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Abstract

An improved quantification procedure for the analysis of chlorinated paraffins (CPs) is presented based on electron capture negative
ionization mass spectrometry. It compensates differences in response factors between reference CP mixtures and the CP pattern present i
environmental samples. The use of a CP standard with a matching degree of chlorination is no longer necessary. It could be shown that the
response factors of g, Ci;1-, Cio- and Gs-CP mixtures of both 50 and 60% chlorine content were only slightly influenced by the carbon
chain length. A linear correlatiorRf =0.965) between the total response factor of a CP mixture and its chlorine content was obtained for
seven short chain chlorinated paraffin mixtures (SCGR-G 3) with different composition and chlorine content (51-69%). Maximum single
deviations were <7% for this reference set. It allowed to determine the correct total response factor of the CP composition present in a sample.
The deviations were not more than 7-33% for five independent SCCP control samples compared to up to 373% for the conventional procedure.
The procedure was tested by quantifying the SCCP and MCCP levels in 10 fish liver samples. The proposed method allowed to compensate
the influence of the degree of chlorination of the applied reference standard on the total response factor.
© 2005 Published by Elsevier B.V.
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1. Introduction of chlorination can vary between 30 and 70% depending on
the field of applicatiorl].
The environmental analysis of polychlorinated com- Currently, worldwide only a few laboratories analyse

pounds applied as technical mixtures such as polychlorinatedCPs|[2], though these compounds are classified as persis-
biphenyls, toxaphenes or chlorinated paraffins (CPs) is verytent, bioaccumulate and are toxic to aquatic organigghs
demanding due to their complex composition, changes in The demonstrated presence of CPs in air, sediments, fish
the congener patterns in the environment and the lack ofand marine mammals underlines the necessity for a more
suitable reference standards. The presence of thousands gfermanent monitoringd—7]. CPs are listed in the prior-
differentisomers, enantiomers and diastereomers in CP mix-ity substance list of the European water framework direc-
tures makes them the real challenge of all. tive. Consequently, environmental levels of CPs should be
CPs contain polychlorinatadalkanes and are subdivided monitored in Europe in 2006, which will require reliable
according to their carbon chain length into short chain CPs analytical methods and quantification procedy8s8]. The
(SCCPs, @u—C13), medium chain CPs (MCCPs14-Cy7) current standard analysis technique is high-resolution gas
and long chain CPs (LCCPs..&;). Furthermore, the degree  chromatography (HRGC) combined with high-(HRMS) or
low-resolution mass spectrometry (LRMS) in the electron
capture negative ion (ECNI) modé,10,11] Quantification
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chain length44,10,12] Congener groups with 5-10 chlo- sample and standard can result in deviations of >100% for
rine atoms are usually quantified in environmental samples ECNI-MS due to changed response fac{dss).
[4,10]. Therefore, this study developed a compensation tech-
The high selectivity and sensitivity of ECNI-MS is well  nique, which minimized the influence of the degree of chlori-
documented13]. However, its main limitation is the strong  nation on the response factors of different CP mixtures, when
dependence of the response factors of congeners on theiECNIis employed. On this basis a procedure was developed,
degree of chlorinatioil4]. The use of well-defined single  which allows quantification even when the chlorine content
references compounds is not possible, since environmen-of reference standard and sample does not match well. Details
tal samples still contain thousands of congeners of variable of the approach and its performance are described and dis-
composition, which cannot be separated by HRGC. There-cussed.
fore, only quantification of single congener groups with many
unresolved isomers is possild].
The quantification procedure described by Tomy et al. is 2. Experimental
mainly applied10]. However, the results are strongly influ-
enced by the degree of chlorination of the selected technical2.1. Standards
standard15]. Moreover, technical mixtures can contain inter-
fering additives such as stabilizdi®]. Even mixtures from Three tailor-made SCCP mixturesy(C13 51, 55.5 and
tailored synthesis do not match well with the composition 63% chlorine, 100 ngil, solutions in cyclohexane) and four
of CPs in environmental samples leading to differences in MCCP mixtures (Gs-17 52 and 57% chlorine, 100 ngf,
response factorgl]. Tomy et al. and Coelhan et al. already solutions in cyclohexane) were obtained from Ehrenstorfer
reported that quantification differences of 100% and more (Augsburg, Germany). Additionally, a 1 + 1 solution was pre-
are possible, if the chlorine content of the standard mixture is pared from the SCCP mixtures with 51 and 55.5% (53%
changed or does not fit to the samfl€,12] Later, Zencak Cl) as well as from the SCCP mixtures with 55.5 and
et al. quantified three SCCP mixtures with different degree 63% (59% CI). The SCCP mixture Hordalub 80 (56% CI)
of chlorination against each other and showed that errors offrom Hoechst (Frankfurt, Germany) was diluted to 10Quig/
65-940% can occur, when ECNI-MS is appligd]. The in cyclohexane. The SCCP mixtures Cereclor 60 L (59%
quantified amount was lower, if the employed standard had Cl) and Cerechlor 70 L (69% CI), both from Imperial
a higher chlorine content and vice versa. Congeners with aChemical Industries (ICI, London, UK), were diluted to
higher degree of chlorination have higher response factors107 ngful in cyclohexane. A 1+1 mixture of them (64%
due to a higher electron affinifft3]. Consequently, quan- Cl) was used as linearity control. Four pure MCCP mix-
tification has to be carried out with a standard composition tures from ICI and of different chlorine content were
similar to that of the sample. Coelhan et al. tried to compen- diluted to 100 ngkl in cyclohexane. The MCCP mixtures
sate this with mixtures of homologues of different chlorine Hordalub 80 EM (49% CI) and Hordaflex SP (56% ClI)
contents and by selecting standards for each chain length withfrom Hoechst (Frankfurt, Germany) and the MCCP mix-
mass spectra as similar as possible to those of the respectivéure Cloparin 50 from Caffaro (Cesano Maderno, lItaly)
homologue groups in the sampl&2]. However, this also  were diluted to 100 ngl in cyclohexane. Synthesized ¢,
requires a large number of standard mixtures and the inter-C11-, C12>- and G3-CP mixtures of both 50% and 60%
pretation of the data is time-consuming. Moreover, it may be chlorine content (2Q.g/pl, solution in cyclohexane) were
difficult to define “similar”. provided by Dr. Mehmet Coelhan from the Technical Uni-
Recently, three new mass spectrometric methods haveversity of Munich (Germany) and diluted to 100 pd)/in
been developed to minimize the quantification problem. The cyclohexane.}2C10] trans-Chlordane (100 ngd, solution in
first one is based on electron ionization tandem mass specnonane, purity 99%) was purchased from Cambridge Isotope
trometry (EI-MS/MS) and allows a fast determination of the Labs. (Andover, USA) and employed as internal standard
total CP amount, but cannot distinguish between SCCPs,(ISTD). e-Hexachlorocyclohexanes{HCH) was obtained
MCCPs and LCCP§L6]. The second one applies negative from Ehrenstorfer and used as recovery standard. Reference
ion chemical ionization (NICI) MS with CHCH,CI, as solutions for quantification of the fish liver samples contained
reagent gas. This leads to equal response factors for con1500 ng of CPs, 10 ng @-HCH and 10 ng of }3Cy(] trans-
geners of different degree of chlorination and enables the chlordane in ca. 15Ql of cyclohexane.
precise determination of CP congener pattgdas However,
it is not suitable for a high sample throughput due to a rapid 2.2. Chemicals and solvents
contamination of the ion sourdd4]. The third technique
uses metastable atom bombardment combined with high- Cyclohexane, dichloromethane amtiexane for pesticide
resolution MJ17]. Arecently published comparison showed residue analysis were obtained from Scharlau (Barcelona,
that ECNI-LRMS, ECNI-HRMS, EI-MS/MS and NICI-MS  Spain). Florisil PR (60-100 mesh) and sodium sulphate
give comparable results for standards and spiked samples(Pestanal grade) were purchased from Fluka (Buchs, Switzer-
However, a difference in the CP chlorine content between land), and silica gel (200—400 mesh, 0.035-0.070 mm) from
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CU Chemie Uetikon (Uetikon, Switzerland). All three of the [M]~ ion of [*3Cyq] trans-chlordane were detected in
chemicals were dried overnight at 60D and kept for  the selected ion monitoring (SIM) mode with dwell times of
another 6 h at 130C before usage. 75ms for each ion as described in detail elsewfiEsg

2.3. Fish samples and clean-up
3. Results and discussion

Seven cod samples &dus morhupg and a dab sam-
ple (Limanda limanda were collected at two different  3.1. Influence of the chlorine content
locations in the Baltic Sea (833.36N/1042.13E and
54°51.76N/1401.51E) by the Federal Research Centre for ~ CP homologues with different chlorine contents were
Fisheries (Hamburg, Germany) in August 2002 and August compared to investigate the influence of the chlorine con-
2003. Furthermore, a flundePlatychtus flesysand five tent on the response factor. The total response factors of the
North Sea dabd {manda limandawere caughtinthe North  CP mixtures were calculated as follows. First, the relative
Sea in August 2003. Single livers as well as one pooled liver total CP area is needed (see EL):
sample (=5) were analysed. The clean-up method is pub-
lished elsewhere and therefore only briefly describgd Relative total CP area Z
2-8 g of fish liver was homogenized with a 10-fold excess ;
of anhydrous sodium sulphate. Ten nanograms'&Eq]
trans-chlordane (internal standard) in {0 of cyclohexane
was added and the sample was extracted with 250 ml of
n-hexane/CHCI, (1 + 1, v/v) in a glass column. After con-
centration, lipids were removed by column chromatography
on 40g of silica gel impregnated with 44% (w/w) of conc.
H,SOs. The lipid-free sample was eluted with 120 ml of rel. total CP area (Stjl
n-hexane/CHCI, (1+1, v/v). A further fractionation was amount CPs (St
carried out on 16 g of Florisil (1.5% water content) with 85 ml (2
of n-hexane (fraction 1), 5ml of C#Cl, (fraction 2) and

60 ml of CHCl; (fraction 3). The last fraction contained all The total response factors of €, C11-, C1o- and Ga-CPs

CPs. Ten nanograms efHCH in 10pl of cyclohexane was . . e .
added as a recovery standard to the concentrated CP frac\-Nr[h two different degrees of chlorination are showiig. 1

I — 0,
tion before analysis. This clean-up allows elimination of the They increased by a factor of 2.5-5.7 from 50 to 60% CI.
interferences caused by other chlorinated compounds (e.g3 >
toxaphenes) so that ECNI-LRMS can be applied successfully ~
[4].

area (congener group)
area (ISTD)

1)

where 1" assigns the CP congener group. The amount of
internal standard in the sample and in the standard solutions
was the same in this study and could therefore be eliminated
from the equations. The total response factor can then be
expressed as:

Total response factor (CP mixture)

Influence of the carbon chain length

Total response factors were compared to different SCCP
homologues with the same chlorine content but different
chain lengths. Data were normalized to theg @ixtures and

. . i inFig. 2 Th I f hardl
Chromatographic separations were performed on an HPf”Ire given Inmg e total response factors were hardly

589011 (Hewlett-Packard, Palo Alto, CA, USA) gas chro- influenced for CPs with a degree of chlorination of 50%.
matograph equipped with a split/splitless injector and a
fused silica capillary column (15m, 0.25mm i.d.) coated
with a 0.25um thick film of DB5-MS (5% phenyl-
methylpolysiloxane, J&W Scientific, Folsom, CA, USA).
Sample volumes of 16l were injected in the splitless
mode (2 min) at an injector temperature of 25 Helium
(99.999%, Carbagas, Basel, Switzerland) was used as carrier
gas at a column inlet pressure of 68.9 kPa (10 psi). The tem-
perature programme was as follows: 2@) isothermal for 5

|—=—|
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2.4. Instrumentation
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b 60%
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Response Factor
D

e

Total

2min, then 15C/min to 280°C and isothermal for 8 min. ]
An HP 5989B (Hewlett-Packard) mass spectrometer was o ﬂ ﬂ ﬁ

employed in the ECNI mode using methane (99.995%, 10 " 12

Carbagas, Basel, Switzerland) as reagent gas at a pressure o Carbon chain length

127 Pa (0.95 Torr). The electron energy was 100 eV. The ion

source temperature was kept at 20D the quadrupOIe tem- Ci2- and G3-CPs determined by HRGC-ECNI-LRMS. Results were nor-

perature at 100C an(_j the transfer line temperature at 260 malized to the mixtures with a chlorine content of 50%. Error bars indicate

The most abundant isotopes of the ]MCI] ~ ions of CPs and the standard deviation.

Fig. 1. Total response factors (average of three measurementg) €G-,
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Fig. 2. Total response factors (average of three measurements) of SCCP homologues with a degree of chlorination of 50% (A) and 60% (B) determined b
HRGC-ECNI-LRMS. Results were normalized to the mixtures gf-Bomologues. Error bars indicate the standard deviation.

They decreased slightly with increasing the chain length for be seen irFig. 3, a slight variation of the measured chlorine
60% CI. However, compared to the chlorine content, the dif- content can lead to a considerable variation in the response

ferences were much lower (factor of 0.5-1.6). factor. Therefore, an accurate determination of the chlorine
content is very important.
3.3. Total response factors of CP mixtures The chlorine content of technical SCCP mixtures can vary

between 30 and 70%. However, the working range of ECNI-
The correlation between response factor and chlorine con-MS methods is limited. In mixtures with a chlorine content
tent was investigated using SCCP mixtures. The chlorine lower than 50%, many congener groups are not detected since
content of a CP mixture can be calculated as shown in Eq.they contain congeners with 1-4 chlorine atoms. Therefore,
(3). a mixture of a chlorine content of 51% was set as lowest

rel. area (conggroupi)chlorine content (congroupi)
rel. total CP area

Chlorine content (CP mixt= "> ©)

The relative area is the area of the congener group dividedPoint of the linearity. A mixture of 69% was chosen to cover
by the area of the internal standartf(10] trans-chlordane).  the whole range up to highly chlorinated mixtures, although
The calculation of the chlorine content is similar to that of CPs with such high chlorine contents could not be detected
the average molar mass as described by Tomy &t@| in environmental Samples. As can be SeerFi@. ?A, the

If determined by ECNI the chlorine content of low chlori- —
nated CP mixtures is systematically too high, since congeners“s 45
with 3 and 4 chlorine atoms are not detected and the relative
abundances of higher chlorinated congeners are overesti-
mated due to much higher response factors. Therefore, the
chlorine content determined in this way always differs from
the value specified by the manufacturer of the CP mixture
[14]. In contrast to low chlorinated CPs, the chlorine content
of highly chlorinated CPs (>65%) is slightly underestimated.

Already Tomy et al. assumed that the signal area of a con-
gener group is proportional to the number of chlorine atoms
as well as to its molar concentration. Therefore, they pro-
posed to divide the signal area of each congener group by
the number of their chlorine atoms as a quantification cor-
rection [10]. This relation was investigated in detail with
seven SCCP mixtures of different composition and chlo-
rine content (51-69%). A reasonably linear correlation was
found between chlorine content and total response factor (see
Fig. 3A). Slopes and intercepts deviated not more than 12%
for five repetitions on five different days. Correlation coef- (
ficients R%) were always >0.9. The same was found for
MCCPs as shown iffFig. 3B. Slopes and intercepts devi- Fig. 3. Dependence of the total response factor on the degree of chlorination

" . for seven different SCCP mixtures ((A) 51-69% chlorine, average of five
0,
ated not more than 8% for three repetitions on three different interday measurements) and nine different MCCP mixtures (B) average of

days. Correlation coefficient®f) were always >0.8. Ascan  hree interday measurements). Error bars indicate the standard deviation.

y = 0.00047x - 0.02748
R2=0.9653

58 59 60 61 62 63 64 65 66 67

2 Total response factor [*1

Chlorine content [%]

y =0.00182x - 0.09898
R2=0.9469

0 . v g
540 545 550 555 56.0 56.5 570 575 580 585

I Total response factor [*1 0'3]

Chlorine content [%]
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Table 1
CP quantification of different SCCP mixtures (51-69% CI) based on chlorine content corrected total response factors: the expected amoungdhe measur
amount and the relative error are given

SCCP mixture (% chlorine content) Expected amount (ng) Measured amount (ng) Relative error (%)
Standards used for establishment of linear functR=0.9730,y = 0.0004k — 0.02391)
51 (58.7% ClI) 1500 1600 7
55%(60.2% Cl) 1500 1600 7
59 (61.7% ClI) 1600 1600 0
64 (64.5% CI) 1100 1000 7
69 (66.1% ClI) 1600 1700 6
Control standards
55%(60.2% Cl) 1500 1600 7
53 (59.8% ClI) 1500 1400 7
59 (62.7% ClI) 1500 1700 13
63 (63.6% ClI) 1500 2000 33
Hordalub 80 (56% CI) (60.3% Cl) 1500 1900 27

The chlorine contents calculated from the ECNI-LRMS measurements are given in brackets.
2 The CP mixture with a chlorine content of 55% was analyzed twice.

response factor varied more for this highly chlorinated mix- of 53, 55, 59 and 63% showed relative errors between 7 and
ture. The ionization might be influenced by different chemical 33%. This is one order of magnitude less than the systematic
and physical properties of highly chlorinated mixtures which errors observed by Coelhan etfdl2] and Zencak et a[15]

have for example two chlorine atoms bound to one carbon (65-940%) and acceptable for a quantification of such com-

atom (e.g. GoH11Cl11). plex mixtures with thousands of isomers. The conventional
quantification of the SCCP mixture of 55% based on the sin-
3.4. Quantification approach gle members of the linear function led to errors of 61, 7, 93,

113 and 373%, respectively.
The total response factor of the CPs in the sample can be o .
determined from the chlorine content using the linear corre- 3.6. Quantification of biota

lation: N .
Ten fish liver samples from the North and Baltic Sea were

Total response factor (CPs in the sampteyx + b 4) quantified by both the conventionfl0] and the modified

) i i . quantification procedure described above. The composition
wherea is the slope of the linear regressionthe chlorine of CPs in fish can be quite different. This can be seen

content calculated from the ECNI analysis amthe axis  from the chlorine content or the average molar mass as

intercept. Once, the total response factor is determined, thegemonstrated by other research gro{11] In general
total CP amount in the sample can be calculated as follows: e average molar mass increases with higher chlorine

CP amount (sample) content. The chlorine contents of SCCPs varied between
) 59 and 62% (388—422g/mol) in fish from the North and

_ relative total area (sample) ) Baltic Sea[4]. Borgen et al. reported average molar masses
total response factor(calculated for the sample) from 378 to 456 g/mol in freshwater fishes from different

locations in Norway (chlorine contents were not specified)
Compared to the conventional quantification procedure, [11].
this modified quantification procedure is independent from  First, the chlorine contents of the SCCPs in the fish sam-
the chlorine content of the CP standard and requires only ples were determined by HRGC-ECNI-LRMS. The degree of
the establishment of the correlation by determining the total chlorination varied between 59.2—62.9% (392-426 g/mol).
response factors for a set of CP standards prior to the analysig-or routine analysis of the samples only three SCCP standard

of a series of samples. were used for the establishment of the linear function (51,
55.5 and 63%, according to the manufacturer). The limited
3.5. Quantification of different SCCP mixtures number of standard mixtures was chosen to reduce the overall

time of the nevertheless long analysis procedure and to avoid

The procedure was first checked with different SCCP mix- the use of technical CP mixtures with additives. Therefore,
tures. Five mixtures were used to establish the linear function, the only three commercially available CP standards of 100%
and another five SCCP mixtures of different chlorine content purity were used. Their measured chlorine contents were
were quantified as controls. The expected and determined58.5, 60.1 and 63.6% (389, 403, 437 g/mol, average of three
amounts and deviations are listedTiable 1 measurements, relative standard deviations of less than 1%).
Deviations were <7% for CP mixtures being part of the The deviation to the manufacturer declaration is due to the
correction function. Control samples with chlorine contents reasons given before. The chlorine contents of the samples
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Table 2

SCCP concentrations (ng/g wet weight) of 10 fish liver samples obtained with the described method and based on three commercial SCCP standards wi

M. Reth et al. / J. Chromatogr. A 1081 (2005) 225-231

different chlorine content (51, 55.5 and 63%)

Quantification

According to Tomy et al[10]

Standard 51 (58.7% Cl)

Standard 55 (60.3% ClI)

Standard 63 (64.0% ClI)

Via total response factér

Sample 1 (61.9% ClI) 790 140 43 73
Sample 2 (62.9% Cl) 1060 180 58 82
Standard 51 (58.2% ClI) Standard 55 (59.9% ClI) Standard 63 (63.4% ClI)
Sample 3 (62.2% ClI) 210 94 21 29
Sample 4 (61.7% Cl) 360 160 37 57
Standard 51 (58.6% ClI) Standard 55 (60.2% ClI) Standard 63 (63.5% ClI)
Sample 5 (61.1% ClI) 170 81 17 34
Sample 6 (62.0% CI) 160 76 16 24
Sample 7 (60.6% Cl) 180 88 18 47
Sample 8 (61.8% Cl) 2500 1200 250 410
Sample 9 (59.2% Cl) 730 350 73 520
Sample 10 (59.9% ClI) 56 27 6 21

The chlorine contents calculated from the ECNI-LRMS measurements are given in brackets.
a Linearity determined with three SCCP mixtures (51, 55.5 and 63%4G,0.999 for samples 1 and B2 = 0.969 for sample 3 and &2 = 0.964 for samples
5-10).

were between those of the standards and none of them wouldccontents were 55.4 and 57.8% (442g/mol, 460 g/mol,
therefore be ideal. average of three measurements, relative standard deviations
The results obtained by the correction mode and the con-of 2 and 1.5%). The interday reproducibility of MCCPs was
ventional quantification procedure are listedable 2 Con- not as good as that for SCCPs. Especially low chlorinated
siderable differences were found, when the standards 55 andMCCPs, such as {gH26Clg had a retention time range of
63 were used (for example sample 8: 1200 and 250 ng/g).six minutes, which increases the possibilities of integration
The corrected results were mainly between the results of theerrors. The calculated chlorine contents of the MCCPs in
standards 55 and 63¢ble 3. samples 1, 3 and 4 were coincidentally close to one of
The correction was also applied to the quantification of the MCCP standards. Therefore, both calculation methods
MCCPs. The degree of chlorination of the sample CPs varied gave similar results. Sample 9 contained a high amount of
between 53.5 and 57.0% (426—456 g/mol). Only two suitable lower chlorinated MCCPs. Therefore, its chlorine content
MCCP standard mixtures could be found (52 and 57%, was far below that of the standard mixtures, and it had to
according to the manufacturer). Their measured chlorine be excluded from quantification. The calculated chlorine

Table 3
MCCP concentrations (ng/g wet weight) of 10 fish liver samples obtained with the described method and based on two commercial MCCP standards with 5:
and 57% chlorine content

Quantification

According to Tomy et al[10] Via total response factor

Standard 52 (56.3% ClI) Standard 57 (58.0%)

Sample 1 (56.5% ClI) 74 64 72
Sample 2 (55.7% Cl) 110 92 120
Standard 52 (55.4% Cl) Standard 57 (57.3%)
Sample 3 (56.8% ClI) 62 36 39
Sample 4 (57.0% Cl) 97 56 58
Standard 52 (55.4% ClI) Standard 57 (57.3%)
Sample 5 (55.0% ClI) 480 33 210
Sample 6 (56.2% Cl) 320 22 47
Sample 7 (56.7% ClI) 630 44 71
Sample 8 (55.1% Cl) 3120 220 1270
Sample 9 (53.5% ClI) 890 63 n.d.
Sample 10 (56.0% CI) 240 17 40

The chlorine contents calculated from the ECNI-LRMS measurements are given in brackets. n.d. not determined.
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content of sample 2 was slightly below that of the available Haarich from the German Federal Institute for Fisheries for
standards. Consequently, the procedure by Tomy et al. ledthe fish samples.

to an underestimation of the MCCP concentration.

4. Conclusions

The determination of the CP chlorine content requires
the quantification of all CP congener groups in a sample.
Moreover, only a limited number of CP standard mixtures
with different composition and different chlorine content are
commercially available. However, it is important to use a
standard mixture with chlorine content similar to that of the
sample to avoid systematic errors of 100% or more. The pre-
sented quantification procedure makes benefit from the linear
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