a practical but also reasonable assumption because the chlori-
nation of an alkyl carbon atom reduces the activity of the hydrogen
atoms on the adjacent carbons, deactivating vicinal chlorine substitu-
tion, particularly when other substitution positions are available [1,26].
However, multiple chlorine (geminal) substitution on alkyl carbons can
occur and is dependent on the prevailing thermodynamics such as the
temperature and the level of solvation [27]. This is possible in highly
chlorinated commercial CP mixtures as has been reported on terminal as
well as vicinal carbons [9,15,28].

One of the major challenges in characterising the composition of
PCAs, whether in the original products or once dispersed in the envi-
ronment, arises from the very high numbers of individual compounds
that are formed during production. As it is not yet possible to separate
these by any technique and define the constituents, some studies have
estimated theoretical numbers of individual PCAs. Assuming a single
chlorine per carbon of linear alkanes, the formula C,Ha;2.xCly, would
theoretically yield 4159 isomeric compounds for a chain length of C;3
and 536,887,295 for C3 [29,30]. On the other hand, a wider estimation
that includes the possibility of multiple chlorination per carbon as well
as chirality (all the non-terminal carbons in linear alkanes are pro-chiral
so two forms, r and s, per substituted carbon are possible), reveals that
67,108,864 individual PCAs for a C;3 chain are theoretically possible
[14]. In reality, the actual number formed during production is likely to
be considerably smaller [14,28], as can be seen from the examples of
other complex chemical products such as congener mixtures of poly-
chlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs)
or toxaphenes where only 50-60 %, 29 % and 4 %, respectively of the
theoretical number of compounds have been reported in commercial
products [14,31,32]. Accordingly, Vetter et al. [14], predicted an
occurrence of 32,000 individual compounds for the Cj3 example
described above, assuming only 0.1 % of the theoretical abundance and
no stereoisomerism. However, each additional carbon results in up to a
four-fold increase in numbers, so for manufactured products containing
chain lengths from C; to at least Cgs, the projected number of individual
PCAs is immense [30].

In addition to this numerical complexity there are other difficulties in
characterising PCA occurrences. The composition of commercial mix-
tures or analytical standards can be estimated in order to provide pro-
portionate chain-length data but as the environmental and biological
lability of individual compounds is not known, the partial characteri-
sation of the standard which is used to construct quantitative models is
unlikely to match the actual occurrence in sample matrices. It is clear
that the composition of commercially produced CPs undergoes changes
which can occur during application [21], followed by further changes
through environmental transformation processes. These may be abiotic
— such as photo-ionisation [33], selective evaporation of more volatile
components [34], selective partitioning between different compart-
ments [35,36], or biotic — e.g., microbial transformations [37-39] or
selective uptake by plants [40,41]. The composition is further modified
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Fig. 1. Conventional labelling of a C;2 PCA - 2,4,7,9,11-pentachlorododecane (2,4,7,9,11-C;2Hz2;Cls).

by animals and ultimately, humans, either through selective uptake
and/or metabolism [42-46]. Thus, as described earlier [47,48], the
resulting patterns of PCA occurrence in animal or human tissues will
differ from the manufactured CP products. This leads to another diffi-
culty in characterising PCAs because most analytical quantitation
models assume that the profile of the standards used will match that of
the sample which is unlikely following environmental and metabolic
processes.

There have been increasing efforts to phase out SCCPs since the late
1990s [49] and latterly, MCCPs as well [50,51]. These culminated in a
global restriction on SCCPs in 2017 when they were listed in Annex A
(elimination of production and use) of the Stockholm Convention [52]
as Persistent Organic Pollutants (POPs). There still remain a number of
exemptions, including use as a secondary plasticizer in PVC (although
not for toys or other children’s products). These exemptions, for SCCPs
and also for MCCPs as new candidate substances, have recently been
reviewed [51,53], and the European Chemicals Agency (ECHA) is in the
final stages of proposed regulation of MCCPs [54].

This article proposes descriptors and abbreviations for the terms used
in the study of PCAs in an effort to harmonise reported results and
reduce ambiguity for all users of PCA data. The basic assumptions made
in these descriptions are that PCAs refer to linear chlorinated alkanes
with one chlorine per carbon atom.

2. Descriptive terms for polychlorinated alkanes (PCAs)
2.1. Individual PCAs and configurational isomers

Individual polychlorinated alkanes (PCAs) are compounds with
the generic formula C,Hap.2.xCly, which corresponds to a n-alkane
molecule with a carbon chain length of n and x number of chlorine
substituents. Conventionally, n ranges from 10 to 32, although PCAs
with chain lengths of Cgzy.45 have been reported in sediments, dust or
hand wipes [11,55-57]. Additionally, PCAs with chain lengths of Cg to
Co have been reported in various biological and abiotic media and in
standard mixtures [8,11,55,58] including those registered as products
(e.g. a Cg—Cyg mixture, CAS Number 68920-70-7). It is currently not
possible to separate and measure individual PCA concentrations in any
CP mixture but a number of analytical standards are available. Indi-
vidual PCA standards are very useful tools that help to characterise the
behaviour of PCAs in a variety of circumstances, e.g. during mass
spectrometric (MS) ionisation, lability to microbial treatment and
metabolism, etc. [37,38]. In more general terms, all individual PCAs,
irrespective of chain length or the number of chlorines per molecule are
referred to as PCA congeners.

The variable distribution of chlorine atoms on an individual PCA
congener with specified values for n and x gives rise to a number of
isomeric forms depending on the values and on the configuration of the
chlorine atoms. For example, if we consider the polychlorinated tride-
canes, C;3Hy;Cl would theoretically have seven configurational iso-
mers, C13Hy6Cly would have 42 configurational isomers and so on, with
the maximum number being seen for C;3H5Clg and C;3H2;Cly, with 868
configurational isomers each [29]. These isomers can be identified

conventionally by the IUPAC rules on the numbering of haloalkanes
based on the length of the alkane chain and the positions or configura-
tions of the substituted chlorine atoms as shown for 2,4,7,9,11-penta-
chlorododecane in Fig. 1.

2.2. PCA stereoisomers

The current state of knowledge does not allow any characterisation
of PCAs with respect to their chirality, though it is worth noting that all
non-terminal carbons are inherently prochiral. Substitution with a
chlorine atom on any of these carbons would lead to a stereocentre,
generating two chiral forms of the molecule per stereocentre. So, for
example, 2,4,6,8,9,10-hexachlorinated tridecane would present six
stereocentres, which would lead to 2° or 64 potential PCA
stereoisomers.

2.3. PCA isotopologues and isotopomers

The abundance of the natural stable isotopes, 35C1 (75.77 %) and %’ Cl
(24.23 %) of the chlorine atoms on PCA molecules, gives rise to distinct
molecular entities that have the same molecular formula but differ in the
isotopic composition of chlorine as seen in the example where
C1 2H?§Cl§7C13 is distinct from C; 2H%§C127C14. These entities are referred
to as isotopologues and occur in defined relative abundances for a
particular PCA congener. As MS measurements of PCAs are complex
with a multitude of ions or transitions that are generated during the
ionisation process, mass to charge (m/z) discrimination between iso-
topologues is exploited to provide confirmation of the identity of a
particular PCA or for a group of configurational isomers.

Isotopically labelled individual reference standards that are pro-
duced for PCA analysis in which either the 12C atoms are replaced by '3C
or the 'H atoms are replaced by deuterium would also be considered as
isotopologues albeit with a different analytical purpose.

A PCA group of configurational isomers that can all exist in the same
isotopologue form, e.g., 2,4,6,8,9,10-C1,H33C13"Cly, 3,4,5,9,10,11-
C12H§3C1§7C12, 2,3,5,7,9,1 1—C12H§SC1§7C12, etc. are all referred to as
isotopomers of hexachlorododecane — C15H20Clg. As it is not currently
possible to separate configurational isomers within a PCA group, the
collective signal from an isotopomer group can be used for the purposes
of quantitation or qualification during MS analysis.

2.4. PCA homologue groups — specified by chain length and by chain
length including chlorine number

One of the practical outcomes of the inability to separate individual
PCAs is that the estimated concentrations or amounts need to be
expressed collectively either as the sum of all measured PCAs or as a sub-
set of the sum. The ambiguity resulting from the use of older descriptors
such as SCCPs can be overcome through the use of the sum of all
measured PCAs within a range of chain lengths, e.g. PCA-Cy¢.13. Addi-
tionally, it is also useful to express measured concentrations as the sum
of all PCAs within a particular chain length as this provides more specific
information. This sum of all PCA congeners within a specified chain
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length would include all the configurational isomers for all of the
possible levels of chlorination of the chain, i.e. all of the PCA congeners
within a specified chain length e.g., C;o. Based on historical and cur-
rent production, these summed PCA values would typically include in-
dividual homologue groups of chlorinated chain lengths from C; to Cs;.
However, as noted earlier, the occurrence of PCAs with carbons chain
lengths that are outside this range (C¢ to Cy and C.33) have been re-
ported in commercial mixtures and in environmental samples, so data on
these chain lengths would add to the characterisation of production and
occurrence.

Homologues of a particular chain length C, can be further differen-
tiated by specifying the number of chlorines that are present on the
chain, i.e. C,Cl; to C,Cly, which in the case of C;o would result in ten
homologue groups, specified by chain length as well as chlorine
number, eleven homologue groups in the case of C;1, and so on. These
homologue groups, composed of all the configurational isomers for a
specified carbon chain length and chlorine number are particularly
useful in describing the PCA pattern of occurrence in a particular envi-
ronmental or biota sample or in a standard. As it is not possible to
separate and measure individual PCA congeners as yet, these homologue
groups currently represent the most specific level at which PCA occur-
rence can be characterised.

Additional homologue groups (e.g., C,Cl, 1) are possible in case of
multiple chlorination which occurs when a higher intensity of chlori-
nation is applied during production and can result in more than one
chlorine per carbon. The extent of multiple chlorination would vary
depending on the intensity of the chlorination process and theoretically
could reach C,Cly,+2 (perchlorinated alkanes, at least up to C¢Cly4 are
known and have been studied - [59]), but in practice the extent would be
limited by the utility and physical characteristics of the product. In re-
ality, the occurrences of C,Cl,;+1 and C,Cl,;2 have been reported in
abiotic matrices such as dust, soil and sediments [7] and the presence of
-CCly-and -CCls-groups have been reported in commercial CP products
[9,15], so a limited amount of multiple chlorination has been evidenced.
Multiple chlorination of carbon atoms imposes additional complexity to
characterising PCAs as it is not currently possible (without using NMR
techniques) to identify whether, for example a C;4Cl; homologue group
could conventionally contain 2,3,5,7,9,10,11-heptachlorotetradecane
or unconventionally, 1,1,3,5,5,10,13-heptachlorotetradecane. The re-
ported occurrences of multiple chlorination should be further investi-
gated by matrix type so that they can be contextualised to risk —i.e., is
the additional occurrence quantitatively significant, particularly in
biota, food, animal tissues and is it consequently, toxicologically rele-
vant to human exposure? It is therefore important that occurrences of
multiple chlorination are appropriately (i.e., identified as a multiple
chlorinated homologue group) included with the conventional homo-
logue groupings.

3. Terms used for reporting of PCA occurrence
3.1. Sum (X) of measured PCAs

One of the most important elements of the risk assessment of PCAs is
data on the occurrence of these contaminants in food and the environ-
ment. The last few years have seen an increase in the number of reported
data, concurrent with the advances made in instrumentation and very
recently, in the availability of newer analytical standards. Harmo-
nisation and consistency of the manner in which these data are reported
would allow easier comparability and complementarity between data
sets, and thus avoid misunderstanding between research findings and
aid risk evaluation and management.

Unlike current studies, much of the historical PCA literature reported
occurrences, either as the sum of all measured PCAs or as the sum of
chain length mixtures, e.g. C10—Ci3 (SCCPs) or Ci14-C;7 (MCCPs). For
practical reasons, i.e., inadequate instrument response and the poor
availability of standards, longer chain (C>1g) data were rarely reported.
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These summed concentrations have therefore represented the PCA
congeners that were measurable in the sample or standard, i.e., the sum
of the configurational isomers within the homologue groups present in a
chain length mixture, or the sum of all measured PCAs. This sum of
measured congeners continues to be reported in current literature
although it is increasingly used to represent concentrations of homo-
logue groups within a PCA chain length as well as the sum of a specified
chain length mixture or the sum of all measured PCAs in the sample.

It is important to acknowledge that the concentrations or amounts of
PCAs reported are the sum of measured congeners within a homologue
group, or the collective sum representing all the measured homologue
groups and chain lengths, as opposed to the total PCAs present in a
sample. It is not currently possible to include all the PCA congeners
present in a sample, as is implied by the term “total PCA”. The lack of
response to some PCA configurations even with the use of current
instrumentation cannot confirm the absence or proposed lower abun-
dance of these configurations at concentrations that can realistically be
expected to occur for example, in foods (ranging from sub-ng g* to low
pg g1 levels). Commonly, this lack of response is seen for all PCAs with
one to four chlorines and those with terminal chlorine substitution [4,
15,17-19]. Additionally, as there are no individual PCA standards that
cover all possible configurations, it is not possible to specify the full set
of unresponsive PCA congeners. To some extent, PCAs with very poor
response may be compensated for in quantitation routines, but this
would be based on the information that ultimately comes from the
response of the analytical instrument to individual PCA standards or to
standard mixtures that cannot be fully speciated.

Thus, “total PCA concentration” is currently an unquantifiable term.
Instead, what is reported is actually the “sum of measured PCAs” and is
a more realistic representation of the concentration or amount in a given
sample. The PCAs included in this sum should be specified in the
description of the analytical methodology used for measurement.

3.2. Sum of PCAs by carbon chain length and by homologue group

Depending on the sophistication of the available methodology and
instrumentation, PCAs can be reported as the sum of congeners, within a
specified carbon chain length congener group - XPCAs-C,, e.g.,
¥PCAs-Cy 2, or as the sum of conventional groupings, e.g., XPCAs-Cj .13,
YPCAs-C14.17, XTPCAs-Cig.09, XPCAs-Coy.32 or as the sum of all
measured chain lengths that the applied methodology is capable of,
XPCAs-C,., where C, could represent Cig or a smaller carbon chain
length and C, could represent up to C3y or a higher chain length
depending on the capability of the instrumentation and the measured
occurrence in a sample.

Similarly, depending on the capability of the instrumentation used,
an increasing number of recent studies have also reported PCA con-
centrations more specifically, using the sum of measured configurational
isomers or homologue group e.g., XPCAs-C;(Clg. As mentioned earlier,
this level of specificity is desirable as it provides an indication of which
homologues dominate in a particular sample. Additionally, the reporting
of the sum of homologue groups provides data that is independent of
which commercial mixtures were produced and used or the extent to
which PCAs are environmentally or biologically modified. However, as
recently noted, a larger number of reliable homologue group standards
are required in order to allow better quantitation of this parameter.

Reporting of PCAs by the sum of homologue groups also allows a
greater measure of comparability between data and provides an indi-
cation of which PCAs are more persistent and environmentally relevant.
This can be conveniently visualised through the use of PCA homologue
group patterns as shown in Fig. 2. Here, the dominant PCAs in the mean
of urban/rural air samples (n = 16, measured using APCI-qToF-HRMS)
are seen to be CyCls and CyClg, in comparison to the mean for fish tissue
(n = 19, measured using GC-ECNI-Orbitrap-HRMS), where C;4Clg and
C14Clg are seen as predominating. In order to increase the comparability
between different sets of data, simple forms of presentation generated
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Fig. 2. Simplified visualisation of PCA homologue group patterns allows easier comparability of occurrence. Here, a mean pattern derived from urban and rural air
(n = 16) shows a predominance of shorter carbon chain lengths as well as lower chlorinated homologue groups when compared to fish tissues (n = 19).

through the use of commonly used software (e.g. MS Excel based charts
are used in Fig. 2), and a standardised range of homologues (e.g. C1¢Cls
to Cy7Cl;a are commonly reported for GC-MS measurements while
studies using LC-MS report C;(Cly to C29Cly2) would be accessible to a
wider range of users.

However, the results of comparing patterns between different studies
should be considered as indicative, rather than absolute. This is because
PCA homologue group patterns can be influenced by the type of
instrumentation used for measurement, the analytical standards and
also the quantitative approach that is used to estimate group concen-
trations. The process of comparison would therefore be considerably

aided if these and other relevant parameters were specified when ho-
mologue group patterns are presented.

The recommended terms and abbreviations for the parameters used
to describe and express the occurrence of PCAs are listed in Table 1.

4. Discussion

It is important to present and discuss chemicals based on their correct
(and where defined, IUPAC-based) chemical names. Also, as the ability
to characterise occurrences has improved significantly, it is important to
make a clear distinction between CPs and PCAs. Both identifications,

Table 1

Summary of recommended polychlorinated alkane (PCA) descriptors and abbreviations.

Polychlorinated alkanes (PCAs): Descriptors and Recommended Abbreviations

Term Descriptor, Abbreviation Example Synonyms or historical terms
Chlorinated Paraffins - Commercial Product CPs Witaclor 149, Cereclor 60L Chloraffins, Chlorcosanes,
Chlorowaxes
Chlorinated Paraffins - analytically determined Polychlorinated alkanes, PCAs CPs
concentration or quantity
Individual PCA or PCA congener Generic formula C,Hap2xClx C11H;8Clg, C14H21Clg isomers

Isomeric forms of PCAs
Chiral forms of PCAs

PCAs with the same molecular formula but different
isotopic composition

Configurational isomers with the same isotopologue
composition

Configurational isomer

An individual congener may have a
number of PCA stereoisomers
Isotopologues

Isotopomers

2,3,6,8,10-pentachlorododecane
2S,4S,6R,8R-tetrachloroundecane,
2R,4R,6R,8R-tetrachloroundecane
C12H33C1E7Cl5 and C1,H33CIFCls

2,4,6,8,9,10-C1,H33C137Cl,,
3,4,5,9,10,11-C1,H33C15Cly,
2,3,5,7,9,11-C15H33C15Cl,

constitutional isomer

All PCA congeners within a specified carbon chain length
All PCA congeners with the same molecular formula
(configurational isomer group)

Chain length congener group
Homologue group

PCAs—Cyo, PCAs-Cyg
PCAs-C;2Cl,
PCAs-C;3Cl;, PCAs-C14Clo, etc.

“Measured sum of PCA congeners within a specified
carbon chain length

“Measured sum of PCA congeners within a range of
specified carbon chain lengths (includes conventionally
reported groups)

Sum of all “measured PCA congeners for all specified
carbon chain lengths

“Measured sum of configurational isomers with the same
molecular formula

Sum of congeners of specified carbon
chain length TPCAs-C,

ZPCAs-Cg.9, ZPCAs-Cyg.13, ZPCAs-
Ci4.17, ZPCAs-Cy3.20, ZPCAs-C18.32

Sum of all measured PCAs, ZPCAs-
Caz
Homologue group sum

e.g., XPCAs-Cy3

XPCAs-Cip.21

2PCAs-CqCly

Sum of short, medium and long
chain CPs, or SCCPs, MCCPs,
LCCPs

Total CP

Graphical presentation of measured homologue group
concentrations in a sample (estimated mass fraction)

Homologue group pattern

See Fig. 2

Note.

2 As defined by the capability of the analytical method used.
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CPs or PCAs, are pertinent to the circumstances in which they are used.
For example, in the listing by the Stockholm Convention on POPs, the
term CPs (or specifically, SCCPs which are listed and MCCPs which are
proposed) is appropriate as the eventual objective is to terminate or
severely restrict the manufacture of the product. On the other hand, the
vast majority of studies that report occurrence, behaviour and effects,
use methodology that is focussed solely on the analysis of PCAs,
although some acknowledge the presence of by-products in CP mixtures
[14,21,22,60]. The distinction is particularly relevant for toxicology and
risk assessment purposes because as mentioned earlier, the composition
of PCAs in CP products is likely to be different to the residual compo-
sition that humans and animals are exposed to Fernandes et al. [47,48],
both, in terms of the PCA profile as well as the fate of the by-products.
The focus of analytical methodologies, toxicological studies, risk
assessment and fate on PCAs rather than CPs would seem appropriate as
it could be justified on the basis of.

@ PCAs are by far the largest component of commercial CP mixtures,

@ other significant by-products such as the polychlorinated alkenes
(with single or multiple unsaturation) are chemically and metaboli-
cally more prone to transformation because of the reactivity of the pi-
() bonding to chemical or enzymatic attack, which equates to higher
environmental and metabolic lability [46], and

@ toxicologically significant trace impurities such as PCBs, PCDD/Fs
and PCNs are addressed by separate controls to reduce environ-
mental and human exposure [52,61-63].

Other less significant components of commercial CP mixtures include
unreacted alkanes as well as branched chain PCAs which may to some
extent, be inadvertently included in quantitative estimates of PCAs, due
to the similarities in chemical composition and structure [64]. Although
branched chain PCAs would reasonably be expected as impurities, they
are likely to be minor. One reason for this is that branched chain alkanes
may be intentionally limited from the feedstock during production
because their presence impairs the photo- and thermal stability of CP
products and also causes discolouration [20,65].

The ultimate objective of determining PCAs in abiotic matrices,
biota, foods and humans is to allow the estimation of human and envi-
ronmental exposure and thus the risk to health arising through dietary
and/or other adsorption pathways. The most recent attempt of a struc-
tured assessment of risk to human health [66] was unable to fulfil this
task because of a lack of adequate supporting data on food occurrence or
comprehensive studies on toxicological endpoints. The reasons for this
shortfall arise directly from the historical inability to characterise PCA
occurrence due to analytical capability, appropriate, reliable and
authentic chemical standards and guidance on which PCAs were more
relevant (apart from the relatively indistinct indication that SCCPs
should be targeted). Analytical methodology, aided by improvements in
the capability of MS methods has advanced significantly to a stage where
the occurrence of a range of PCA homologue groups and specified car-
bon chain lengths can be identified in environmental, food and human
tissue samples. The issue of reliability and commercial availability of a
range of analytical standards was recently identified [15,67,68] and
newer standards of individual PCAs, single chain length PCAs and ho-
mologue group have recently, or will imminently, become available
[69-71].

It is unlikely in the foreseeable future that PCA characterisation
beyond the specificity of homologue groups would be possible without
significant advances e.g., in separation techniques. Thus, the level of
guidance for future toxicological and risk studies would rest with
characterisation of the occurrence of PCA homologue groups in dietary
and other sources of human exposure. There is a circularity in this
process in that future toxicology that is guided by occurrence data as
well as the availability of reliable standards would be able to refine the
selection of risk relevant PCAs for analytical determination.

In addition to the analytical difficulties in measuring PCAs, other
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factors such as the variety of commercial mixtures that have been pro-
duced and used globally and the multiplicity of carbon chain lengths and
homologue groups, give the reporting of PCA occurrences a greater
complexity than that of other POPs including those comprised of a
number of congeners. The use of different terminology for the same
parameter or sets of parameters could lead to misunderstanding or to
misinterpretation of reported data. It is therefore important to ensure
that the results of PCA measurement are reported appropriately with
relevant and harmonised terminology, in order to minimise ambiguity to
subsequent users (e.g., exposure and risk assessment and management,
regulation, etc.) of the data.

5. Conclusions and future considerations

Environmental and analytical chemistry play an important role in
characterising pollutant occurrences and elaborating their physico-
chemical properties. The findings of diverse studies by multiple
research groups covering different aspects of the behaviour of PCAs have
been rationalised in order to recommend harmonised nomenclature of
terms and abbreviations for these chemicals as has been done for other
similar pollutants such as organophosphate flame retardants, per- and
polyfluoroalkyl substances, and plasticizers [72,73]. The underlying
objective of this joint effort on how to deal with the vast group of PCAs
and their commercial products (CPs) was to avoid misunderstanding by
all users of the data. In addition to using a common set of terminology to
represent PCAs, those generating and using the data should note that.

@ The “Sum of measured PCAs” (i.e. £PCAs, XPCAs-C,_,) provides a
proper representation of the estimated concentration or amount of
PCAs in a given sample. The reporting of a PCA quantitation as
“total” PCA concentration is currently inaccurate and must be
avoided.

@ It is important to report the sums of individual chain lengths, e.g.,
¥PCAs-Cy9, LPCAs-Cy1, ZPCAs-Cyo, etc., and where quantified, the
sums of homologue groups. This would allow future toxicological
studies and risk assessment to consider different combinations of
PCAs based on occurrence and biological effects.

@ Although the current focus of quantitative PCA estimation is very
much on the sum of congeners within chain lengths and homologue
groups, it is important to maintain studies on the chemical, envi-
ronmental and metabolic behaviour of a wide and varied range of
individual congeners. This information would allow a more refined
characterisation in relation to the adsorption, disposition, meta-
bolism and excretion (ADME) behaviour of PCAs

@ For relevant biological matrices (e.g. blood serum, breast milk, adi-
pose tissue, etc.), the reporting of PCA concentrations on a wet and
lipid weight basis (or reporting of the sample lipid content) would
aid the comparison of exposure data between studies and con-
textualise simultaneous contamination from other POPs.

The field of CP analysis presents a complex spectrum that is gradu-
ally being explored and elucidated with the emergence of new findings.
The recommended terms suggested here may therefore need to be
extended in future in order to assimilate the increasing knowledge. One
of the limitations of the scope of this article is the conventional defini-
tion of PCAs with one chlorine per carbon. This is supported by the
chemistry of formation under normal conditions, but a higher intensity
of chlorination during production can result in multiple chlorines per
carbon. The extent of multiple chlorination should be further investi-
gated by matrix type so that any additional risk can be evaluated, i.e.,
through the qualitative and quantitative significance of these additional
homologue groups combined with the extent to which they occur in
matrices that are relevant to human exposure.

Another set of products that may need to be considered for future
inclusion are the PXAs. Although reported production of these is
comparatively very small, the US Toxic Substances Control Act (TSCA)
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inventory showed an increase from 109 to 245 t/year from 2016 to 2019
for CAS 68527-01-5 [74]. As far as is currently known, information on
the extent of occurrence, toxicology and risk to human health is either
unavailable or limited.
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