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Multiple linear regressioD can be used as a versatile tool Tor the dctermiaation of tbe total content of traces of polychlorfaatcd 

biphenyls (PCBs) as shovm by Kurkbard and Wdningers COMSTAR prograni'). However, bnause it was dot possible to obtain 

the COMSTAR program, an appropriate computer program wis developed at Deutsche Shell AG PAE-Laboratory comprising all 

the fuDctioos for succesfuM regression. Tills enables tbe analyst to distlaguEsh the compounds of technical PCB mixtures from 

other compounds occurring in the gas chromatogram and to distinguish between the different PCB mixtures. Tbe method Is 

applicable on used mloeml oils e^. used transformer oils giving an instrument for the detection of peaks not bclongiog to a PCS. 

Peaks of other compounds than polychlorinated biphenyls can thus be detected and eliminated. 

Polychlorinated biphenyls (PCBs) constitute a group with 209 theoretically possible congeners. PCBs had been manufaaurcd as 

commercial mixtures: (Aroclors (USA), Clophens (Germany) and Kanochlor (Japan)]. Traces of those mixtures may occur in 

used oils. The determination of the total concentration of those traces in a routine scale is nearly impossible because of the great 

number of congeners of which many arc not commercially available. The main difficulty therefore is the point that not all con

geners can be identified and the response factors of those congeners cannot be determined. 

Clean up Procedure 

Any clean up procedure eliminating interfcrring compounds can be applied. The GC-Analysis has to be done by using capillary 

columns to get the highest resolution as possible and by applying the ECD as a specific and sensitive dctcaor. PAE-Laboratory 

employed the clean up procedure and GC column described in DIN 51 527 P 1. DecacWorbiphcny! was used as internal standard. 

Principle of Multiple Linear Regression 

The principle is, that the regression fimction expressed as: 

Ci = CA"fiA + C„'fiB + Cc>=fic+CoXf.p (1) 

is applied on each PCB congener. In this equation (1) C is the coacenlration of each congener occurring in the chromatogram of 

the sample. C^, Cp, C^ and C^ are the concentrations of the technical PCB Mbdures A, B, C and D by which the sample can be 

contaminated, e.g. the clophens A30, A40 ASO and A60. In lhe set of daVa of one analysis they are ;hc unknown coeHidenls of the 

multiple regression which arc to be dctenmned; f̂ , f.̂ j, f̂^ and f._ being the independent variables in the regression, are the 

weight fractions of the congener i in the technical PCB mixtures A, B, C and D. They have to be determined once and can be used 

as constants m the appropiate computer program of the multiple regression. The only values which have lo be fed, arc the con

centrations of each congener, C. (Cm. values in the tables 1 to 3). The total PCB content of the sample is given by the sum of 

1) UP.Burkhard, D.Weiningcr; Anal. Chem. 1987, 59. 1187-1190 
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C., Cjj, C~ and CL, beeing calculated by the regression: 

£PCB = C^ + Cjj + C^ + Cy (2) 

Using these concentrations and the weight fractions of the congeners in the Clophenes the concentration of each congener is cal

culated (Cc values in tables 1 to 3). 

Peak Selection 

Contrary to normal GC-analysis, where only compounds of the sample are taken into account, in the computer program a fixed set 

of the most significant congeners of the possible technical PCB mixtures has to be installed. Although even the small number of six 

congeners as determined according to DIN 51 527 P 1 is sufficicm to run tbe regression, the number of peaks should be consi

derably higher in order to increase the precision and accuracy. On tbe other hand only those peaks can be used, which are corre

sponding to only one congener and this congener must be commercially available to determine the response factor. We selected a 

set up of 15 peaks each being well separated in the gas chromatogram. 

Adaption of (be Regression/Detection and Elimination of Outliers 

When carrying out the regression negative coefficients, i.e. negative concentrations for clophen mixtures may occur. As negative 

concentrations cannot exist those mixtures must be excluded from the regression. The regression has to be rerun with less coeffi

cients e.g. three instead of four. 

The detection of peaks whicli are not members of one of the Clophen mixtures used in the regression can easUy be achieved by 

comparmg the measured concentrations of the congeners v^ih the calculated ones. If the measured concentration is significantly 

higher than the calculated concentration, this peak may belong to ac other type of halogenated compounds e.g. Ugilccs. After eli

mination of such peaks the regression is rerun and the value of r̂  will increase. 

Therefore, both possibilities were instaUed in the computer program: elimination of coefficient and pealcs. 

It should be mentioned that the elimination of peaks should not be done on a ptue mathematical or statistical basis. In each case 

there should be an analytical justification. Such reasons may be: 

1.) overlaying peaks of other halogen containing substances, e.g. UGILECs (polychlorinated bcnzyltoluenes), 

2.) wrong mtegration of too small or badly resolved peaks. 

It has been foimd tbat in most cases it is not necessary to eliminate peaks. 

Results and Discussion 

The analysis of a test mbcture, containing equal amounts of A30, A40 and A60 wlh a totaJ PCB cODCCDlralioD of 24 p.g/g is shown 

in Table 1. As expected, the agreement between the measured and calculated concentrations of the different congeners is exellent. 

The relative differences are below 10 %. After elimination of the slightly negative concentration of A50 (see Table lb) the agree

ment of the concentrations of tbe Copben mixtures and the total PCBs with the nominal concentrations cannot be better. Accor

dingly the value of r^ is above 0.99. 

The results of the analysis of a tranformcr oJ containing the same amount and type of PCB is summerized in Table 2. Again a 

negative concentration of A50 occurs which has to be eliminated. The comparision of both tables shows that the weight fraaions 

of the congeners in the Gophens are different. The reason is that for analyzing real samples, these weight fractions should be 

determined not in the pure Gophens but m oils doped with the Clophen and beeing run through the total clean up procedure. 

Table 3 shows the analysis of a used oil contaminated with PCBs and with UGILEC. As can be seen from Table 3a, peak no 12 is 

enhanced and might be overlapped by an UGILEC compound. Eliminating this peak increases r̂  but now peak no 11 seems to be 

enhanced. The elimination of this peak leads to Table 3c . Now r̂  is nearly 1.00 showing that the fit is sufficient. Further peak eli

minations (e.g. of the peaks 13 and 14) would ^ve no improvement; on the contrary, in this case the value of r^ would be reduced 

to 0.989 while the total PCB concentration is nearly uneffecled (2023 jLg/g instead of 2024). 

The conformity of the measured concentrations of the 15 congeners with the calculated ones is surprising because there will be 
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difTcrcnccs in the com[)Osilions of the different chlophen mixtures having coniaminatcd the oil and those used here as standards 

(vide ^̂ - •'J- ^\ Even the restriction to the six congeners which are to be determined according to DIN 51 527 P.l can lead to accep

table results, as has been found when applying this regression method on the results of a round robin lest of transformer oils. The 

differences of the measured total PCU contents from the real ones were below ten pwrcent. 

The computer program can be run on every IBM computer, TTLC additional lime required for the input of the GC result into the 

computer and running the regression is below 4 minutes if the data set of the concentrations of the Qophenes has already been 

loaded (this set can still remain in the computer and be used again). Loading this set will need about 15 minutes. 

As this regression program is based on the accuracy of the concentrations determined by the GC-metbod it can only be applied at 

concentrations well above the detection limits. 

2)Vcrband Deutscher Landwirtschafthcher Untcrsuchungs- und Forschungsanslalien: Rahmenkonzcpt fur die 
Routincanalyiik von Polychlorierten Biphenylen, VDLUFA-Schiiftcnreihc, Heft 12 (1985) 

3)E.SchuUe, R.MaUsch: Z. Anal. Chem. 314 (1983) 545 
4)J.C.Duinkcr, D.E.ScbuIz, G.Petrick: Anal. Chem. Vol.60 (1988) 478 
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Table l a : test mixture o( A30/ A40/ A 60/ (1:1:1) equivalent to a concentration of 24 (ig/g total PCB 

Pcak-
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

B a l l . 
no. 

8 
16 
20 
52 
44 
42 
70 

101 
81 
77 

153 
105 
183 
181 
170 

tcc l in ica l clophen n i x tun . ^ 
content i n u s 

A 30 
f l A 

0.0S3G 
0.0336 
o.ooa? 
0.0264 
0.0247 
0.0243 
0.027? 
0.0022 
0.0039 
0.0086 

0.0028 

» 40 
f i B 

0.0025 
0,0089 
0.0416 
0.0701 
0.0572 
0.0246 
0.0717 
0.0213 
0.0339 
0.0603 
0.0034 
0.0206 

0.00006 
0,00089 
0.0046 

squot icnt 
^ 50 
f iC 

0.0042 
0,0018 
0.0073 
0.0589 
0.0279 
0.0034 
0,0409 
0,0772 
0,0934 
0,2056 
0,0303 
0,0818 
0,0033 
0.0029 
0,0120 

A 60 
no 

0,0081 
0.0011 

0,0016 
0,0505 
0,0231 
0,0633 
0,0787 
0,0636 
0,0225 
0,0199 
0,0664 

Cone. 
rt/fl 

(ocas.) 
Co. 

0,647 
0,320 
1,169 
0,830 
0,650 
0,380 
0.810 
0,603 
0,488 
1,048 
0,658 
0.699 
0.187 
0.170 
0,576 

Cone. 
rt/g 

( c a l c . ) 
Cc. 

0.684 
0.340 
1.120 
0.841 
0.669 
0.394 
0.810 
0,593 
0,484 
1,050 
0,664 
0.698 
0,190 
0,169 
0,577 

D i f fe rence 
of eonc. 

Cl».-Ce. 

-0.037 
-0.020 
0.050 

-0,011 
-0,019 
-0,014 
0,000 
0,010 
0,004 

-0,002 
-0.007 
0.001 

-0.003 
0.001 

-0.001 

relative 
d i f f fMxnce 

( t ) 
(Ck^Cc)*100/Cc 

- 5 
- 6 
4 

-1 
- 3 
-4 
0 
2 
I 
0 

- 1 
0 

-2 
1 
0 

Regr. 
no. 

1 

c l i o . 
n a i l , 
no. 

tcc l in ica l clophen Blx turcs 
i ig/g ng/g vglg wj /g 
A 3 0 A 40 ASO A 6 0 

A B C D 

7.95 8.17 -0.13 8.14 

£ PCB 
l 4 / g 

(ocas.) 
Cn. 

24.13 

r -2 

0.996 

Table l b : test mixture of A30/ A40/ A 60/ (1:1:1) equivalent to a concentration ot 24 |xg/g total PCB 
after elimination of ASO as coefficient 

Pcak-
no. 

8 
9 

10 

B a l l . 
no. 

B 
16 

20 
52 
44 
42 
70 

101 
81 
I I 

153 
lO i 
183 
181 
1/0 

technica l clophen B lx tu r t x 
content i n nassquotient 

A 30 
f i A 

0.0836 
0.0336 
0.0982 
0.0264 
0.0247 
0.0243 
0.0272 
0.0022 
0.0039 
0.0086 

0.0028 

A 40 
f i B 

0,0025 
0,0089 
0,0416 
0,0701 
0,0572 
0,0246 
0,0717 
0,0213 
0,0339 
0,0603 
0,0034 
0,0206 

0.00086 
0.00039 
0.0046 

A 50 
f iC 

0,0042 
0,0018 
0,0073 
0.0589 
0.0279 
0,0034 
0.0409 
0.0772 
0,0934 
0,2056 
0.0303 
0.0818 
0.0033 
0.0029 
0.0120 

A 6 0 
f iD 

0.0081 
0.0011 

0.0016 
0,0505 
0,0231 
0.0633 
0.0787 
0,0636 
0,0226 
0,0199 
0,0664 

Cone. 
rt/g 

(»cas.) 
OB. 

0.647 
0.320 
1,169 
0.830 
0.650 
0.380 
0.810 
0.603 
0.488 
1.048 
0,658 
0.699 
0.187 
0.170 
0.576 

Cone. 
rt/9 

( c a l c . ) 
Cc. 

0,684 
0,340 
1,120 
0,841 
0,669 
0,394 
0,810 
0,593 
0,484 
1,050 
0,664 
0.698 
0.190 
0.169 
0.577 

D i f fe rence 
o f cone. 

Ca.-Cc. 

-0.037 
-0.020 
0,050 

-0,011 
-0.019 
-0.014 
O.OOO 
0,010 
0,004 

-0,002 
-0.007 
0.001 

-0.003 
0,001 

-0,001 

relative 
d i f f e rence 

(*) ( C B - C C ) « 1 0 0 / C C 

-s 
-6 
4 

-1 
-3 
-4 
O 
2 
1 
0 

-1 
0 

-2 
1 
0 

Result 

Regr. 
no. 

2 

e l i n . 
B a l l , 
no. 

technica l clophen • i x t u res 
i 4 / g M / g f g l i i 4 / g 
A 3 0 A 40 ASO A 6 0 
A B C D 

8.00 8.01 0 8.03 

I PCS 
l 4 / g 

(OMS.) 
ca. 

24,04 

r -2 

0.995 
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Table 2a: tranformer oil containing 24 |ig/g PCB (A30/ A40/ A 60 = 1:1:1) 

Pcali-
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Bali. 
no. 

8 
16 
?0 
52 
44 
42 
70 

101 
81 
7/ 

153 
105 
183 
181 
1/0 

technical clophen aixtures 
content in mssquotient 

A 30 
flA 

0.0668 
0,0323 
0.0751 
0.0173 
0,0194 
0,0212 
0,0229 

0,0035 
0,0095 

0,0034 

A 40 
fIB 

0,0070 
0,0308 
0,0552 
0,0476 
0.0211 
0,0649 
0,0058 
0,0273 
0.0529 
0.0027 
0,0200 

0.0007S 
0,00110 
0,0055 

ASO 
fiC 

0,0035 
0,0011 
0,0048 
0,0440 
0,0194 
0,0022 
0,0357 
0,0597 
0.07S3 
0,1730 
0,0266 
0,0688 
0,0032 
0,0026 
0,0150 

A 60 
fiO 

0,0056 

0,0013 
0,0359 
0.0174 
0.0487 
0,0643 
0,0494 
0,0176 
o.oiei 
0,0648 

Cone. 
w/g 

(«cas.) 
CB. 

0,628 
0,287 
0.819 
0.640 
0,626 
0.419 
0,699 
0,452 
0,340 
0,855 
0.555 
0,632 
0.153 
0,134 
0,581 

Cone. 
rt/g 

(calc.) 
Cc. 

O.SOl 
0,304 
0,834 
0,645 
0,556 
0,344 
0,739 
0,337 
0,383 
0,881 
0,575 
0,602 
0,160 
0,150 
0,610 

Difference 
of cone. 

Ca.-Cc. 

0,127 
-0,017 
-0.015 
-0.005 
0.070 
0.07S 

-0,040 
0,116 

-0,043 
-0,026 
-0,020 
0,030 

-0.007 
-0.016 
-0.029 

relative 
difference 

(*) (Di-Cc)'IOO/Cc 

25 
-6 
-2 
-1 
13 
22 
-5 
34 

-11 
-3 
-4 
S 

-4 
-11 
-5 

Regr. 
no. 

1 

e l i m . 
B a l l , 
no. 

technical clophen mixtures 
vg/g i 4 / 9 14/9 M / g 
A 3 0 A 4 0 ASO A 6 0 

A B C O 

7.52 8.82 -0.49 8.78 

£ PCB 
^g/g 

(ncas.) 
C E . 

24.63 

r -2 

0.954 

Table 2b: tranformer oil containing 24 iialg PCB (A30/ A40/ A 60 = 1:1:1) 
after elimination of ASO as coefficient 

Pcak-
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

B a l l . 
no. 

8 
16 
20 
52 
44 
42 
70 

101 
81 

// 153 
105 
183 
181 
170 

technical clophen n ix tures 
content i n mssquot icn t 

A 30 
f iA 

0.0668 
0,0323 
0,0751 
0,0173 
0.0194 
0.0212 
0.0229 

0.0035 
0,0095 

0,0034 

A 40 
f i 8 

0,0070 
0,0308 
0,0552 
0,0476 
0,0211 
0,0649 
0,0058 
0,0273 
0,0529 
0,0027 
0,0200 

0,00075 
0,00110 

0,0055 

ASO 
f i C 

0,0035 
0,0011 
0,0048 
0.0440 
0.0194 
0,0022 
0,0357 
0,0597 
0,0753 
0,1730 
0,0266 
0,0688 
0,0032 
0.0026 
0,0150 

Aeo 
f iD 

0,0056 

0,0013 
0,0359 
0,0174 
0,0487 
0,0643 
0,0494 
0,0176 
0,0161 
0,0648 

Cone. 
i ^ / g 

(neas.) 
do. 

0.628 
0.287 
0.819 
0.640 
0.626 
0.419 
0,699 
0,452 
0,340 
0,855 
0,555 
0,632 
0,153 
0,134 
0,581 

Cone. 
pglQ 

( c a l c . ) 
Cc. 

0.501 
0,304 
0,834 
0.645 
0.556 
0,344 
0,739 
0,337 
0,383 
0,881 
0,575 
0,602 
0,160 
0,150 
0,610 

Di f ference 
of cone. 

Cta.-Cc. 

0,127 
-0,017 
-0,015 
-0.005 
0.070 
0.075 

-0.040 
0.115 

-0.043 
-0,026 
-0.020 
0.030 

-0.007 
-0,016 
-0,029 

relative 
d i f fe rence 

( t ) 
(Cto-Cc)'100/Cc 

25 
-6 
-2 
-1 
13 
22 
-5 
34 

-11 
-3 
-4 
5 

-4 
-11 

-5 

Result 

Regr, 
no. 

2 

of regression; 

e l i i . 
B a l l , 
no. 

technical clophen a ix tures 

f^ f.l f^ f^ 
A B C O 

8.56 7.82 0 8.48 

£ PCB 
l ig/g 

("oas.) 
Ca. 

24.86 

r -2 

0,941 
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Tabic 3: unknown used oil contaminated with PCBs and UGILEC 
Tabic 3a: Regression wiUi all peaks 

Peak-
no. 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Ball. 
no. 

8 
16 
20 
52 
44 
42 
70 

101 
81 

// 153 
105 
183 
181 
170 

techr ical cloplien mixture! 
content in nassquotient 

A 30 
fiA 

0.0668 
0.0323 
0.0751 
0.0173 
0.0194 
0.0212 
0.0229 

0.0035 
0.0095 

0.0034 

A 40 
fiB 

0.0070 
0,0308 
0,0552 
0,0476 
0,0211 
0,0649 
0,0058 
0,0273 
0,0529 
0.0027 
0,0200 

0,00075 
0,00110 
0,0055 

A 50 
fiC 

0,0035 
0,0011 
0,0048 
0,0440 
0,0194 
0,0022 
0,0357 
0,0597 
0,0753 
0.1730 
0,0266 
0,0688 
0,0032 
0,0026 
0,0150 

A60 
fiD 

0,0056 

0,0013 
0,0359 
0,0174 
0,0487 
0,0643 
0,0494 
0,0176 
0,0161 
0,0648 

Cone. 
14/9 

(meas.) 
Cm. 

107,30 
50.50 

138.50 
46,60 
46,00 
37,50 
52,50 
10,88 
14.56 
55.00 
16.72 
62.30 
1.22 
1.17 
3,62 

Cone. 
i4/g 

(calc.) 
Cc. 

111.650 
55,297 

131.753 
46.827 
44.339 
39.769 
56.057 
16.703 
24,996 
59.740 
17,625 
29,240 
4,280 
3,953 

16,732 

Difference 
of eonc. 

Cm.-Cc. 

-4.350 
-4.797 
6.747 

-0.227 
1,661 

-2,269 
-3.557 
-5.823 

-10.436 
-4.740 
-0.905 
33,060 
-3,065 
-2.784 

-13,109 

relative 
difference 

( t ) 
(C»-Ce)«100/Cc 

-4 
-9 
5 
0 
4 

-6 
-6 

-35 
-42 
-8 
-5 

113 
-72 
-70 
-78 

Table 

Peak-
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
13 
14 
15 

lb: elinination of 

Ball. 
no. 

8 
16 
20 
52 
44 
42 
70 

101 
81 
77 

153 
183 
181 
1/0 

peak no 12 

technical clophen mixtures 
content in massquotlent 

A 30 
fiA 

0,0668 
0,0323 
0.0751 
0.0173 
0.0194 
0.0212 
0.0229 

0,0035 
0,0095 

A 40 A 50 
fiB fiC 

0,0035 
0,0070 0,0011 
0,0308 0,0048 
0,0552 0,0440 
0,0476 0,0194 
0,0211 0,0022 
0,0649 0,0357 
0,0058 0,0597 
0.0273 0.0753 
0.0529 0.1730 
0.0027 0.0266 

0.00075 0.0032 
0,00110 0,0026 
0.0055 0.0150 

A6a 

no 

0.0056 

0.0013 
0.0359 
0.0174 
0.0487 
0,0643 
0.0176 
0.0161 
0,0648 

Cone. 
ug/g 

(meas.) 
Cm. 

107.30 
50.50 

138.50 
46,60 
46,00 
37,50 
52,50 
10,88 
14.56 
55,00 
16.72 
1.22 
1.17 
3.62 

Cone. 
, rt/g 
(calc.) 

Ce. 

111,480 
55,288 

131.822 
45,874 
44,375 
39,883 
55.799 
11,772 
21,961 
51.735 
10.213 
2.327 
2.176 
9.506 

Difference 
of cone. 

Cm.-Cc. 

-4.180 
-4,788 
6,678 
0.726 
1.625 

-2,383 
-3,299 
-0,892 
-7,401 
3,265 
6,507 

-1,112 
-1,007 
-5,883 

relative 
difference 

(V) 
(CB-CC)"100/CC 

-4 
-9 
5 
2 
4 

-6 
-6 
-8 

-34 
6 

64 
-48 
-46 
-62 

Table 3c: f u r t t i e r e l i n i 

Peak-
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
13 
14 
15 

B a l l . 
no. 

8 
16 
20 
52 
44 
42 
70 

101 
81 
I I 

183 
181 
170 

u t i o n o f peak no 11 

techn ica l clophen mixtures 
content i n n s s q u o t i e n t 

A30 
fiA 

0.0668 
0.0323 
0,0751 
0,0173 
0,0194 
0,0212 
0,0229 

0,0035 
0.0095 

A 40 A 50 
f i B f iC 

0,0035 
0.0070 0,0011 
0,0308 0,0048 
0,0552 0,0440 
0.O476 0.0194 
0.0211 0.0022 
0.0649 0.0357 
0.0058 0.0597 
0.0273 0.0753 
0.0529 0.1730 

0.00075 0.0032 
0,00110 0,0026 

0,0055 0,0150 

A 60 
fiD 

0,0056 

0,0013 
0,0359 
0,0174 
0,0487 
0,0176 
0,0161 
0,0648 

Cone. 

rt/g 
(meas.) 

cm. 

107,30 
50,50 

138,50 
46,60 
46,00 
37,50 
52,50 
10,88 
14,56 
55,00 
1,22 
1.17 
3,62 

Cone. 

«/g 
( ca l c . ) 

Cc. 

111,533 
55.250 

131.684 
46.062 
44.485 
39.776 
56.065 
10.263 
22,144 
51,528 
0,989 
0,942 
4.637 

Di f ference 
of cone. 

Cm.-Ce. 

-4.233 
-4.750 
6.816 
0,538 
1,515 

-2,276 
-3,565 
0,617 

-7,584 
3,472 
0,226 
0.227 

-1.014 

relative 
d i f f e rence 

(%) (C»-Cc)'100/Ce 

-4 
-9 
5 
1 
3 

-6 
-6 
6 

-34 
7 

23 
24 

-22 

Result of regress ion: 

Regr. 
no. 

1 
2 
3 

e l i m . 
B a l l , 
no. 

105 
153 

technica l clophen mixtures 
n l g M i /g vg /g 
A 30 A 40 A 50 

A B C 

1664 199 134 
1663 207 115 
1662 200 139 

r g l t 
A 60 
0 

210 
102 
22 

£ PCS 
mi/g 

(meas.) 
cm. 

2207 
2088 
2024 

r-2 

0.928 
0.988 
0,991 
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