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It is w e l l  known t h a t  petroleum and r e l a t e d  o i l s  are l a r g e l y  used i n  our 
conmunities and t h a t  these o i l s  contain many kinds of polynuclear aromatic hydro- 
carbons (PAH) i n  trace amounts. 
and are suspected t o  be carcinogenic  t o  man. I n  f a c t ,  occupat ional  cancer has  
been observed i n  var ious  types of worker groups having an occupat ional  contact  
wi th  petroleum and r e l a t e d  products  such as f u e l  o i l ,  l u b r i c a t i n g  o i l ,  paraf f in  
o i l ,  waxes and s o  on (1). These i n d i c a t e  the  need of a r e l i a b l e  method f o r  deter-  
mining PAH i n  petroleum and r e l a t e d  o i l s .  We have devised d u a l  band thin-layer 
chromatography (TLC). This TLC has been proved t o  be usefu l  as a t o o l  f o r  rout ine  
microanalysis of PAH i n  var ious  samples such as heavy o i l  (2), kerosene (2 ) ,  gaso- 
l i n e  (3), air-borne p a r t i c u l a t e s  (4 ,5) ,  c i g a r e t t e  smoke (61, asbes tos  (7), coa l  
t a r  (8,9), p i t c h  (9) and so on. 

This paper descr ibes  two a n a l y t i c a l  methods f o r  analysing PAH i n  petroleum 
and r e l a t ed  o i l s .  The f i r s t  method, mul t ip le  PAH a n a l y s i s ,  is u s e f u l  f o r  analysing 
many kinds of PAH. The second method, major component a n a l y s i s ,  i s  usefu l  f o r  
determining 5 - 10 PAH which are prevalent  i n  petroleum and r e l a t e d  o i l s .  

1. Multiple PAH Analysis  
Mult iple  PAH a n a l y s i s  c o n s i s t s  of t h e  fol lowing 3 procedures; s e l e c t i v e  

ex t rac t ion  of PAH by a series of l i q u i d  - l i q u i d  p a r t i t i o n ,  separa t ion  of t h e  
e x t r a c t  i n t o  each component by two dimensional dua l  band TLC, and i d e n t i f i c a t i o n  
and q u a n t i t a t i v e  determinat ion of t h e  separated compounds by spectrof luorometry.  

PAH i n  t h i s  
so lu t ion  is s e l e c t i v e l y  ex t rac ted  by a series of l i q u i d  - l i q u i d  p a r t i t i o n  of 
t h e  cyclohexane s o l u t i o n  - dimethyl su l foxide  (DMSO), [ DMSO + ( 1  + 4) Hydrochloric 
a c i d ,  l : l , v / v ]  - cyclohexane, 70% s u l f u r i c  ac id  - cyclohexane, and 5% sodium 
hydroxide aqueous s o l u t i o n  - cyclohexane. 

phase,remaining aliphatic f r a c t i o n  i n  cyclohexane phase. The aromatic f r a c t i o n  
conta in  PAH, a romat ic  quinones. a c i d i c  and b a s i c  aromatic compounds. A t  t h e  2nd 
p a r t i t i o n ,  PAH, aromatic  quinones and some of a c i d i c  compounds are ext rac ted  t o  
cyclohexane phase, and separa ted  from b a s i c  aromatic compounds and water so luble  
a c i d i c  compounds. Aromatic quinones and t r a c e  amounts of b a s i c  aromatic compounds 
i n  t h e  cyclohexane phase are removed by t h e  3rd l i q u i d  - l i q u i d  p a r t i t i o n .  Acidic  
aromatic compounds are removed by t h e  4 t h  p a r t i t i o n .  The f i n a l  cyclohexane solu- 
t i o n  thus obtained conta ins  PAH s e l e c t i v e l y .  Table 1 shows t h e  p a r t i t i o n  coef f i -  
c i e n t s  for  30 aromatic  compounds i n  these l i q u i d  - l i q u i d  p a r t i t i o n s ,  and a l s o  
shows t h e  number of t i m e s  required f o r  ex t rac t ing  99% or  more of these  compounds. 

The cyclohexane s o l u t i o n  which contains  very r i c h  PAH is  washed with water. 
Af te r  removing t h e  r e s i d u a l  w a t e r  i n  t h e  s o l u t i o n  by adding s m a l l  amounts of sodium 
s u l f a t e  anhydride, the s o l u t i o n  i s  dr ied  up a t  a low temperature ( 40°C) under a 
reduced pressure .  The r e s i d u e  i s  dissolved i n  a known amount of benzene (0.5 t o  
1.0 m l ) .  

s i o n a l  dual band TLC. 
cm) and a 26% a c e t y l a t e d  c e l l u l o s e  l a y e r  (16 x 20,cm). The ace ty la ted  ce l lu lose  
w a s  prepared by a c e t y l a t i o n  of microcrys ta l l ine  c e l l u l o s e  f o r  TLC (Avicel SF) using 
the  method of Wieland e t  a1 (10). Af te r  t h e  a p p l i c a t i o n  of a few m i c r o l i t e r s  of 
t he  benzene extract onto t h e  aluminum oxide l a y e r ,  t h e  f i r s t  developement is 

Some PAH a r e  carcinogenic  t o  experimental animals 

A known amounts of petroleum are dissolved i n  cyclohexane. 

At t h e  f i r s t  p a r t i t i o n ,  aromatic f r a c t i o n  i n  t h e  sample i s  ext rac ted  t o  DMSO 

PAH i n  t h i s  benzene e x t r a c t  are separated i n t o  each component by two dimen- 
The TLC p l a t e  c o n s i s t s  of an aluminum oxide l a y e r  ( 4 x 20, 
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car r ied  out with n-hexane - e ther  (19: l ,v/v)  t o  the  15 cm mark on the  aluminum 
oxide layer .  
placing a container  of sa tura ted  aqueous s o l u t i o n  of potassium a c e t a t e  i n  a 
developing chamber. Developing time is  about 35 min. 

PAH on the aluminum oxide layer  a r e  then separated i n t o  each component on 
the ace ty la ted  c e l l u l o s e  layer  by t h e  second developement with methanol - e t h e r  - 
water (4:4: l ,v/v) .  It requi res  about 60 min. f o r  the  developer t o  reach 10 cm 
from the layer  boundary. 

PAH separated on the ace ty la ted  c e l l u l o s e  l a y e r  a r e  detected a s  small  s p o t s  
by t h e i r  f luorescence under W ray (253 & 365 nm). Detection l i m i t  i s  very low 
and nanogram order of PAH a r e  usual ly  de tec tab le .  Most of PAH a r e  s t a b l e  on t h e  
ace ty la ted  c e l l u l o s e  layer .  Fig. 1 shows two dimensional dual  band th in- layer  
chromatograms of the  benzene e x t r a c t s  from a heavy o i l  C and an ethylene bottom 
o i l .  Heavy o i l  C ,  which i s  widely used as  a f u e l  o i l ,  contained 42 PAH and 
the ethylene bottom o i l  contained 69 PAH. PAH i n  each spot  can be analysed by 
spectrofluorcJmetry. A t  the  present  time, 10 PAH i n  the  heavy o i l  C and 2 1  PAH 
i n  t h e  ethylene bottom o i l  have been i d e n t i f i e d  as  shown i n  Fig.1.  Many PAH i n  
the  s p o t s  on the chromatograms are  l e f t  f o r  fu ture  i d e n t i f i c a t i o n  mainly due t o  
the  d i f f i c u l t y  i n  g e t t i n g  the  reference substances.  

This mult iple  PAH ana lys is  has revealed t h a t  var ious kinds of PAH a r e  
contained i n  petroleum and r e l a t e d  o i l s  such as  kerosenes (22 - 39 PAH), heavy 
o i l s  (32 - 42 PAH), p a r a f f i n  o i l  (66 PAH) and gasol ine  (76 PAH). 

2 .  Major Component Analysis 
It is of ten  necessary t o  analyse 5 - 10 PAH which a r e  abundant i n  petroleum 

and r e l a t e d  o i l s .  
This method d i f f e r s  from t h e  mult iple  PAH ana lys is  only i n  separa t ion  procedure. 
That is, a one dimensional dua l  band TLC is used ins tead  of the  two dimensional 
dual  band TLC mentioned above. The one dimensional dual  band TLC has t h e  
following advantages a s  compared with the usualone dimensional TLC: 1) It has a 
higher  separa t ion  e f f ic iency .  2) Separat ion e f f ic iency  is not  a f f e c t e d  by t h e  
spot  s i z e  a t  the o r i g i n .  3) Sample s o l u t i o n  up t o  a few m i l l i l i t e r s  can be 
t e s t e d .  4) Quant i ta t ive sample appl ica t ion  i s  easily achievable. 5) Detect- 
a b i l i t y  of PAH is very high. 
ana lys i s  of a sample which contains  very low amounts of PAH. 

a 26% ace ty la ted  c e l l u l o s e  layer  (16 x 20,cm). 
appl ica t ion  of a sample and t h e  l a t t e r  layer  f o r  separa t ing  t h e  sample. Fig.  2 
shows a one dimensional dual  band thin- layer  chromatogram of PAH i n  a gasol ine .  
I n  t h i s  case,  gaso l ine  sample was appl ied t o  the  kieselguhr  layer  without  any 
p u r i f i c a t i o n  by l iqu id- l iqu id  p a r t i t i o n ,  because gasol ine sample evaporated 
rap id ly  leaving PAH and r e l a t e d  compounds on the  layer .  
out w i th  methanol - e t h e r  - water (4:4: l ,v/v)  u n t i l  the  developer reach 10 cm 
from the  layer  boundary. 
i n  a gaso l ine  a r e  usua l ly  separated i n t o  2 1  - 24 rectangular  s p o t s  on the  acety-  
l a t e d  c e l l u l o s e  layer .  

Af te r  ex t rac t ion  with 4 m l  of DMSO, PAH i n  each spot  i s  i d e n t i f i e d  by 
spectrofluorometry i n  due considerat ion of i t s  Rf value.  Spectrofluorometry i s  
u s e f u l  f o r  the  i d e n t i f i c a t i o n  of PAH i n  a spot  containing s e v e r a l  kinds of PAH 
and r e l a t e d  compounds. 
Fig. 2 were e a s i l y  i d e n t i f i e d  as  pyrene and f luoranthene.  In  t h i s  method, 10 PAH 
a r e  usua l ly  i d e n t i f i e d  from a gasol ine sample. 
benzo(b)fluoranthene, benz(a)anthracene, anthanthrene,  benzo(k)fluoranthene, 
perylene,  pyrene, f luoranthene,  and benzo(ghi)perylene. The f i r s t  4 PAH a r e  
carcinogen and the  l a s t  3 PAH a r e  cocarcinogen. 

t i v e l y  by a narrow base l i n e  method (6) .  
a f t e r  complete separa t ion  with benzo(a)pyrene by repea t  developement wi th  methanol 

This is done a t  about 20% r e l a t i v e  humidity, e a s i l y  achievable  by 

These PAH can be analysed by the  major component a n a l y s i s .  

Therefore, t h i s  method is espec ia l ly  u s e f u l  f o r  the  

The dual  band TLC p l a t e  used c o n s i s t s  of a kieselguhr  layer  (4 x 20,cm) and 
The former layer  is used f o r  t h e  

Developement w a s  c a r r i e d  

It required about 60 min. PAH and r e l a t e d  compounds 

For example, PAH i n  the  spot  C i n  the  chromatogram i n  

They a r e  benzo(a)pyrene, chrysene, 

The i d e n t i f i e d  PAH except benzo(b)fluoranthene can be determined quant i ta -  
Benzo(b)fluoranthene can be analysed 
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- e ther  - water  (4:4:l,v/v). The narrow base l i n e  method has been proved t o  be 
very e f f e c t i v e  i n  e l imina t ing  i n t e r f e r e n c e  from other  PAH and r e l a t e d  compounds 
coexs is t ing  i n  a t e s t  s o l u t i o n .  For example, pyrene i n  a so lu t ion  which a l s o  
contained f luoranthene,  perylene and benzo(e)pyrene was analysed by t h i s  method. 
Observed value of pyrene d i f f e r e d  by only 3% from t h e  t h e o r e t i c a l  va lues ,  even 
when the  concentrat ions of t h e  latter 3 PAH (100 ng/ml) were 5 t i m e s  h igher  than 
pyrene (20 ng/ml). It was a l s o  found t h a t  observed va lue  of benzo(a)pyrene i n  
a mixed PAH s o l u t i o n  d i f f e r e d  only 0.8% from t h e  t h e o r e t i c a l  va lue ,  even when 
t h e  so lu t ion  contained benzo(b)f luoranthene,  chrysene, anthanthrene and dibenzo- 
(a ,h)pyrene i n  10 t i m e s  higher  concentrat ion than benzo(a)pyrene. 

Table 2 shows contents  of 9 PAH i n  regular  and premium gasol ines  a s  wel l  as 
c o e f f i c i e n t  of v a r i a t i o n  f o r  each PAH obtained i n  t h i s  ana lys i s .  The c o e f f i c i e n t  
of v a r i a t i o n  is low f o r  a l l  PAH analysed. Furthermore, t h i s  method is  so 
s e n s i t i v e  t h a t  i t  can ana lyse  PAH q u a n t i t a t i v e l y  a t  a concentrat ion of 1 ng/ml 
o r  l e s s .  

graphy ins tead  of one dimensional dual  band TLC. A spectrof luorometer  is used 
as a de tec tor  of a h igh  speed l i q u i d  chromatograph. 
example i n  which a l iqu id- l iqu id  p a r t i t i o n  e x t r a c t  from a gasol ine  is separated 
and detected a t  t h e  spec t rof luorometr ic  condi t ion f o r  analysing benzo(a)pyrene, 
benzo(k)fluoranthene, benzo(ghi)perylene and anthracene.  The o ther  PAH i n  t h e  
e x t r a c t  can a l s o  be analysed i n  a s u i t a b l e  spectrof luorometr ic  condi t ion.  
has  been proved t h a t  t h i s  major component a n a l y s i s  is u s e f u l  f o r  analysing / I  
s e v e r a l  kinds of PAH i n  petroleum and r e l a t e d  o i l s  a s  w e l l  as  combustion products 
of these o i l s .  . 

These a n a l y t i c a l  methods described i n  t h i s  paper have a wide range of uses ,  r 
producing r e l i a b l e  d a t a  on PAH i n  petroleum and r e l a t e d  o i l s .  These methods w i l l  
be  usefu l  f o r  ana lys ing  PAH i n  var ious  k inds  of samples i n  the  environment. 

i 

Another major component a n a l y s i s  is achievable  by high speed l i q u i d  chromato- 

Fig.  3 demonstrates an 

It , 
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Table 1. Partition Coefficients of Aromatic Compounds 

A Phase 
B Phase 

Substance 

Anthracene 
Phenanthrene 
Fluorene 
Pyrene 

Chrysene 
Benzo(a)pyrene 
Fluoranthene 
Benzo(b)fluoranthene 

Benzo(ghi)perylene 
Coronene 
Anthraquinone 
Benzanthrone 

Benz(a)anthraquinone 
p-Benzoquinone 
1,2-Naphthoquinone 
1,4-Naphthoquinone 
Nicotinic Acid 
o-Hydroxybenzoic Acic 
Terephthalic Acid 
Phenazine 
Carbazole 
Lepidine 
Benzo(h)quinoline 

Benzo(f)quinoline 
Acridine 
1-Naphthylamine 
2-Aminoanthracene 
2-Naphthylamine 
2-Aminofluorene 
2-Aminochrysene 

DMSO 
Cyclohexan 

K N  

3.9 3 
3.9 3 
7.9 3 
4.6 3 
9.8 2 
13 2 

5.3 3 
10 2 
14 2 
14 2 
12 2 
20 2 
13 2 
- - 
>loo 1 

22 2 
- -  
- -  
- -  
4.0 3 
>loo 1 
6.2 3 

7.0 3 
12 2 
8.8 3 
55 2 
>loo 1 
>loo 1 

>loo 1 
>loo 1 

Cyclohexane I Cyclohexanf 
DMSO + (1+4) 70% H2S04 
HC1 L1:1] 
K N  

100 1 
40 2 

100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
66 2 
40 2 
49 2 

30 2 
100 1 
0.26 7 

0.13 38 
2.9 4 
0.051 92 
0.115 43 
0.032 150 
4.6 3 
0.83 8 
0.047 100 
0.019 240 
0.001 >4600 
0.001 >4600 
0.007 660 
0.077 63 
0.001 >4600 
0.001 >4600 
0.001 4600 

K N  

,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
0.77 9 
0.017 270 
19 2 
0.010 460 
0.052 91 

0.078 62 

- - 

0.14 36 
- - 
- - 
- - 

0.016 290 
0.001 4600 
- - 
- - 
- - 
0.055 87 

Cyclohexane 
5% NaOH 

K N 

'100 1 
14 2 

'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
>loo 1 
0.0035 1300 

0.0015 3100 
0.027 180 
0.001 4600 
0.031 150 
14.5 2 
'100 1 
- - 

K: Partition Coefficient ( Concentration in A/ Concentration in B) 
N: Number of times required for extracting 99% or more of a compound from 

B phase to A phase 
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Acetylated celluloSe c m . l ~  R C D E F G I  

Bc 0 

8.C Regular Gasoline 
E,F High-octaneGasoline 
A.D.G Standard 

1 Benzo(a)pyrene 

2 Anthanthrene 

3 Pyrene. Fluoranthene 

Kieselguhr G 
(Gasoline) 

Fig. 2. One dimensional dual band thin-layer chromatogram of gasoline 

Retention Time (min. )  

Fig. 3. High speed liquid chromatograms of the liquid-liquid partition 
extract from gasoline ( - )  and standard solution having 16 PAH 

Column: Zorbax ODS (4.6mm x 25cm), Mobile phase: Methanol-Water (85:15,v/v), 
Detector: Spectrofluorometer (excitation 370nm, emission 410nm), 6S°C, 11OOpsi. 
1. anthracene, 2 .  9-phenylanthracene, 3. benzo(k)fluoranthene, 
4. benzo(a)pyrene, 5. benzo(ghi)perylene 
Standard solution is a mixture of 1 - 5 PAH, naphthalene, fluorene, 3,4-benz- 
fluorene, fluoranthene, chrysene, 7-ethylchrysene, benz(a)anthracene, 7-methyl- 
benz(a)anthracene, perylene, benzo(b)fluoranthene and benzo(e)pyrene. 
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