
HIGH-SPEED LIQUID AND THZN-LAYER CHROMATOGRAPHY OF POLY- 
CHLORINL%TED BIPHENTJLS 

SUMMARY 

High-speed liquid chromatography in the system silica gel/dry n-hexane and 
ultraviolet spectrometry have been used to study the composition of various types of 

commercially available mixtures of chlorinated biphenyls. Special attention has been 
paid to the analysis of highly chlorinated products. In addition to data previously 
published, retention times are recorded for I1 individual polychlorinated biphenyls. 

The results of high-speed liquid chromatography are compared with those ob- 
tained in several normal and reversed-phase thin-layer chromatographic systems. 

Recently, high-speed liquid chromatography (HSLC) of polychlorinated bi- 
phenyls (PCBs) and several common pesticides has been extensively discussed’. 
Chromatography in the system silica gel/dry n-hexane permits rapid qualitative 
azulysis of such compounds, as has been amply demonstrated for the lower members 
of the Aroclot series. Two further aspects of the chromatographic analysis of PCBs 
are discussed in the present paper. First, detailed infformation is given concerning the 
composition of the more highly chlorinated Aroclors, and the HSLC cbromatograms 
of the ArOclors are compared with those of PCB mixtures from other manufacturers. 
Secondly, the usefulness of thin-layer chromatography (TLC), in the normal and 
reversed-phase modes, is demonstrated for the qualitative analysis of the PCB mix- 
tures, and the re.si&.s so obtained are compared with those from RSLC. 

. MATERIALS AND METHCIDS 

The PCB samples investigated included the Aroclors 2221, 1232, 1242, 1248, 
L254, 1260 and 1268 (Monsanto, St. Louis, MO., U.S.A.), Phenoclor DP3, DP4, DP5 
ad DP6 and Pyraalene 2000, 15Nl and 3010 (Prodelec, Paris, France) and Clophen 
A30, A@, A50 and A60 (Bayer, Leverkusen, G.F.R.). Small samples of pure 2,3,2’,4’- 
and 2,5,2’,5’-tetrachlorobiphenyl were obtained from Dr. R. G. WebEi (Southeast 
Erkomnental Research Laboratory, Athens, Ga., U.S.A.); samples of 2,4,5,2’,4’,5’-, 
3,4,5,3’,4’,5’- and 2,3,6,2’,4’,5’-hexachlorobiphenyl and 2,3,4,5,2’,3’,6’-heptachloro- 



biphenyl were gifts from Dr. A. C. ‘Fas acid Dr. R. J. C. Kkipoo! (CW0, Zeist, The 
Netherlands), who also pla& at our disposal samples containing 2,4,5,2’,4’,6’-hexa- 
chlorobiphenyl and 2,3,4,5,2‘,3’,4’-, 2,3,4,f,2’,4’,5’-,2,3,4,5,2’,4’,6’-and2,3,4,5,3’,4’,5’- 
heptachlorobiphenyl. All of the other chemicals were of reagent-grade quality, with 
the ex?ption of n-hexane (see below). 

For HSLC, a Siemens SlOO liquid chromatograph equipped with a IO-@ 
automatid injection syringe and a Zeiss PM2 DLC EN-detector was used. Baseline 
noise was eliminated by inserting an RC-filter (-cRc 0.9 set) ai the output of the 
recorder; long-term drift was decreased by using a home-made thermostatted detector 
cell (volume, 8 ~1; path length, 1 cm). The column was a stainless-steel tube 
(25 cm x 3 mm I.D.), pre-packed with 5-pm Lichrosorb SE 60 silica gel (Merck, 
Darmstadt, G.F.R.). The system was thermostatted at 27 f 1”. 

TLC ir, the normal mode was carried orrt on pre-coated silica gel plates (Kiesei- 
gelz4; Merck) as the stationary phase, with dry n-hexane as the mobile phase. 
Reversed-phase TLC was carried out on Kieselguhr G (Merck) impregnated with 
paraiIin oil, using mixtures of acetonit&e, methanol, acetone and water as solvent 
systems. Details of the various procedures and the method of detection are presented 
in the next section. 

UV spectra were recorded on a Beckman Acta CllI spectrometer using cells 
with quartz windows. 

RESULTS AND DISCUSSION 

High-speed liquid chromatography 
During the HSLC work, problems arose concerning the quality of the n-hexane 

used as the mobile phase. Samples of n-hexane obtained from several Wns were found 
to contain impurities which showed UV absorption in the 200-250 nm range. This 
causes interference in the detection of the PCBs, which have absorption maxima be- 
tween 195 and 225 nm. Further study showed that benzene is often the main impurity. 
In order to avoid such complications, we recommend the use of ChromAR n-hexane 
(Mallinckrodt, St. Louis, MO., U.S.A.) which has 2 very low absorbance down to 
200 nm. 

HSLC chromatograms of the Aroclor 1221-1268 series in the system silica 
gel/dry n-hexane have been published in a recent paper’. In the present study, chro- 
matograms were run of other commercial PCB mi&ures. All of the Phenoclors DP3- 
DP6 and the Clophens A30-A60 displayed UV spectra and HSLC chromatograms 
which are essentially the same as those of the Aroclors 1242-1260 (Table I). A typical 
HSLC chromatogram is presented in Fig. Id. Small differences between the various 
series do occur. For example, in Clophen 830, no peak due to 2chlorobiphenyl could 
be found, although this compound is present in both Aroclor 1242 and Phenoclor 
DP3. Further, the characteristic peaks with tR 2.30-2.60 min previously observed’ in 
Aroclor 1248 also occurred in Phenoclor DP4, but they were virtually absent from 
Clophen A40. 

More striking differences are found when taking into considerationthe Pyralene 
series. As is evident from Fig. la, Pyralene 2000 contains a much higher proportion 
of 2,4’- and of 2,2’-dichlorobiphenyl than does Aroclor 1232, whereas the peaks due 
to biphenyl and 2-chlorobiphenyl were more prominent in the Arslor mixture. Ac- 



EISLC AM3 -%LC OF PCBs 103 

Aroclor 1221 I.15 
1232 2x4 
1242 3.10 
1248 3.90 
1254 -4.96 
1260 6.30 
1268 8.70 

Clophen A30 
A# 
A50 
A60 

PhenoclorDP3 
DP4 
DPS 
DP6 

Pyr2lene 2000 2 
1.503 2.5 
3010 3 

202 (39) 
202 (38) 
204 (41) 

205 (445) 
208 (49) 
209 (5X) 
213 (SO) 

2l?4 (42) 

206 (46) 
209 (51) 
209 (6.4) 

2@+ (W 
2% (47) 
209 (61) 
209 (73) 

202 (41) 
203 (43) 
2cM (43) 

245 (12) 
244 (I 1) 
240-245 
24U-250 

240-24s 

244X2.50 

240-245 
24Q-250 

245 (11) 
24%245 
2-N-245 

1242 
1248 
1254 
1260 

1242 
1248 
1254 
1260 

1232 
- 

1242 

* Values of-s- 10m3 for Clophens and Phenoclors were calculated on the basis of the assumption 
that the mokcukr weights of the various mixxu-es zre equzi to those of the corresponding ArocIors. 

cording to expectation, Pyralene 1500 displayed a chromatogram (Fig. lb) inter- 
mediate between those of Pyralenes 2000 and 3010; Pyralene 3010 showed a retention- 
time patterrr (Fig. lc) which was almost identical with that of Aroclor 1242. A peak 
due to 3-chlorobipheny1, a very minor constituent of low-chlorinated PCB mixtures 
according to most workers (c$ ref. 2), was observed in all Pyralenes and also in the 
lower chlorinated Phenoclors and Clophens. This is in keeping with our previous data 
on the composition of Aroclors 1232, 1242 and, particularly, 1221. In our opinion, 
the discrepancy between the gas-liquid chrcmatogmphic (GLC) and HSLC results 
can be explained at least partly by the fact that the molar response of the electron- 
capture detector to S-chlorobiphenyl is 5-6 times lower than that to both 2- and 4- 
chlorobiphenyl’, whereas the response of the UV detector is similar for 211 three com- 
pound#. 

Retention times in the system silica gel/dry n-hexane and UV spectral data for 
11 PCBs are recorded in Table 11. For ease of comprehension, some data from ref. 1 
are also included in the Table. The following conclusions can be drawn. 

(I) The previous1 assignment of a peak with retention time (tR) 3.95 min to 
2,5,2’,5’-tetrachlorobiphenyl is now shown to be incorrect. This compound actually 
has a retention time of 3.50 mm, which implies that it coincides with 2,4,5,2’,3’-penta- 
chlorcbipheny! and forms part of the large band with r, 3.50-3.80 min in Aroclor 
I254 This is in keeping with GLC results*, which indicate that the 2,5,2’,5’-isomer is 
one of the principal constituents of Aroctor 1254. The peak with f, 3.95 min cannot 
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Fig_ 1. HSLC of (a) Pyralene 2000, (b) Pyntene 1500, (c) Pynlene 3OiO and (d) Cfophen A30 (ca 
200 ppm in n-hexane). Cor?ditions: cakxmn (25 cm x 3 mm 1-D.; Ellex$ with S-pm iichrosorb Sf 60; 
mobile phase, dry n-hexane; flow-rate, 1.4 ml/rain; UV detection at 205 iun; tezaperatwe, 27 i 1”. 
Feak assignments can be made with the help of the data published1 for Aroclors 1232 and 1242. 

be attributed to 2,3,2’,4’-tetrachlorbiphenyl (cjI Table II), since it is one of the PCBs 
shown to be absent4 from Arociors X221-1254. The peaks observed in Aroclor 1254 
with 5, 2.50 and 3.10 tin can be assigned to 2,4,5,2’,4’,5’- and 2,3,6,2’,4’,5’-hexa- 
chlorobiphenyl, respectively. 

(2) The availability of a large number of hexa- and heptasubstituted PCBs 
enables us to assign 10 peaks and shoulders in the HSLC chromatogmm of Arotiior 
1260 to individual PCBs. The interpretation was made with the help of GLC data of 
S&sons and WeltiS for _koclor 1260, and of Tas and co-worker@*’ for Phenodor 
DP6, which has a composition similar to that of Arodor I260 (see above). Sin% the 
resolution of PCBs in the system silica gel/dry n-hexane de$eases with increasing 
cblori=e content, the HSLC chromatograrn of Aroclor 1260 (Fig. 2) was nm at a 
flow-rate of CCI. 0.3 ml/tin (pre&re, 16 bar), in order to optimize the separation ef- 
ficiency of the HSLC system. A chromato_m of Aroclor 1268, mn under the same 
conditions, is included in the figure. Comparison with the C~~OIIXX~O~EUIX for krod~t 

1260 allows the tentative assignment of two correspontig peaks to &3,4,5,2’,4’,5’- 
hepta- and 2,3,4,5,2’,3’,4’,5’-o~~~~o~obi~he~y~. 

(3) The UV spectral data con&m and exte& our earlier observations. Among 
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HSLC RETENTKIN TIMES AND UIV SPECTRAL DATA FOR INDLWDUAL PCBs 
For HSLC and UV conditiom, see text. Retention tie d&a in the lower half of the table have been 
taken G-am ref. 1. 

51 45,2’,5 3.50’ 

52 2,3,2’,4’ 3.90 
53 2,3,6,2’,&.5’ 3.10 
54 _ 2457’4,s 

’ ’ ‘-* 
2.50 

5s 2#,2,4’,6 2.25 
56 3,4,5,3’,4’,5’ 2.90 
57 2,3,4,5x,3*,4’ 2.90 
58 - 2,3,4,5,2’,3’,6 3.05 
59 2 * 3 . 4 t 5 * 2’,4’,5’ 2.30 
60 23452’,4’,6 3 , I I I.95 
61 2,3,4,5,3’,4’,5’ 2.30 

22 2,3,6,2’,5’ 3.80 
7 2 3 4 5 2’,5’ 285 

1t) 2.3,4,2.4’,5’ “‘: 3.00 
21 2,3,6,2’,3’,6’ 3.75 
4 2 J 3 4 5 2’,3’,4’,5’ 2.25 
2 7 3 A 5 6 ‘7’ 3’ 4’ 3 5’ -, gr, , ,- > 3 2.00 
I a3 4 5 6 2’,3’,4’,5’,6’ , f 3 I 1.70 

201 (49). 213, 225 
205 (52), 228 235-240 
207 (54),22&235 
212 (57) 245-2.50 

222 (55), 218, 230 265 (24) 

208 (65), 218, 237 

* Value replaces the infomt retention time quoted in ref. 1. 

the new entries, 3,4,5,3’,4’,5’-hexachlorobiphenyl only exhibited a strong and well for- 
med K band at265 mn, while such a band is absent in highly or&u-substituted PCBs such 
as 2,3,6,2’,4’,5’-hexa- and 2,3,4,5,2’,3’,6’-heptachlorobiphenyl. Further, the extinction 
coefhcients, &,a$*. are ofthe expected order ofmagnitude, 50,000-70,000, and A,,,,,. , mnin 
gerterally falls between 200 and 215 run. Here, however, one should note the exception- 
allylarge bathochromic shit of the main band of 3,4,5,3’,4’,5’-hexacblorobiphenyl, 
which has also been observed by Hutzinger et aLs_ This shift appears to be in keeping 
with the behaviour of other non-o&o-substituted PCBs. For instance, 3,4,3’,4’-tetra- 

& 
J 

20 ‘6 12 8 0 
Tme bmnl 

Fig. 2. Assignment of peaks to individual PCBs (cf. Table II) in HSLC chroruztograms oE Aroclors 
i260(- ) 2nd 1268 (---} (ca. 170 ppin in n-hexane). Conditions as in Fig. I, except for the flow-rzte 
(0.3 m&mirI). 
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TABLE m 

COMPARISON OF BEHAVIOUR OF TRI-, HEXA- AND HEFi.A-!XJBSTITUTED PC& IN 
HSLC 
Retention times are taken from Table IL znd ref- l_ 

Tkktbstituted ta (ml-n) Kexa- tR (tnin) Hepta- tR (mitt) 
PCB subs&u&d zlbsfituted 

PCB PCB 

2,4,6 4.45 2,4,6,2’,4’,6 2.05 2 ’ 3 ’ 4 * 5 * 2’,4’,6 1.95 
2,4,5,2’$‘,6 2.25 

2,4s 4.45 2,4,5,2’,4’,5’ 2.50 -> 7 3 , 4 , 5 t t’,4’,5’ 2.30 
3,4,5,3’,$‘,5’ 2.90 -’ 7 3 ’ 4 ’ 5 ’ 3’,4’,5’ 2.30 
2,3,4,2’,4’,5’ 3-m 

&3,6,Y,4’,5’ 3.10 
2,3,4 6.10 2,3,4,2’,3’,4’ 3.65 2,3,4,5,2’,3’,4 2.90 
2,3,6 6.15 2,3,6,2’,3’,6 3.75 2 3 3 , 4 I 5 I 2’,3’,6 3.05 

chlorobiphenyl has L,,. at ca. 211 nm (ref. 8)) whereas the 2,3,2’,3’-, 2,5,2’,5’- and 
2,6,2’,6’- isomers display maximum absorption at 204, 201 and 200 nm, respectively 
(Table II and ref. 1). A similar trend is observed with the x,x’-dichlorobiphenyls. 

(4) Two general rules have been formulated’ concerning the dependence of 
the retention time of PCBs on the number and position of chlorine atoms in the bi- 
phenyl nucleus: (a) retention generzhy decreases with increasing chlorine content; 
(b) 2,3-substitution distinctly promotes retention. The present data confirm the 
validity of both rules. Moreover, they help to demonstrate that the retention time of, 
e.g., a,b,d’,e’-tetrachlorobiphenyls and a,b,c,d’,e’f’-hexachlorobiphenyls is invariably 
intermediate between those of a,b,a’,b’- and d,e,d’,e’-tetrachlorobiphenyls, and a,&, 
a’,b’,c’- and d,e,f,,d’,e’J’-hexachlorobiphenyls, respectively. An example can be found 
in Table III. 

In ref. 1, no conclusions were drawn regarding the e&ct of 2,6_substitution, 
aithough 2,6-substituted PCBs generally have rather long retention times; for ex- 
ample, 2,6,2’,6’-tetrachlorobiphenyl is even more retarded than the 2,3,2’,3’-isomer. 
This was due to the fact that 2,4,6,2’,4’,6’-hexachlorobiphenyl displayed an unex- 
pectedly short retention time. In Table III, the behaviour of x,y,z-tri-, x,y,z,x’,y’,z’- 
hexa- and 2,3,4,5,x’,y’,z’- hepta-substituted PCBs is compared_ The extraordinary 
bchaviour of 2,4,6,2’,4’,6’-hexachlorobiphenyl is now seen to be the rule rather than 
the exception. With all three series of isomers, retention decreases in the order: 
2,3,6 > 2,3,4 > 3,4,5 > 2,4,5 > 2,4,6. That is, whereas 2,6-substitution promotes 
retention, symmetrical 2,4,6-substitution strongly diminishes the interaction between 
the substituted biphenyl and the silica gel. 

Thin-layer chromatography 
In the literature, several workers have studied TLC of commercial PCB mix- 

tures (e.g., refs. 9-14). From their results, one may tentatively con&de that reversed- 
phase TLC is generally superior to TLC in its normal mode. In the present study, the 
relative merits of three systems have been assessed; (a) silica gclfE-hexane; (b) 
Kiesel,@r impregnated with pa&En oil/acctonitrile-methanol-water (8 :9 :3)O ; (c) 
Kieselguhr impregnated with paraEn oil/acetonitile-methanol-acetone-water (20: 
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20:9:f)‘3. With the latter two systems, the developing solvent is saturated with parafFm 
oil before use. 

Preliminary experiments on TLC in its normal mode showed that separations 
obtained with the system silica gel/n-hexane are superior to separations involving the 
use of, e.g., aluminium oxide as stationary phase or isooctane as eluent. Moreover, 
thorough drying of both the silica gel plates and the hexane considerably increased 
the efhciency of the separation. Therefore, the following procedure’5 was used in all 
further experiments. A pre-coated silica gel plate was dried overnight at 150-160”. 
Subsequently, while the activated plate was still in the oven, the sandwich chamber 
was assembled with the help of a second glass plate and PTFE strips so as to leave a 
lS-cm wide margin of the silica gel plate for spotting. After leaving the plates in a 
desiccator for. 30 min, small spots or ca. L-cm wide zones of a l-2% solution of a 
PCB mixture in decane were applied with the help of a pointed paperwick or an injec- 
tion syringe. After evaporation of the decane (CQ. 30 min), the plate was developed 
(CQ. 30-60 mm) with n-hexane (dried over molecular sieve SA) for a run of length I& 
20 cm. The spots were made visible under UV light (254 run). 

As for reversed-phase TLC, optimal results were obtained with home-made 
Kieselguhr plates. A mixture of 25 g of Kieselguhr and 60 ml of water was used for 
preparation12 of the plates, employing a Camag spreading apparatus. The plates were 
dried overnight, dipped for 2 min in a 8 % solution of paraffin oil in n-hexane or light 
petroleum (b-p. 40-60a) and subsequently dried overnight. Slightly inferior results 
were obtained when using pre-coated Kieselguhr-on-glass plates. Pre-coated Kiesel- 
guhr-on-aluminium foils yielded much less eficient separations. Moreover, with both 
types of ready-for-use layers, the presence of the fluorescent indicator detracted from 
the detection with tolidine reagent. After spotting and evaporation of the solvent 
(see above), development was carried out in a saturated rather than a sandwich 
chamber, using the solvent mixtures mentioned above. For a migration distance of 
IS cm, the run time was CQ. 1 h. After drying the chromatoplates for 30 min, the spots 
were detected by use of a 0.5 % solution of tolidine in 80 oA ethanol containing 0.5 % 
of glacial acetic acid, and subsequent irradiation with UV light (254 nm) for between 
15 min and 16 h. Blue or blue-green, and occasionally brown, spots or zones were 
observed, and can be preserved for several weeks if the chromatoplates are stored in 
a refrigerator. 

Chromatograms obtained with each of the three TLC systems are shown in 
Fig. 3. Lt should be noted that in all cases the number and/or intensity of the zones 
may vary slightly with the experimental conditions. However, this does not seriously 
detract from the use of TLC as a tool for discriminating between PCB mixtures. The 
following conclusions can be drawn. 

The separations achieved in the present normal-mode TLC system are distinctly 
superior to those recorded in the literature, where PCB mixtures either mi_mte as a 
single spotlo*l’ or are resolved into two or three spots9 in arather non-characteristic 
way. In addition, it should be noted that resolution of the slow-migrating PCB mix- 
tures can be improved still further by overdevelopment; m this way, Aroclors 1221 
and 2242 have been resolved into six well separated zones. Compared with reversed- 
phase TLC, normal TLC is more convenient and less time-consuming_ Moreover, 
detection under UV light is far more rapid than is the tolidine-UV technique. On 
the other hand, with the latter method of identification, a complete range of spot 
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Fig. 3. TJX oEAr~=Aors 1221-1268 in three systems: (a) silica gel/n-hexane; (b)Ki&uhrimpregnat- 
ed with p.zraEn oil/aceto~itrite-metol-~vat?r (S:9:3); (c) Kieselgubr impregnated with pan 
oilizcetoni~e-meto~toile-stir (20:20:9:1). FGr deeds, wz text_ 

intensities c-an be discerned, while with direct viewing under UV light the majority 
of the spots are of similar intensity. A further, and more crucial, drrwback of normal- 
mode TLC is that the resolution is inferior to that in reversed-phase TLC. Excehent 
separations were obtained with both reversed-phase systems; muhiple development, 
proposed by several workersr2-i4, seems to be superfiuous. Zor Arocfors I22t-1248, 
the solvent system acetonitriIe+methanoI-water (S:9:3) is recommended, whiie the 
more highly chlorinated Arociors are best separated with acetonitrile-methanol- 
acetone-water (20:20:9:1). Reversed-phase TLC has been successfuhy used (cf- ref. 
16) to demonstrate the similar compositions of Phenoclors DP5 and DP4, and 
Aroclors I254 and E260, respectiveIy_ 

Finally, according to expectations based on o& &XC data, the RR vahes of 
the Aroclors in normal-mode TLC increase, i.e., retention decreases, with in&reasing 
chIor& content. fn order to Firrther corfirn this conckzs~ozr, for several Afodois the 

vzxious zones on the thin-layer chr&atogranG were scraped off and extracted with 
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Fig. d Comparison of the b&.zviour of (a) Araclor 1254 and (b) Aroclor 1260 in HSLC, and in nor- 
mai (N) and reversed-phase (R) TLC. For conditions, see Fig_ 3c (TLC) and ref. L (HSLC). 

rz-hexane, and the extracts were dried over molecu’lar sieve 5A and analyzed by 
HSLC. Typical results are shown in Fig. 4. A similar procedure was foliowed for re- 
versed-phase TLC, where accordin, = to expectations sorption should decrease with 
decreasing chlorine content. Despite some overlap of RJtR ranges in the lower half 
of the figrrre, there is again a fairly strict relation’ between RF sequence and order of 
elution time. It may be concluded that reversed-phase HSLC of PCB mixtures will 
yield a. similar eMion sequence of the individual constituents (although in reversed 
order) as does HSEC in the system silica gel/dry n-hexane. However, in view of the su- 
periority of reversed-phase over normal TLC noted above, the resolution may well 
be superior. 
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