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SUMMARY 

The use of high-resolution capillary columns for the separation of +lynuclear 
aromatic hydrocarbons (PAHs) by _m chromatography is described_ With the ex- 
ception of 1,2-benz[a]anthracene and chrysene, the other PA&, with 2-7 rings, are 
at least 50% resolved. 

The retention indices of 70 polycyclic aromatic hydrocarbons in temperature- 
programmed gas chromatography have been calcuIated by improved linear inter- 
polation. 

The efficiency of the gas chromatographic separation of P-4& was evaluated 
during these investigations. The accuracy and the reproducibility of the calculated 
retention indices and also the i&uence of several chromatographic parameters on 
the retention indices have been investigated. 

The gas chromatographik detection of 5 ng of 10 PAHs indicated that the 
glass capillary cohtmn (16 m, 2.5 % SE-52)allows a limit of detection of 0.5 ng. 

INTRODUCIION 

The carcinogenic properties of certain polycyclic aromatic hydrocarbons 
(PAHs), especially the benzpyrene fraction, have been recognized for more than 
40 year.9. Polynuclear arenes occur extensively in airborne particulate matter and 
their occurrence in smoked food products is of particular concern. The polynucl- 
arenes are formed during the incomplete combustion of all hinds of organic materials 
and dissipate via the atmosphere. It has been proved that this organic fraction, con- 
taining many PA%, represents the main source of carcinogenic hydrocarbons 
ingested by humans2-i, and it is therefore important to identify and determine these 
compounds_ 

The detection and identification of PAHs are generally carried out by W 
spectTos=PYs, fluores0zrkce6-8, 
gaphy” and high-performance 
been used with varying SKCWS. 

thin-layer chromatographyg-‘2, paper chromato- 
liquid chromatographylq-lg_ These techniques have 
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As the number of known carcinogenic polyaromatics has increased consider- 
ably, their dqtecticn has been carried out by more sophisticated techniques, in 
particular capillary column gas chromatography (GC) combined with mass spectrom- 
el.$%14_ 

The objectives of this study were three-fold. Firstly, the retention indices of 
70 polycyclic aromatic hydrocarbons in temperature-programmed gas chromato- 
graphy were calculated by improved linear interpolationz5. Secondly, the influence 
of several GC parameters (column length, concentration of the stationary phase, gas 
flow-rate, temperature programming and the injection system) on the separation and 
the reproducibility of the retention indices of the PAHs was studied. Thirdly, ‘the 
GC detection limit of the PAHs was determined. 

EXPERIMENTAL 

A VaTian 2700 gas chromatograph, equipped with a flame-ionisation detector, 
was used for the analysis of the PAHs. The retention times of the PAHs and n-alkanes 
with even carbon number (C&C& were measured with a Hewlett-Packard 3352C 
data system. The capillary columns, statically coated with SE-52 as stationary phase, 
were conditioned at 300” for 16 h. The chromatographic operating conditions are 
summarised in Table I. 

TABLE I 

CHROMATOGRAPHIC OPERATING CONDITIONS FOR THE CAPILLARY COLUMNS 

Detector 
Detector temperature 
Injector temperature 
Injection system . 
Liquid sample volume 

column 

Carrier gas (helium) flow-rate 
Column temperature 

Recorder attenuation 

FlD 
j20° 
320” 
Glass insert of 2 mm I.D.; Chrompack glass solid injector 
1 ,QI with glass insert; 
l-10,4 with solid injector 
Length 33.3 or 16.6 m; 
I.D. 0.5 or 0.25 mm: 
coated with 5 or 2.5 mgjml of SE-52 
6 or 3 ml/min 
50” held for 5 min, then programmed at 6’/min to 320”; 
70” held for 5 min, then programmed at 4’/min to 320’ 

8, 32, 80 and 256 

The restriction of the solid injector used was adapted in such a way that two 
thirds bf the helium gas flowed through the restriction and one third through the 
capillary column. With temperature programming from 70” to 320”, the flow-rate of 
helium through the end of the capillary coiumn was decreased from 6.3 to 3.7 ml/min. 
For capillary columns with a small internal diameter (0.25 mm), the back-pressure 
was so high that the use of a solid injector was excluded. 

The PAH compounds were obtained from Aldrich (Milwaukee, Wise., U.S.A.), 
Carlo Erba (Milan, Italy), Sigma (St. Louis, MO., U.S.A.), Ferak (Berlin, G.F.R.:. 
ICN (Plainview, N-J. U.S.A.) and Fluka (Buchs, Switzerland). The materials supplieii 
by Carlo Erba were dissolved in benzene at a concentration of 10 I, 0.05 ppm. The othe - 
aromatic hydrocarbons were solids with purities of 95-99 %_ 
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The retention indices of the P_4Hs were calculated by improved. linear inter- 
polation. If V(X) is the net retention volume of a PAM compound eluted behvcen 
hydrocarbons with net retention volumes V(1) and V(2), the retention index of the 
unknown PAH X is defined by 

(1) 

where 1,(X) represents the isothermal retention index. Replacing the logarithm of the 
retention volumes by the retention temperature, the equation becomes 

(2) 

where I,(X) is the temperature-programmed GC retention index of the PAH X. After 
simplification of eqn. 2, the retention index of a PAH X, eluted between two hydro- 
carbons with even carbon number, is given by 

where I(X), t(l) and f(2) represent the retention times of the PAH X and the two 
hydrocarbons. 

The influence of gas chromatographic parameters on the resolution of the 
capillary column and the deviation of the retention indices of PAHs were carried out 
with a mixture containing 200 ng each of phenanthrene, anthracene, fluoranfhene, 
2,3-benzofluorene, pyrene, chrysene, perylene and benzo[a]pyrene standards. 

RESULTS AND DISCUSSION 

The retention indices of 70 polycyclic aromatic hydrocarbons are given in 
Table II. 

TABLE II 

RETENTION INDICES OF 70 PAHs IN TEMPERATURE PROGRAMMED GAS CHROMA- 
TOGRAPHY CALCULATED BY IMPROVED LINEAR INTERPOLATION 

Peak No. P&i Retention index, I 

1 Naphthalene 1172 
2 Tetrahydroacenaphthene 1357 
3 Biphenyl 1364 
4 a,o’-Bitolyl 13x7 

2 Acenaphthylene 1.8-Dimethylnaphthalene 1426 1450 
7 Acenaphthene 1461 
S Perhydrophenanthrene 1503 
9 Fluorene 15.55 

10 m,m’-Bitolyi 1574 
I1 9-MethyItluorene 1579 
12 p,p’-Bitolyl 1590 
I3 Octahydroanthracene 1667 
I4 ZMethyltkorene 1673 
15 I-Methylfluorene 1679 
16 Octahydrophenathrene 1693 

(Continued on p. 112) 
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TABLE II (contiti) 

Peak No. PAN Rerention index, Z 

3,4,X,9-Dibenzopyrene 

Phenanthrene 
Anthracene 
7,S-Benzoquinoline 
Carbazole 
3,4-l.3enzoquinoline 
S-,6-Benzoquinoltne 
A&dine 
2-Methylphenznthrene 
2-Methylanthracene 
1-Methylphenanthrene 
9-Methylanthracene 
9-Butylanthracene 
nuoranthene 
Pyrene 
9,10-Dimethylanthracne 
p-Terphenyl 
1 ,ZBenzofiuorene 
Retene 
&3-Eknzofluorene 
Triptycene 
I-Methylpyrene 
Fknzo[clphenanthrene 
o-Quaterphenyl 
9-Phenylantbracene 
9,10-Benzophenantbrene 
1,2-Eknzanthracene 
Chrysene 
2,3-Benzanthracene 
l,lO-Dirnethylbenz[a]acridine 
5,7-Dimethylbenz[a]acridine 
2,10_Dimethyl[a]acridine 
3,4-Benzofluoianthene 
11,12-Eknzofluoranthene 
7,12-Dimethyltrenz[a]anthracene 
Benzo[alpyrene 
Perylene 
20(3)-Methylciiolzdhrene 
m-Quaterphenyl 
7-Methylbenz[a]antbracene 
9,10-Diphenyknthra~eene 
1,2,5,6-Dibenzxridine 
I,2,7,8-Diknzacridine 
OPhenylenepyrene 
1,2,.5&i-Dibenzmthrzcene 
1,2,3,4_Dibenzanthracene 
1,2,7,8-Dibenzphenanthrene 
Benzo~fzilperylene 
7H-DiberzarbazoIe 
Ananthrene 
1,2,3+Dibenzopyrene 
Coronene 
1,2,4,5-Dibenzopyrene 
3,4,9,10_Dibenzopyrene 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

:: 
30 
31 
32 
33 
34 
35 
36 
37 
38 

z 

:; 
43 
44 
4.5 
46 
47 
4S 
49 
50 
51 
52 
53 
54 
55 
55 
57 
55 
59 
60 
61 
62 
63 
64 

:; 
67 
68 
69 
70 

1742 
1752 
1755 
1766 
1787 
1800 
1808 
1860 
1872 
1883 
1901 
1934 
2011 
2057 
2084 
2154 
2161 
2176 
2178 
2179 
2212 
2336 
2365 
2374 
2392 
24cO 

2426 
2611 
2662 
2670 
2694 
2702 
2711 
2778 
2800 
2900 
2923 
2939 
3ooo 
3047 
3054 
3081 
3095 
3103 
3140 
3146 
3157 
3183 
346S 

3523 
3540 
3570 
3588 
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. 

TABLE III 
: 

THE RETENTION INDICES OF PAKs AS A FUNCTION OF THE CONCE=TlON OF 
THE STATIONARY PHASE 

C&mm, 16.6 m x 0.5 mm I.D.; temperature programmed at 6”/min; gas flow-rate, 6 mI/min. 
-- 
hjection CO?RpOURd Concentration of the SE-52 stationary phase AZ 

2.5 mgiml 5 m&ml 

Glass insert Phenanthrene 1753 I763 10 
An’rhracene 1762 1773 11 
Fluoranthene 2023 2042 19 
Pvrete 2070 2086 16 
2_3-Benzofhorene 2190 2206 16 
Wne 2413 2431 18 
Eknzo[a&rene 2790 2812 22 
Perylene 2815 2837 22 

Solid injector Phenanthrene 1739 1756 17 
Anthracene 1749 1765 16 
Fluorauthene 2031 ’ 22 
Pyre= 2055 2080 25 
2,3-BenzotIuorene 2176 2200 24 
chrysene .24QO 2424 24 
~k&v== 2769 2800 31 
Perylene 2795 2832 37 

The retention data for phenanthrene, anthracene, fluorantheue, pyrene, 2,3- 
benzofluorene, chrysene, bcnzojrrlpyrene and perylene, calculated as functions of 
several GC parameters, are given in Tables III-VT. 

TABLE IV 

RETENTION INDICES OF PAHs AS A FUN-ION OF COLUNN LENGTH 

Caantration of stationary phase (SE-52), 2.5 mg/,ml; temperature programme, 6”-min; gas flow- 
rate, 6 ml/min. 

Injection compo~ coiwnIl iellgth AZ AZ/m 

16.6 m 33.3 m 

Glass insert Phenauthrene 1753 1757 4 0.2 
Anthracene 1762 1766 4 0.2 
Fhoranthene 2023 2030 7 0.4 
Pyrene 2070 2079 9 0.5 
2,3-Benzofiuorene 2190 10 0.6 

We 2413 2422 9 0.5 
Be==Mpyrene 2790 2800 10 0.6 
Perykne 28i5 2825 10 0.6 

Sp;id injector Phemthrene 1739 1761 22 I.3 
Antkuxccne 1749 1770 21 I.3 
Fluoranthene 2037 28 1.7. 
Pvrene 2055 2086 31 1.9 
&3-Benzofluonne 2176 2207 31 1.9 

chryseue 2434 34 2.0 

Be=Mkwene 2769 2823 54 3.2 
Perylene 2795 2847 48 2.9 
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TABLE V 

RETENTION INDICES OF PAHs AS A FUNCXION OF TEMPERATURE PROGRAMMING 
RATE 
CoIumn, 16.6 m x OS mm I.D.; concentration ofstationary phase (SE-52). 2.5 mglml; gas flow-rate, 
6 ml/min.. . 

Injectron Compound Temperature programming rate 

4”lmin 6”imin 

Ai Al/T. ti 

GIass insert Phenanthrene 1740 1753 
Anthracene 1750 1762 
Fluoranthene 2009 2023 
Pyrene 2054 2070 
2,3-Benzofiuorene 2175 2190 
Chrysene 2394 2413 
Benzo[algyrene 2766 2790 
Perylene 2791 2815 

Solid injector Phenanthrene 1730 1739 
Anthracene 1740 1749 
FIuoranthene 1997 2009 
Pyrene 2041 2tX5 
2,fBenzofluorene 2161 2176 
Chrysene 2378 2400 
Benzo[a]pyrene 2744 2769 
Petylene 2769 2795 

13 7 
12 6 
14 7 
16 8 
15 8 

10 
2 12 
24 12 

9 5 
9 5 

12 6 
14 7 
15 7 
22 11 
25 13 
26- 13 

The gas chromatographic resolution of 36 standard PApfs is illustrated in 

Fig. 1. Fig. 2 illustrates the gas chromatogram of these PAH standards and n-alkanes 
with even carbon number (CIO-C3,). 

TABLE VI 

RETEMTlON LNDZCES OF PAHs AS A FUNCTION OF CARRIER .GAS FLOW-RATE 

Column Iength, 16.6 m 2: 0.5 mm I.D.; concentration of stationery phase (SE-52). 25 mglml; 
temperature programming rate, B”/min. 

Injection Compound Gasflow-rate AZ AI/ml * min 

3 mllmin 6 mlf min 

Glass insert Phenanthrene 1768 1753 15 5.0 
Anthracene 1778 1762 5.5 
Fluoranthene 2O.M 2023 

: z 
7.0 

4r=ne 2093 2070 23 7.5 
&3BenzoRuorene 2212 2190 22 7.5 
Chrysene 2437 2413 24 8.0 
Benzo[alpyrene 2824 2790 34 11.5 
Perylene 2848 2815 33 11.0 

Solid injector Phenanthrene 17.54 1739 15 5.0 
Anthracene 1764 1749 15 5.0 
Fluoranthene 2030 ZOO9 21 7.0 
Pyrene 2078 2055 23 7.5 
2,3BenzoRuorene 2200 2176 80 
Chrysene 2422 2400 u” 7‘5 
Benzo[alpyrene 2800 2769 31 1015 
Perylene 2828 2795 32 10.5 

- 
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Fig. 1. Gas chmmatogr;un of 36 standard PAHs on an SE-52 capilIary CQ&~X.L 

The signal-to-noise ratio for a~ injection of 5 ng each of biphenyl, p&an- 
threne, fluorene, fluoranthene, cbrysene, benzo[a]pyrene, benzo~~i~pery~ig+, 1,2&k 
dibenzanthracene, coronene and 3,4,9,Kkiibenzopyrene standa+ is represg&d ig 
Fig. 3. : 

The retention indices given in Table G show that the eluti& of -PA% ,on & 
SE-52 captiaq column is a fk~ction of their mofec+r weights and. their b+.ng _or 
sublimation points. Another important factor is the stereochemiczl S~&CQUZ qf the 
moleculeI Considering the two isomers benzo[c]phenanthrene and 2,3-benzanti- 
cene, there is a difference of 90 Kov&s retention index units. .. _. . 

I ‘I w I ’ 
Benzo [clphenanthrene 2,3-Benzanthracene 
Mol. wt. 228 Mol. wt. = 228 
I = 2336 I = 2426 

The higher retention index for 2,3-benzanthracene may be makEy explaiced by the 
planar structure of the mofecule. Therefore, the equilibrium between the two phases 
and also mokcular diffusion will be faster for the benzo[c]phenanthrene i~~olecuk 
than for 2,fbenzanthrzcene. . 

An increase in the retention index is also observed when the PAJ& are stibsti- 
kded by alIcy1 groups. On lengthening the alkzyl group, the retention index tends to 
dzcrease; thus, the difference between 9-butylanthracene and %netb$arkkacene is 
@?!y 33 Kov& retention index units. On the other hand, the atr.achment of a benzene 
ri “o to an aromatic hydrocarbon considerabiy increases the retention index (for 9- 
,t’:~nyknthracene I = 2374). 

As we can observe from the res&s given in Table k, the adsorption..of d& 
f imatic hydrocarbons on the SE-52 stationary phase is dependent on &e individtia~ 
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Fig. 2. Gas chromatogram of 36 standard PAHs and n-alkanes with even cazbon number ~CC,~-&I 
on an SE-52 capilhuy columr~ 

positions of the alkyl groups. Methylation of fluorene in the 2- or I-position increases 
the retention index more than that in the 9-position. In fact, substitution by a methyl 
group to give branching at the Q- or p-carbon atom was found to cause steric hindrance 
to adsorption, so that branching of an alkyl group has an e&et on the retention 
indices of alkylaromatic hydrocarbons. These findings cannot be generalized to all 
aIkyIaronatic hydrocarbons, bccar-lse 9-methylanthracene has a higher retention 
index than 2-methylanthracene. Finally, we can conclude that the retention index of 
the PAHs increases proportionateiy with the number of carbon atoms, with the 

Fig. 3. Gas chromatogram of a 5-ng injection of 10 PAHs with 2-7 rings on an SE-52 G@ti.ir 
WlUIIlIl. 
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mokaihr weight and with the boiling or subbmation point of the connpous& In 
addition, the retention iudices of all@-substituted po~ynuckar areues are afkted 
by steric interactions.~ 

Many experiments have shown that the reproducibity of the retention iudices of 
PAHs injected with a glass insert system is & 1 Kovzk retention index u&t, whereas 
iujectiou with a solid injector gives a repmducibtity of f 4 units. 

The gas ~hrmn.at~g~~phk analysis of the PA& i&&rated in Fig. I shows the 
resolution of several isorueric soups. 5% the chrysene group, mnsistiug of six corn- 
pounds, 1,2beuzzutbracene and cbryseue are not resolved. However, the other c&G 
stituents are well separated. From the chromatogram it can also be seen that the 
important beuzopyreue fraction, consistiug 0 f 3,4- and L X,12-ben&uorautheuenthene, 
henzo[a]pyreue and perylene, aze suEeientiy well separated -for ideutikation. The 
significant improvements in resolution are i&&rated by the separation of -tie -con- 
stituents of the dibenzanthraceue and the dibeuzopyreue groups. The four isomers of 
dibeuzopyrene and coronene are about 90% resolved. 

In accordance with the gas chromatograms ilk&rated, we cau conclude that a 
ciifkence of 10 Km& retention index units is s&kient-to separate two PAHs_ 

From the results in Tables III-W the following conch~sions can be drawn. 
(1) The retention indices of the PA& are iutiuenced by the concentration of 

the sthonary phase, the length of the coiuum, the tenqerature programming mte, 
the gas ffow-rate and the injection system. Deviations of the retention indices as a 
function of the chromatographic parameters ze given in AI units. 

(2) Using a ghiss insert system, the d1 value increaseS sbghtiy witb the CoIUmrm 
length, whereas it remains approximately constaut with variation in -the other cbm- 
mato_mpbic parameters. However, injection with a solid iujectot gives a minimaf d1 
for an increase in the tempe&ure progrmmiug rate tid a &aximal df for au 
increase in the column length. 

In addition to these results, as a tkuction of the ~~huu.a leugth,the d+@ue is 
especially dependent on the iujeetion system. A similar effect, aithough ks pro- 
nounced, is observed when the couceutratio~ bf the statiouary phase is increase& On 
chaugiug the temperature pro guanmiug rate or the gas fiow-rate; this efkt bard& 
occurs. This phenomenon may be attributed to the presence of solvent wheu a soIutio6 
is introduced in an insert glass system. III fact, the iufluence of the SoEveut on.the 
adsorption of the PAHs has been well established by the. obseiiratiou c?f the c%kulati_ 
retention indices. The remits in Tables Hi-VI show &at, with constant chtqmato: 
,oraphic parameters, the retention imikes of the PAUs are higher for injtion G&b a 
glass insert system than for an introduction with a solid iujector. 

(3) in varying the chromato~phic paxmeters, it was found &at die-s 
according to higher rnokula~ weight, higher boiling or sublimation poke &d 
iomasing size of the mokule. Consequently, the adsorption of PbLRs on . SE-52 
phase is retarded and the elution time increases. 

Fig. 3 illustrates the gas chromatograru for a 5-ug iujection of teu PAHs with 
Z-7 rings. The PAN constituents elutiug between 70” aud 200” have a minim& s&d- 
ta.--noise ratio of 70:1, and those elutiug betweeu 200” and 320” have a ti*d sitid- 
7-‘-nke ratio of 4Q:l. Considering the high resoling power of OUI: cap&WY CdUmnS 

:' xi the relatively short elution time, we can conclude that OS ng of a PkEf corrstituenf 
: n be detected and identified by capillary column gas chromatography. 
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CONCLUSION 

The retention data given and the gas chromatograms illustrated show that two 
polycyclic aromatic hydrocarbons are resolved if their retention indices differ by at 
least 10 Kovzits units. 

The calculated dl values indicate that the most efficient gas chromatographic 
analysis of PAHs can be obtained under the following operating conditions : injection 
with a solid injector; concentration of the stationary phase (SE-52), 2.5 mg/ml; 
column length, 16-18 m; temperature programming rate, 4”/min; carrier gas (helium) 
flow-rate, 6 ml/min. 

Considering the signal-to-noise ratio for the injection of 5 ng of a PAH with 
a solid injector and knowing that 1 pg of PAH per kilogram of sample corresponds 
to 1 ppb, it can be assumed that the detection limit for PAHs is abotrt 0.5 ppb. 
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