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Abstract
Chlorinated paraffins (CPs) are high production volume chemicals of which
some at least show resistance to environmental degradation, long-rang transport,
bioaccumulation and toxicity potential. Information regarding their presence in
humans is limited, including their human bioaccumulation potential. The present
study aimed to evaluate CP levels in human serum from Australia to better
understand exposure and the current pollution status, as well as trends associated
with age and time between 2004 to 2015. For this, we selected a representative male
sub-group of the Australian population under 65 years old.
While ΣLCCPs and most ΣSCCPs levels were found to be below method detection
limits (MDL), MCCPs were found in most serum samples (detection frequency
94%). The levels of ΣSCCPs and ΣMCCPs ranged from <MDL−360 and <MDL930 ng/g lw, respectively, with a median value of 290 ng/g lw for SCCPs and 580
ng/g lw for MCCPs. Analysis by age stratification did not identify any trends by age
but an increase in MCCP levels was observed over time from 2008/09 to 2014/15,
while for SCCPs since 2011. Principal component analysis results indicated that the
relative abundance in serum samples was also different between samples collected
after and before 2008/09.
The increasing MCCP levels could be due to the increase in production and usage
of CPs, particularly MCCPs, and suggest at least MCCP exposure to humans.
Recommended future investigations should focus on gaining a better understanding
of their relative absorption, and half-lives in humans, as well as adverse effects.
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8.1 Introduction
Chlorinated paraffins (CPs) are polychlorinated n-alkanes mixtures, which are, based
on their carbon chain length, divided into three groups: short-chain (C10-13), mediumchain (C14-17) and long-chain (C>17) CPs [1]. CPs are used for many applications such as
extreme pressure additives in metal working fluids and as flame retardants or plasticizers
in rubbers, plastics, paints, coatings, sealants and adhesives [2]. While CP production
commenced in the early 1930s [3], global CP production is increasing since the 2000s,
with high current annual production volumes (>1 million tonnes) [4]. Some CPs have
persistent organic pollutant (POP)-like properties, including global distribution in the
environment [2], also in remote places [5], resistance to environmental degradation (i.e
persistence, half-life up to 5 d in air and >1 yr in sediment [6, 7]) and bioaccumulation
potential in at least aquatic biota [8]. These properties raise concern about their potential
hazard. Since 2017 short-chain CPs (SCCPs) are persistent organic pollutants (POPs)
by the Stockholm Convention [7]. Medium-chain CPs (MCCPs) are under evaluation
by the European Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) program for their persistence, bioaccumulation and toxic potential.
Investigating trends in concentrations of POPs and POP-like compounds is essential
to understand exposure trends and evaluate the impact of large-scale production and
usage on the environment and human health. It also provides important information to
predict future risks and the effectiveness of global mitigation actions. For example, the
large-scale production and use in the past of a legacy POP, polychlorinated biphenyls
(PCBs), is associated with an increase of their levels in humans [9]. Similarly, their
global ban by the Stockholm Convention is reflected in a general decreasing trend in
humans [9].
For CPs, little information is available on exposure and levels in biota and humans, let
alone age and temporal trends. This is mainly due to their complexity (more than 10,000
congeners) and challenging determination, especially in biota [10]. Human exposure to
CPs has been reported, to SCCPs mainly via dietary intake [11, 12], but also through
inhalation [11], while exposure to MCCPs through dermal uptake was studied [13].
To our knowledge, only one temporal trend study exists, which is in marine mammals
(i.e. finless porpoises and humpback dolphins) from China [14], while seven studies
exist on CP levels in humans. Four of those were published recently (2017) and focused
on whole blood [15], placenta [16], and breast milk [17, 18], all from different subpopulations from China. The limited data on CP levels in humans other than from
China (n=3) are from before 2011 [19-21], while no data exist on serum nor from the
Southern Hemisphere. Therefore, more information is needed on their current levels,
especially on time and age trends, and from regions where CPs are produced and used,
but for which data are lacking.
Australia produces MCCPs, while SCCPs are imported [22], although information on
production, import, and use volumes is scarce. Data on the environmental levels in
Australia is also limited. However, indications on environmental and indoor presence,
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in sometimes elevated levels, are available. The Environmental Protection Agency (EPA)
of Victoria, Australia reported levels of Cereclor AS52 and AS58 (both MCCPs) up to
250 µg/g dry weight (dw) in river sediment nearby to the outlets of a CP manufacturer
in Melbourne in 2006 [23]. SCCPs, MCCPs and LCCPs were found in sewage sludge
across Australia [24], with a median level of 421, 1006, 357 ng/g dw, respectively and
in one dust sample (61, 180 and 99 µg/g dry weight, respectively) [25]. SCCPs and
MCCPs were also detected in indoor and ambient air [26, and Chapter 7].
To better understand the current pollution status of and exposure to CPs in the
Australian population, the present study aimed to evaluate their levels in human serum
from Australia, as well as trends associated with age and time between 2004 to 2015.
For this, a representative male sub-group of the Australian population under 65 years
old was chosen.
8.2 Materials and methods
Information on materials is found in Chapter 7.
8.2.1 Sample collection
Sample collection was according to Toms et al. [27]. In brief, anonymous human
blood sera were collected through collection centres of a pathology laboratory (Sullivan
Nicolaides Pathology, Queensland, Australia), primarily from South East Queensland,
Australia, between 2002 and 2015. The sera collected since 2004 were stratified based
on gender and age with 200 sera per stratum. Then, these strata were randomly divided
into two pools, with 100 sera per pool and stored at -20 ºC until analysis. The University
of Queensland Medical Research Ethics Committee granted approval for this study
(#2013000317).
Table 8-1 presents the male serum samples (i.e. pools) selected for this study. Five time
points (2004/05, 2008/09, 2010/11, 2012/13 and 2014/15) were used to provide data
to investigate a time trend of CP levels. Age stratification (0-4, 5-15, 16-30, 31-45 and
46-60 years) was investigated in the pools collected in 2012/13. In addition to these
samples, one pooled sample of males and females of all ages and collected in 2002 was
analysed and also used for the spike recovery experiment.
Table 8‑1 Stratification of age (years) and collection years of human male serum samples.a

a

2004/05

2008/09

2010/11

2012/13

2014/15

-

-

-

0-4 (1)

-

-

-

-

5-15 (2)

-

-

-

-

16-30 (2)

-

-

-

-

31-45 (2)

-

46-60 (2)

46-60 (2)

46-60 (2)

46-60 (2)

46-60 (1)

number of pools (in brackets) analysed from given strata, each pool consisting 100 samples.
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8.2.3 Quality assurance and quality control
Quality assurance and quality control measures included were similar to that of Chapter
7. Quantification was done both by internal and external calibration for which the
relative standard error (RSE) of calibration was defined according to EPA 8000d [28].
The external calibration produced acceptable RSEs (11%, 13% and 3% for SCCPs,
MCCPs, and LCCPs, respectively) and was chosen as calibration model. The repeatability
of the instrument during the run, expressed as relative standard deviation (RSD), was
7% and 4% for SCCPs and MCCPs, respectively.
Performance of the extraction method was evaluated by fortifying two replicates of the
pooled 2002 sample with native SCCPs and MCCPs mixtures (56% Cl and 52% Cl,
respectively) and taking these replicates through the whole extraction procedure. The
performance of the method was reflected by the ratio of the derived mass against the
expected mass, 0.87-0.92 for SCCPs and 1.0-1.1 for MCCPs, while the relative error
(RE) for the calculated levels was <6% for both SCCPs and MCCPs. The recovery of
1,5,5,6,6,10-hexachlorodecane (13C10-labelled) in the samples was 82 ± 17%.
Bovine serum (ca. 5 g) was used as a matrix blank (n=3), while cleaned hydro matrix
was used as a procedural blank (n=2) and taken through the whole extraction procedure.
The method detection limits (MDLs) were defined by the average of all blanks plus three
times the standard deviation (SD). Average and standard deviation of the blank levels
of bovine serum and procedural blanks were 1.0 ± 0.16 and 2.1 ± 0.11 ng/g wet weight
(ww) for SCCPs and MCCPs, respectively. The ww MDL for SCCPs and MCCPs was
1.5 and 2.5 ng/g ww, respectively. The lipid weight (lw) based MDL for SCCPs and
MCCPs was 255 and 442 ng/g lw, respectively.
Ion suppression was tested by fortifying one time 10 ng, three times 25 and once with
50 ng of SCCPs 56% Cl to two replicates of the 2002 sample (after extraction), and
159
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8.2.2 Analysis
Extraction was performed in a clean-lab (built to ISO5 equivalent specifications) and
glassware was treated with chromic acid before use. Human serum samples were vortexed,
weighed into test tubes (ca. 5 g) and fortified with 20 ng 10 1,5,5,6,6,10-hexachlorodecane
(13C10-labelled CP congener) prior to extraction. Then, they were added to pre-cleaned
hydromatrix in pressurized liquid extraction (PLE) cells, extracted and cleaned by
sulphuric acid modified silica gel (40%. w/w), using methods that have been described
previously (Chapter 7). The extracts were redissolved with 10 ng dechlorane 603 in
100 µL of acetonitrile. Samples were analysed and quantified according to the method
described in Chapter 5, with a chlorine enhanced atmospheric pressure chemical
pressure ionisation time of flight mass spectrometry (APCI-qToF-HRMS) technique
and a quantification method that corrects for the response affected by chlorine content.
CPs, expressed as congener groups CmCln, C10-20Cl3-12 were analysed. However, the signal
for CPs with Cl3 was high in blanks and removed from the study. The lipid content was
determined gravimetrically, ranging from 0.48 to 0.68% with a mean of 0.58%.
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once with 50 ng to one other sample (2004/2005, pool 2). Ion suppression remained
unobserved, as the REs between the calculated level in the fortified serum extracts and
the theoretical mass range between -15 and 16%.
In addition, the results of the APCI-qToF-HRMS technique in combination with the
quantification method applied in the present study were satisfactory (i.e. z-score < 2) in
two interlaboratory studies [29, 30].
Despite most SCCP levels being below the MDL, the mean reproducibility, expressed
as RSD ± SD, between the two pools representing a given strata was 7.0 ± 6 %, which is
similar to the repeatability during the run for SCCPs (7%), while the RSD between the
strata was 25%. For MCCPs, the mean RSD ± SD was 13 ± 11%, including the pooled
sample that was below MDL (excluding 10 ± 5%), while the RSD between strata was
22%. Because of the relatively low RSDs between the pools and the relatively high RSDs
between strata, we allowed a small discussion on the trends associated with age and time
on the samples at and above MDL.
8.2.4 Statistical analysis
Principal component (PC) analysis using Simca 15 (Sartorius, Sweden) was carried
out to investigate whether the relative congener group abundancies were similar in
serum during the years and between age groups. They were also compared to the air
samples from Chapter 7 and to the commercial mixtures. The Spearman nonparametric
correlation, two tailed, was applied for correlation analysis using Graphpad Prism 7
(GraphPad Software Inc., USA).
8.3 Results and discussion
8.3.1 Levels in human male serum
LCCPs remained undetected in the samples. SCCPs were only detected above the ww
MDL in four samples, with a detection frequency of 22%. MCCPs were detected in all
but one sample. The wet weight (ww) and lipid weight (lw) levels, expressed as the sum
of all SCCPs (ΣSCCPs) and MCCPs (ΣMCCPs) in male human serum are shown in
Figure 8‑1 and 8-2 as well as Table S6-2. The levels of ΣSCCPs and ΣMCCPs ranged
from <MDL to 1.7 and <MDL to 5.1 ng/g ww, respectively, with a mean and median
value of both 1.6 ng/g ww for SCCPs and 3.4 and 3.1 ng/g ww, respectively for MCCPs.
Levels on lipid weight of ΣSCCPs and ΣMCCPs were <MDL−360 and <MDL-930
ng/g lw, respectively, with a mean and median value of 300 and 290 ng/g lw, respectively
for SCCPs and 610 and 580 ng/g lw, respectively for MCCPs.
No age trend could be identified for SCCPs due to the low number of samples above
the MDL (Figure 8‑1). Noteworthy, the highest levels were found in the oldest groups
(40-64 years old), while the second highest level (lw basis) in the youngest group (0-4
years old). For MCCPs, an increase in age in males above 16 years old was observed.
However, this trend was not significant (nonparametric spearman correlation two tailed
p=0.35). Just as for SCCPs, the second highest level was found in the youngest group.
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To our knowledge, no other studies exist that investigated CP differences in age.
For a compound that ‘persists’ in humans (i.e. low biotransformation and elimination
potential), such as PCBs [31], concentration differences per age could represent
different exposure trends per age group. It can also indicate past exposure, for example,
PCB concentrations are typically decreasing in the human population and higher in
older people [31]). Information on the persistency of CPs in humans is lacking, to our
knowledge. Evidence to date suggests that non-occupational adult human exposure to
SCCPs and MCCPs occurs mainly via the diet (~85% relative contribution), for example
when hand blenders are used [32] and inhalation of indoor air (~15%), while exposure
via dust appears to be negligible [11]. For toddlers, however, dust ingestion might be a
more crucial exposure pathway (~15%), while exposure via diet and inhalation exposure
was similar to adults. In one dust sample from Australia, high SCCP, MCCP and LCCP
levels were reported (61, 180 and 99 µg/g dry weight, respectively) [25]. Xia et al. [17]
found that infant exposure to SCCPs and MCCPs through breastmilk could pose a
health risk in China, indicating that CP exposure through breastmilk in general might
be likely. These above findings could explain why the 0-4 group has relatively high levels.

Figure 8‑1:
ΣSCCPs and ΣMCCPs levels, wet weight (Panel A) and lipid weight (panel B) and their range, expressed as
error bars, found in Australian human male serum collected in year 2012/13 stratified on age (years), with
a wet weight method detection limit (MDL) for SCCPs and MCCPs of 1.5 and 2.5 ng/g ww, respectively
and a lipid weight MDL for SCCPs and MCCPs of 255 and 442 ng/g lw, respectively.
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To investigate whether CP levels in serum are increasing or decreasing over time (i.e. time
trends), we analysed samples that were collected over a decade and stratified for the age
group 41-60 years old (Figure 8‑2, Panel A-B), and also analysed pooled serum collected
from males and females with varying ages (Figure 8‑2, Panel C). SCCPs levels remained
under MDL between 2002 and 2011. This is not surprising, as since 2002, Australia
replaced SCCPs in their main application (i.e. metal working fluids) by other chemicals,
including MCCPs, and decreased their import by 80% [33]. Between 2012 and 2015,
surprisingly, SCCP levels were above the MDL and a small increase was observed
compared to before 2012, although the sample size is too small to show whether it is
significant or not (i.e. nonparametric Spearman correlation two tailed p-test needs more
than six observations [34]). Recent material safety data sheets (MSDSs) of technical
formulations (Cereclor) of SCCPs (and MCCPs) from an Australian manufacturer
showed that the main applications of SCCPs are sealants, paints, and plastics (Table S61), which is a shift from metal working fluids to indoor materials. The increase in levels
imply more exposure, while the information on their main applications might suggest
indoor exposure. We suggest to continue monitoring of SCCPs in serum, in order to
gain greater confidence in the possible increase.
For MCCPs, a positive correlation was observed, with increasing levels since 2005
(nonparametric Spearman correlation two tailed p<0.05). The increase is in line with
the increasing global CP production volumes, of which MCCPs represent a major share
[4]. More data are needed on the use (i.e. type and volume) of MCCPs in Australia.
The increasing MCCP levels as well as the shift in main applications to indoor materials
warrants further investigation on potential indoor exposure of humans to (MC)CPs.

Figure 8‑2:
ΣSCCPs and ΣMCCPs levels, wet weight (Panel A) and lipid weight (panel B) and their range, expressed
as error bars, found in Australian human serum from males 46-60 years old, collected between 2004 and
2015, as well as in a pooled serum sample (males and females) collected in 2002 (Panel C). Wet weight
MDL for SCCPs and MCCPs was 1.5 and 2.5 ng/g ww, respectively. Lipid weight MDL for SCCPs and
MCCPs was 255 and 442 ng/g lw, respectively.
162

CPs in human serum samples from Australia

To our knowledge, this is the first study on CPs in serum, while there is some other
data available on CPs in humans (Table S6-3). Figure 8‑3 shows a comparison of SCCP,
MCCP and LCCP levels in serum samples (this study) with those in breast milk from
China [17, 18] and the United Kingdom [19] and in whole blood from China [15].
Figure 8‑3 shows at least an indication that MCCP levels in Australian serum are on the
high side compared to data from the three other studies, while SCCP levels in Australian
samples are in the same range or at the lower end compared to the three other studies.
PCB levels were also determined in the samples stratified for age, collected in year
2012/13 [31]. The mean levels of ΣSCCPs and ΣMCCPs of all samples >MDL were
13- and 26-fold higher, respectively, than those of PCBs (mean total sum of PCBs: 23
ng/g lipid).

In Australia, MCCP levels in serum dominate over that of SCCPs, with a mean ΣMCCPs/
ΣSCCPs level ratio for all samples above MDL of 2.6. The ΣMCCPs/ΣSCCPs ratios
found in other studies are variable (Table S6-3). For example, studies from China [1518] found ΣMCCPs/ΣSCCPs ratios of 0.087-0.70, while Wang et al. [16] found some
placenta (nine out of 54) with higher MCCPs levels. Similarly, Thomas et al. [19] found
a ΣMCCPs/ΣSCCPs ratio of 0.11 in human breast milk from the United Kingdom
(UK) in 2005, while in Germany a ΣMCCPs/ΣSCCPs ratio of >7 was found [35]. A
possible explanation for this variation is the difference in production and use of SCCPs
and MCCPs between countries and over time. In countries other than China, MCCPs
are usually used as a substitute for SCCPs, for example in metal working fluids [2].
The commercial CP mixtures used previously in China had their own specific MCCP/
SCCP formulations and thus different compositions than those found elsewhere in the
world [14]. SCCPs are now gradually being banned worldwide [7], and the Chinese
mixtures are being replaced with mixtures with lower SCCP contents. The plot of the
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Figure 8‑3:
Reported Log concentrations on a lipid weight basis of SCCPs, MCCPs and LCCPs in humans, from this
study (Australia) and others [15, 17-19]
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limited data on MCCP/SCCP ratios found in human samples against years (Figure 8‑4)
shows an increase in the SCCP/MCCP ratio per country over time, suggesting that
MCCPs gradually are found in higher levels although the sample size is too small to test
for correlation. Figure 8‑4 also shows the relatively high MCCP/SCCP ratio in human
samples from Australia compared to that in other countries, Similar observations were
found in the time trend analysis in marine mammals [14]. This shift from SCCPs to
MCCPs in humans warrants more investigations.

Figure 8‑4:
Log ratio of the median MCCPs/SCCPs lipid-based levels reported in humans samples over the years, data
from this study (Australia) and others [15, 17-19, 35].

8.3.2 Relative abundance of congener groups in serum and air from Asutralia
To investigate similarities in SCCP and MCCP compositions between the serum, air
samples and commercial mixtures, we plotted the relative abundancies of the congener
groups (Figure S6-1 and S6-2) and used principal component (PC) analysis. The sites
were blank subtracted, and sites of which still 61% of the congener groups had an
abundance of >0% were taken into the PC analysis. Figure 8‑5 shows the score scatter
plot, while Figure 8‑6 shows the loading scatter plot. The PC loading plot shows a
distribution between the number of chlorine atoms (Figure 8‑6). At the left side mainly
the higher chlorinated CPs cluster while at the right side the lower chlorinated CPs.
Accordingly, the SCCP and MCCP standard mixtures have been arranged according
to their chlorination degree (Figure 8‑5), from a high chlorine content (left) to a low
chlorine content (right).
The SCCP abundancies of the serum samples were different to that found in air and
CP mixtures. The abundance in the serum collected before 2009 (i.e. collection years
2004/05 and 2008/09) was in turn different than that of serum collected in later years.
This difference is in line with the increasing concentrations of MCCPs in serum, after
2008/09. Abundancies between the age groups were all relatively similar. The SCCP
abundancies in the air and serum samples are different from those of the SCCPs
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mixtures, and also different between each other, irrespective whether it was an air or
serum sample. This might confirm a different fate of SCCPs in humans than air, and
calls for future studies investigating this fate.
Despite measures to reduce the blank levels (i.e. chromic acid treatment, clean-lab), the
levels in the blanks are close to that in the samples, but very stable. Just as in Chapter 7,
we strongly recommend improving the MDL in future studies (i.e. moving to an ultraclean lab) in order to gain greater confidence with respect to the results. While Li et al.
[15] did not report any differences in CP levels between gender, it would be worth to
confirm this in future studies. In general, more studies on CP levels in serum from other
regions are warranted. When these would become available, this study can be used as
comparison.
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Figure 8‑5:

Principal component analysis score scatter plot of the SCCPs (panel A) and MCCPs (panel B)
congener group pattern of the serum samples (gradient purple for trends over the years, gradient
blue for different age groups, specified in Table S6-2) and air (rural and remote: green, urban:
red) as well as CP mixtures (orange).
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Figure 8‑6:
Principal component analysis loading scatter plot of the SCCPs (panel A) and MCCPs (panel B) congener
group patterns.
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8.4 Conclusions
The current study determined, for the first time, CPs in pooled serum collected from males
from the Australian population. While all ΣLCCPs and most ΣSCCP levels were below
the detection limits, MCCPs were found in most serum samples (detection frequency
94%). Analysis by age stratification did not identify any trends but an increase in levels
was observed over time from 2008/09 to 2014/15. This could be due to the increase in
production and usage of CPs, particularly MCCPs. PC analysis results showed that the
MCCP composition was different in the serum collected before 2008/09 and after. The
increasing CP levels in serum from the Australian population indicates in increasing CP
exposure to humans. As there are indications that CPs in Australia are mainly used for
indoor materials such as paints, sealants and plastics, the exposure might predominantly
take place indoors.
Recommended future investigations should focus on a better understanding of the
relative absorption and half-lives in humans of CPs. We would suggest to investigate
their levels in especially small children (0-4 years old), to confirm whether dust is an
important exposure route of CPs to them. Investigating CP levels in food is also advised
as dietary intake may be a major pathway.
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