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Polycyclic aromatic hydrocarbons (PAHs) are widespread 

environmental pollutants. They are formed during incomplete combustion 

and pyrolysis of  organic materials, frm both natura1 and 

anthropogenic cources, the l a t t e r  being by far  the greatest 

contributors - (Lee et a l . ,  1981, Ch. 2).  Hundreds of  PAHs may be 

forrned. For example, over one hundred PAHs have been ident i f ied  i n  

atmospheric part iculate matter (Lao et a l . ,  1973; Lee et a l . ,  1976) 

and i n  emissions frm coal-fired residential furnaces (Grimer e t  al . ,  

19851, about two hundred i n  tobacco smoke (reviewed by Lee et a l . ,  

1981, Ch. 2) .  

The experimental carcinogenicity and mutagenicity shown by many 

PAHs have resulted i n  a strong suspicion that they are also human 

carcinogens (IARC, 1983, 1987). I n  the l i g h t  of  such significance for  

human health, much interest has been shown i n  studying the i r  

environmental fate, as well as the i r  environmental levels and human 

exposures. 

With the aim o f  contributing t o  the development of  such studies, 

t h i s  report presents a c r i t i ca1  review of  the important physical and 

chemical properties of  PAHs, and of  analytical methods for  PAH 

determination i n  va r iws  matrices. 

I n  part icular,  properties are presented for  33 compounds (31 

parent PAHs and two alky l  derivatives, Figure 1 and Table 1): these 

PAHs have been selected as being those most commonly reported i n  

l i te ra ture ,  with regard t o  toxicological and/or exposure data. As to  

the analytical methods, PAHs are considered here as a class. 
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Table 1. PAHs considered i n  t h i s  r e p o r t  

Common namea Abbr.b CAS name Synonymc 

Naphthalene N A Naphthalene 
Acenaphthylene ACL Acenaphthylene 
Acenaphthene AC Acenaphthylene, 1,2-dihydro- 
Fluorene FL 
Anthracene AN 
Phenanthrene PHE 
1-Methylphenanthrene 1-MPH 
Fluoranthene FA 
Pyrene PY 
Benzo(a)f luorene BaFL 
Benzo(b)fluorene BbFL 
Benzo(ghi) f luoranthene BghiF 
Cyclopenta(cd)pyrene CPP 
Benz(a)anthracene BaA 
Benzo(c)phenanthrene BcPH 
Chrysene CHR 
Triphenylene T R I  
5-Methylchrysene 5-MCH 
Benzo(b)f luoranthene BbFA 
Benzo( j ) f luoranthene BjFA 
Benzo(k)f luoranthene BkFA 
Benzo(a)pyrene BaP 
Benzo(e)pyrene BeP 
Perylene PE 
Anthanthrene ATR 
Benzo(ghi Ipery lene BghiP 
Indeno(l,2,3-cdlpyrene I P  
Dibenz(a,h)anthracene DBahA 
Coronene COR 
Dibenzo(a,e)pyrene DBaeP 
Dibenzo(a, h lpyrene DBahP 
Dibenzo(a, i )pyrene DBaiP 
Dibenzo(a, l )pyrene DBalP 

9H-Fluorene 
Anthracene 
Phenanthrene 
Phenanthrene, l-methyl- 
Fluoranthene 
Pyrene 
11H-Benzo[a]fluorene 
11H-Benzo[b]fluorene 
Benzo[ghi l f luoranthene 
Cyclopenta[cdlpyrene 
Benz[alanthracene 
Benzo[c]phenanthrene 
Chrysene 
Triphenylene 
Chrysene, 5-methyl- 
Benz[elacephenanthrylene 
Benzo[ j ] f luoranthene 
Benzo[k]f luoranthene 
Benzo[alpyrene 
Benzo[elpyrene 
Perylene 
Dibenzo[def,mnolchrysene 
Benzo[ghi lperylene 
Indeno[l,2,3-cdlpyrene 
Dibenz[a,hlanthracene 
Coronene 
Naphto[l,2,3,4-deflchrysene 
Di benzo[b,def lchrysene 
Benzo[rstlpentaphene 
Dibenzo[def,plchrysene 

1,12-Benzoperylene 
2,3-o-phenylenpyrene 
1,2:5,6-Dibenzanthracene 
Hexabenzobenzene 
1,2:4,5-Dibenzopyrene 
3,4:8,9-Dibenzopyrene 
3,4:9,10-Dibenzopyrene 
1,2:3,4-Dibenzopyrene 

a Ranked according t o  increas ing  molecular mass (see Table 2) and, f o r  isomers, i n  
a lphabe t i ca l  order.  

b AS used i n  t h i s  repor t .  
Common synonym which appeared i n  t h e  l i t e r a t u r e .  



The name "polycyclic aromatic hydrocarbons" oonnionly refers t o  a 

large class o f  organic ccnipwnds containing two or  more fused aromatic 

rings, even though, interpreted i n  a broad sense, m- fused r ing 

systems should also be included. I n  particular, the term PAHs refers 

t o  -)pwnds containing only carbon and hydrogen atoms (i.e., 

unsubsti tuted parent PAHs and their  alkyl-substi tuted derivatives), 

whereas the more genera1 term "pol ycycl i c  aromatic canpounds" (PACs) 

alco includes the functional derivatives (e.g., n i t ro-  and hydroxy- 

PAHs) as well as the heterocyclic analogs, which contain one or  more 

heteroatms i n  the aromatic structure (aza-, oxa- and thia-arenes). A 

number o f  authors have also referred t o  PACs as "polycyclic organic 

matter" (M). I n  addition, the term "polynuclear" i s  frequently used 

for  "polycycl ic " ,  e.g., "pol ynuclear a r m t i c  (PNA) canpwnds". 

I n  the past. the t r i v i a l  names and dif ferent systems used to  

ident i fy  r ing fusions by numbers or  le t te rs  have often led to  

confusion, with respect to  the noinenclature of PAHs (Loening 8 

Merr i t t ,  1990). Nowadays, the system codif ied by the International 

Union o f  Pure and Appl ied Chemistry (IWAC, 1979) and used by the 

Chemical Abstracts Service ( W ,  1988, 1990) i s  generally accepted. 

However, a number o f  compounds are s t i  l l m 1  y known and reported 

i n  the l i te ra ture  with the nonsystematic names. For each compound, 

Table 1 l i s t s  the umnon name and i t s  abbreviation, as used throughout 

t h i s  report, together with the CAS name and any alternate name which 

most umnonly appeared i n  the l i terature.  Most o f  the alternate names 

use numbers t o  denote the sides where fusion occurs, but th i s  type of 

nomenclature i s  def in i te ly  desappearing frm publications. Extensive 

l i s t s  of synonyms are reported i n  IARC (1983) and Loening & b r r i  tt 

(1990). 

Molecular formulae, re lat ive molecular masses, and CAS registry 

numbers (RN) are shown i n  Table 2. 



Table 2. I d e n t i t y  

R e l a t i v e  
Mo lecu la r  mo lecu la r  

Compound fo rmu la  mass CAS RNa 

NA C1oHa 128.2 91 -20-3 
ACL 
AC 
F L 
AN 
PHE 
1 -MPH 
FA 
PY 
BaFL 
BbFL 
BghiF 
CPP 
BaA 
BcPH 
CHR 
TR I 
5-MCH 
BbFA 
B j FA 
Bk FA 
BaP 
BeP 
PE 
ATR 
BghiP 
I P 
DBahA 
COR 
DBaeP 
DBahP 
DBai P 
DBal P 

l Chemical A b s t r a c t s  S e r v i c e  r e g i s t  r y  
number . 



2. M I C M  AH) CHBIICAL nIDPBTTIES 

Physical and chemical properties relevant to the toxicological 

and ecotoxicological evaluation of PAHs are surmarized i n  Tables 3-5. 

I t  should be kept i n  mind that values of me parameter which are 

reported for various compounds, may derive from different xrurces and 

hence frun different measurement - or calculation - methcds. I f  th is 

i s  so, individua1 values cannot be directly compared other than 

roughly, unless the origina1 xrurces are consulted for the methcds 

used. I n  particular, the vapour pressures reported i n  the l i terature 

for the same PAH vary even up to severa1 orders of magnitude (Mackay 

and Shiu, 1981; Lane, 1989). Variations are also noticeable for water 

solubi l i t ies, although these are generally within one order of 

magnitude (NXX, 1983, pp. 32-33). 

Physical and chemical properties are dominated by the conjugated 

n-electron systems. They vary quite regularly with the number of rings 

and the molecular mass. giving r ise to a more or less wide range of 

values for each parameter, within the whole class. Under ambient 

temperatures, al1 the PAHs are solids. The general characteristics 

camwn to the class are high melting and boil ing points, low vapour 

pressures, and very low water solubi l i t ies. PAHs ere soluble i n  many 

organic solvents (IARC. 1983; US DHHS, 1990; Lide, 1991) and are 

highly l ipophil ic. 

Vapour pressures generally tend to decrease with increasing 

molecular mass, varying more than ten orders of magnitude f r a  low- to 

high-molecular compounds. This affects the different percentages of 

individual PAHs that are adsorbed on particulate matter i n  the 

atmosphere and that are retained on the particulate matter during 

sampling on f i l t e r s  (Thrane 6 Mikalsen, 1981). Vapour pressures 

increase markedly with ambient temperatures (Murray et al.. 1974), 

which then additionally affects the distribution coefficients between 

gas and part icle phases (Lane, 1989). As a general trend, water 

solubi l i ty decreases with increasing molecular mass. 

PAHs ere chemically rather inert ccmpounds. When they react, PAHS 

undergo two types of react ions characteristic of arunatic 

hydrocarbons: electrophilic substitution and addition. The former i s  



NA 
ACL 
AC 
FL 
AN 
PHE 
1  -MPH 
FA 
PY 
BaFL 
BbFL 
BghiF 
CPP 
B aA 
BcPH 
CHR 
TR I 
5-MCH 
BbFA 
BjFA 
BkFA 
BaP 
BeP 
PE 
ATR 
BghiP 
I P 
DBahA 
COR 
DBaeP 
DBahP 
DBai P  
DBal P  

Table  3. Phys i ca l  p r o p e r t i e s  ( 1 s t  p a r t )  

M e l t i n g  B o i l i n g  F lash  Exp los ion  
po i  n t  i p o i n t  p o i  n t t  l i m i  t sv 

Compound Colour  ( 'C) ( 'C) ( 'C) ( v o l .  % )  

whi tea 81 217.gb 78.9(OClU 0.9-5.9 

whitea 
whi teb 
co lour1essc 
co lou r l essd  

p a l e  y e l  lowa 
co lou r l essb  

y e l  lowf 

c o l o u r l e s s ~  
ye l  lowa 
p a l e  ye l low*  
y e l  l ow i  shb 

ye l  low t o  c o l o u r l e s s b  
golden y e l  low' 
p a l e  ye l  low-greenf 
y e l  lowh 
c o l o u r l  essh 
y e l  lowe 
p a l e  ye l  lowa 
golden y e l  lowh 
green ish-ye l lowh 
p a l e  ye l  lowh 

( n o t e s  on t h e  f o l l o w i n g  page) 



Notes t o  Table 3 

a Frm: Lewis (1992). 

b Frm: Budavari (1989). 

C When pure, co lwr less  with v io le t  fluorescence. Frm: Budavari 

(1989). 

d Frm: Haviey (1987). 

e Frcm Lide (1991). 

f Frm: IARC (1983). 

g With blue fluorescence. Frm: IARC (1973). 

h Frm: IARC (1973). 

i Frm: Karcher et  al. (1985); Karcher (1988). 

j From: Kruber & Marx (1938). 

k From: Kruber (1937). 

1 F r a :  Kruber & Grigolei t  (1954). 

m Reported in: Grimner (1983). 

n Calculated. From: White (1986). 

o F r m  the review of :  Bjorseth (1983); the origina1 references ara 

c i ted in: White (1986). 

p Frm: Verschueren (1983). 

q Frm: HSDB (1993). 

r Frm: Von Boente (1955). 

s Estimated frm the gas chromatographic retention time. From: Grimner 

(1983). 

t Open cup (OC)  or closed cup (CC) inethod i s  indicated. 

u 87.8.C by closed cup method. Frm: HSDB (1993). 

v Lower-upper, for  NA; lower, fo r  AN. From: Lewis (1992). 



T a b l e  4. P h y s i c a l  p r o p e r t i e s  (2nd  p a r t )  

Vapour 
p r e s s u r e  Vapour 

Compound (Pa a t  25'C) D e n s i t y '  d e n s i  t y. 

1 . i5425 j 4.42' NA 
ACL 
AC 
FL 
AN 
PHE 
1 -MPH 
FA 
PY 
BaFL 
BbFL 
Bgh i  F  
CPP 
BaA 
BcPH 
CHR 
TRI  
5-MCH 
BbFA 
BjFA 
BkFA 
BaP 
BeP 
P  E  
ATR 
Bgh iP 
I P  
DBahA 
COR 
DBaeP 
DBahP 
DBai P  
DBal P  

( n o t e s  on  t h e  f o l l o w i n g  page)  



Notes t o  Table 4 

a Fran: Swinefeld e t  al. (1983). 

b Reported in: Sims & Overcash (1983). 

C Calculated by Syracuse Research Center. Frm: HSDB (1993). 

d Fran: US EPA (1980). 

e Fran the review of: Santodonato et  a l .  (1981). 

f Fran: LB DHHS (1990). 

g Temperature not given. 

h Calculated. Fran: HSDB (1993). 

i Wen tw temperatures are reported as superscripts, the datum 

indicates the specif ic gravity (the density o f  the substance at  the 

f i r s t  reported temperature re lat ive t o  the density of water at  the 

second reported temperature). When there i s  no value, or only one, 

for  temperature, the datun i s  i n  grams per m i l l i l i t r e ,  at the 

indicated temperature ( i f  any). 

j Fran: Lide (1991). 

k Fran: Schuyer et  a l .  (1953). 

1 Fran: Bei lstein (1993). 

m Fran: Budavari (1989). 

n Approximate value. Fran: Klug (1950). 

o Fran: Kronberger & Weiss (1944). 

p A t  ambient temperature. F m :  Inokuchi & Nakagaki (1959). 

q Fran: White (1948). 

r Fran: IARC (1973). 

s A i  r=l . 
t Fran: Lewis (1992). 

u F m :  NIOSH/OSHA (1981). 

v Fran: Ehrl ich & Beevers (1956). 



Table  5. Phys i ca l  p r o p e r t i e s  ( 3 r d  p a r t )  

n-Octanol /water  S o l u b i l i t y  Henry 's  law 
p a r t i t i o n  i n  waterm const  ant 
c o e f f  i c i e n t  a t  25OC a t  25'C 

Compound ( l o g  K O W  ( ~ g / l i t r e )  (kPams/mol )  

NA 3.4. 3 .17~104 4 .89~10 -2  u 
ACL 
AC 
FL 
AN 
PHE 
1 -MPH 
FA 
PY 
BaFL 
BbFL 
BghiF 
CPP 
BaA 
BCPH 
CHR 
TRI 
5-MCH 
BbFA 
B j FA 
BkF A 
BaP 
BeP 
P E 
ATR 
BghiP 
I P 
DBahA 
COR 
DBaeP 
DBahP 
DBai P 
DBal P 

(no tes  on t h e  f o l l o w i n g  page) 



Notes to Table 5 

a F r a :  Karickoff e t  a l .  (1979). 

b F r a :  HSDB (1993). 

C Fran: Brooke et  a l .  (1986). 

d Calculated. Fran: Karcher et  a l .  

e Calculated. F r a :  M i l l e r  et  a l .  ( - 
f F r a :  Bruggeman et  a l .  (1982). 

g Calculated. F r a :  Yalkowsky 6 Valvani (1979). 

h F r a :  Ten Milscher et a l .  (1992). 

i Calculated as per Leo et a l .  (1971). F r a :  US EPA (1980). 

j Calculated. F r a :  Ruepert e t  a l .  (1985). 

k Calculated. F r a :  HSDB (1993). 

1 F r a :  Means et  al. (1980). 

m F r a :  Mackay & Shiu (19771, except where noted. 

n F m :  May et  a l .  (1978). 

o F r a :  Davis et  al. (1942). 

p Temperature not given. Reported in: Sims & Overcash (1983). 

q Temperature not given. Uipublished result. c i ted in: Wise et  a l .  

(1981). 

r From: Schwarz (1977). 

s Temperature not given. 

t Calculated by Syracuse Research Center. Fran: HSOB (1993). 

u From: Mackay e t  a l .  (1979). 

v F r a :  Mackay 6 Shiu (1981). 



preferred since i t  does not destroy the aromatic character o f  the 

benzene r ing affected; addition i s  often followed by elimination 

result ing i n  a net substitution. Chemical and photochemical reactions 

o f  PAHs i n  the atmosphere have been reviewed (Valerio et  al . ,  1984; 

Lane, 1989). Following photodecomwsition, i n  the presence of a i r  and 

sunlight. a nunber of oxidative products have been identif ied, 

par t icular ly  quinones and endoperoxides. Various experimental studies 

have revealed reactions o f  PAHs with nitrogen oxides and n i t r i c  acid 

t o  form the nitro-derivatives of PAHs, as well as with sulphur oxides 

and su l fur ic  acid ( i n  solution) to  form su l f i n i c  and sulfonic acids. 

PAHs may also be attacked by ozone and hydroxyl radicals, which ere 

present i n  the atmosphere. 

The formation o f  nitro-PAHs i s  part icular ly  imwrtant w i n g  to  

the i r  biologica1 impact, and part icular ly  to  the i r  well-documented 

mutagenic ac t i v i t y  (Howard e t  al., 1990). 

I n  general, the above-mentioned reactions are of interest with 

regard t o  the environmental fate o f  PAHs, but the results of 

experimental studies are s t i l l  d i f f i c u l t  t o  interpret because o f  the 

cunplexity o f  interactions occurring i n  environmental mixtures and the 

d i f f i c u l t y  i n  eliminating a r t i f ac t s  during analytical determinations. 

These reactions are also considered responsible for  possible PAH 

losses during arnbient atrnospheric sarnpling (see 3.1.1). 



3. ANALMICAL t€rtms 
Hwidreds o f  publications have described analytical methcds for  

PAHs. Tables 6 and 7 synthetically present a l imi ted mmber o f  methods 

applied t o  ' real '  samples of d i f ferent  matrices, taken as examples. 

The methods and sources were selected, as far  as possible, according 

t o  the following c r i te r ia :  accessibi l i ty of the bibliographic swrce, 

completeness of the procedure description (or including reference t o  

other acscessible sources), prac t icab i l i ty  with urmxri equipment for  

t h i s  type o f  analysis (sven i f  requiring experienced perconnel), 

recency, status o f  o f f i c i a l  or validated or  reconmended methcd. 

3.1 m l i n g  

3.1.1 Ambient a i r  

When selecting the sampling apparatus, m e  must consider the 

physical state o f  PAHs i n  the atmosphere. Conipounds with 5 or  more 

rings are present almost exclusively adsorbed on suspended particulate 

matter, whereas lawer-rnolecular mass PAHs are par t ia l l y  or  t o ta l l y  

present i n  the vapour phase (Coutant e t  al., 1988). 

I t  i s  urmxri that i n  invest igat ims for  mni tor ing purposes i n  

ambient a i r  (reviewed by Menichini. 1992a), m l y  particle-bound PAHs 

are detenined. This i s  l i ke l y  due t o  the increased workload when 

vo la t i  l e  compounds must be trapped (both i n  assembl ing the sampl ing 

un i t  and i n  analysing samples), but also t o  the lesser toxicological 

interest for  l igh ter  compcunds: emong 'probable' and 'possible' 

carcinogenic PAHs (IARC, 1987), only BaA i s  found at  signif icant 

levels i n  the vapour phase (Van Vaeck et  al., 1984; Coutant et  al.. 

1988). 

Sampling i s  generally perfornied by col lect ing to ta l  suspended 

part iculate matter for  24 h on glass f iber  (W) f i l t e r s  by means o f  

high-volwm, samplers. Other f i l t e r  media have been used: tef lon 

membrane (Benner et  al., 1989; Baek e t  al., 1992), teflon-coated W, 

and quartz f iber.  

Al1 these f i l t e r s  have b e n  evaluated comparatively. with respect 

t o  the effect o f  the f i l t e r  materia1 on the PAH decanposition during 

sampling (see chapter 2) .  Some studies have shorm that higher PAH 



recoveries are obtained frm tef lon or teflon-coated f i l t e r s  (Lee et  

al., 1980; Grosjean, 1983). However, successive investigations d id not 

confirm th i s  f inding (Lindskog et  al., 1987; Ligocki 6 Pankow, 1989; 

De Raat et  al., 1990), so that the importante of t h i s  ef fect  i s  s t i l l  

d i f f i c u l t  t o  assess, and a conclusion cannot be drawn. More rarely, 

cellulose acetate membranes have been used (Baek et  al., 1992); when 

conipared wi th GF f i l t e r s ,  they yielded similar col lect ion eff ic iencies 

for  heavier PAHs, and better eff ic iencies for  3- and 4-ring cunpounds 

(Spitzer 6 Dannecker, 1983). 

The method most used t o  trap vepair-phase PAHs i s  adsorption on 

plugs of polyurethane foam (WF) located behind the GF f i l t e r  (Keller 

6 Bidleman, 1984; Chuang et  al., 1987; De Raat et  al., 1987; Benner et  

al., 1989; Hawthorne et  al., 1992). The success of WF probably 

results from the low pressure drop, low blanks, low cost, and ease of 

handling. Among the va r iws  other sorbents tested (reviewed by: 

Leinster 6 EVMS, 1986; Davis et  al., 1987). two polymeric materials 

have received part icular attention: the Aniberlite XAD-2 resin, which 

i s  a va l id  al ternat ive t o  PUF (Chuang e t  al., 19871, and Tenax (Baek 

e t  al., 1992). Trapped vapwrs include both PAHs i n i t i a l l y  present i n  

the vapair phase, and those already collected on the f i l t e r  and 

vo la t i l i zed during sampling (the 'blowing-off' e f fect)  (Van Vaeck et  

al., 1984; Coutant e t  al., 1988). The amounts o f  PAHs which are fwnd 

i n  the vapour phase increase with ambient temperatures (Yamasaki et  

al., 1982). 

A useful method has been proposed t o  contro1 c h i c a l  degradation 

and vo la t i l i za t ion  losses frm f i l t e r s ,  based on the invar iab i l i t y  of 

PAH-profiles (i.e., the ra t i o  o f  al1 PAHs t o  one another) during the 

col lect ion time (Grimner et  al., 1982). 

Elutr iators and cascade impactors have been used t o  perform a 

par t ic le  size-selective sampling o f  PAHs (measurmts  reviewed i n  

Menichini, 1992a). Instrments designed as additions t o  h i g h - v o l ~  

samplers are available, including ' P M i o '  i n le ts  (enabling col lect ion 

of part iculate matter below a 10 cut size; UC EPA, 1987) (Lioy et 

al., 1988; Hawthorne et  al., 1992) and cascade impactors (Van Vaeck et  

al., 1984; Catoggio et  al., 1989). 



I n  atmospheric PAH determination, the sampling step i s  by far the 

most important source of var iab i l i ty  i n  the rewl ts .  Generally 

speaking, different invest igat imi are poorly cmparable aving to  

differences i n  factors such as season, meteorologica1 conditions, time 

of  day, number and characteristics of sampling sites, and sampling 

parameters (Menichini, 1992a). 

3.1.2 Workplace a i r  

Genera1 msiderat ions expressed for ambient a i r  are val id also 

for the wrking envirannent. 

The smowits of volat i le PAHs which are not retained by f i l t e r  may 

be higher than i n  ambient air ,  because of the elevateci temperatures 

often present at the wrkplace. I n  a pot-room of a Coderberg aluminim 

plant, 42% of BaA was found i n  the vapair phase (Andersson et al., 

1983); i n  an i ron fwndry, at a s i te  where the temperature of PAH 

source was abait 800-700eC, 4- to 7-ring PAHs were determined i n  the 

vapour phase at mcentrat ions corresponding to, on an average, abait 

70% of the total (Knecht et al., 1986). 

GF- or te f lon- f i l ters  are usually used to collect porticle-bcund 

PAHs. A miniber of back-up systems ef f ic ient ly  trap volat i le PAHs: in 

particular, l iqu id impingers. and sol id sorbeots soch 8s Tenax-GC, 

Chmsorb,  and W 2  (reviewed by: Bjorseth 6 Becher, 1986; Davis et 

al.. 1987). The la t ter  seems t o  be the most practicable. 

The NIOCH (1985) recairnends the use of a teflorr-lminated membra- 

ne followed by a tube containing tw sections of XAD-2. 

The wrker's actual exposure i s  best estimated by 'persona1 

sampling': portable battery-operated a i r  puiiip+ ere used at low flow 

rates (ca. 2 litres/min). w i t h  the f i l t e r  holder placed i n  the 

'breathing-zone', i.e., clipped to the sh i r t  collar of the wrker. 

3.1.3 Coinbustion effluents 

Tha val id i ty o f  the collected sample, i.e., i t s  capability to 

ref lect the 'true' composition of the emission, i s  a crucial factor i n  

the determination of PAH emissions. 



The problems associated with .collection eff ic iency for  vo la t i l e  

PAHs are enhanced when sampling for combustion effluents, such as 

stack gases and vehicle exhausts, because o f  the elevated temperatures 

at  sampling positions. 

A sampling device for  stack gases i s  constituted by a glass- or 

quartz-fiber f i l t e r ,  followed by a special un i t  generally consisting 

i n  a cooler for  col lect ing condensable matter and an adcorbent 

cartridge (Colmsjo et  al . ,  1986; Funcke et  al., 1988). Tenax-GC has 

been used as an adcorbent (Jones et  al., 1976), but XAD-2 seems t o  be 

more suitable (Warman, 1985) and i s  generally preferred. 

Two sampling procedures have been described i n  detai l  by the US 

EPA (1986~). I n  the f i rs t  one ( 'Modified method 5 sampling t ra in '  ), 

the t r a i n  basically includes a GF or  quartz-fiber f i l t e r  kept at  ca. 

120°C, a condenser coi1 conditioning the gas at  max. 20°C, and a bed 

o f  XAD-2 jacketed t o  mantain the interna1 gas temperature at  ca. 17'C. 

The second procedure ('Cairce assessment sampling system') i s  often 

used i n  stationary investigations (Warman, 1985). The apparatus 

consists o f  a stainless steel probe which enters a themstated oven: 

t h i s  contains the f i l t e r  preceded by three cyclone separators i n  

series (the cutoff  diameters are 10, 3, and 1 m, respectively); the 

vo la t i l e  organics are cooled and trapped by XAD-2. The corbent i s  

followed by a condensate col lect ion trap and an impinger t ra in.  

Sampling o f  vehicle exhausts i s  made under laboratory conditions, 

using chassis or engine dynameter testing. Standard dr iv ing cycles 

are ernployed to  simulate on-road conditions: usually, the US 'Federa1 

Test Procedure' (FTP) (CONCAWE, 1991) and the 'Europa Test' (or  ECE-15 

Test) (Off J Eur Comm, 1983). The choice o f  the cycle does not seem t0 

play an important ro le  i n  levels o f  PAH emissions (Stenberg, 1985). 

Basically, two techniques have been used for  exhaust col lect ion 

(sampling and analytical methods reviewed by: Levsen, 1988; IARC, 

1989). I n  the f i r s t  one ('raw gas sampling'), the exhaust pipe i s  

d i rec t ly  connected t o  the sampling apparatus: undiluted emissions are 

cooled i n  a condenser and then allowed t o  pass thraigh a f i l t e r  for  

part iculate col lect ion (Grimer et  al., 1979,1988; VDI ,  1989). 

Ncwadays, a second technique ( ' d i l u t i on  tube sampling') i s  often 



adopted: hot exhaust i s  di luted with f i l t e red  cold a i r  i n  a tunnel, 

f ran which samples are collected isokinet ical ly.  This technique 

simulates the process of d i l u t ion  occurring under rea1 road 

conditions. Di lut ion apparatus and related sampling systems were 

described by the VC EPA (1992). 

Particles are almost always collected by f i l t e r s :  GF, GF with 

tef lon binder, and quartz-fiber f i l t e r s ,  as well as tef lon nembranes; 

the l a t t e r  have been reported t o  be part icular ly  adequate i n  terms of 

eff ic iency and chemical ìnertness (Lee (r Schuetzle, 1983). GF f i l t e r s  

impregnated with l i qu id  paraff in are also used (Grimmer et  al., 1979; 

VDI, 1989). Collection of vepwr-phase PAHs (reviewed by Stenberg. 

1985) may be performed by cryo-condensation (Stenberg et  al., 1983) or  

by an adsorbent trap wi th a polyneric material such as XAD-2 (Lee & 

Schuetzle, 1983). 

Ar t i fac ts  during f i l t e r  col lect ion may result  f r a  chemical 

conversion of PAHs, part icular ly  i n to  nitro-PAHs and oxidation 

products (reviewed by: Lee 6 Schuetzle. 1983; Schuetzle. 1983; IARC, 

1989); such effects s t i l l  need t0 be f u l l y  evaluated. 

3.1.4 Water 

PAH concentrations are generally very small, at  0.1 and 1 

ng / l i t r e  levels i n  uncontminated grauidwater supplies and i n  drinking 

waters. This implies: (a) ' the possib i l i ty ,  during col lect ion and 

storage of samples. o f  se r iws  errors ar is ing fran adsorption losses 

and contamination; (b) the need. i n  some cases. for  a preconcentration 

step t o  enrich the sample. Sempl ing i s  recomnended t o  be perfoned 

on-site, d i rec t ly  i n  the extraction vessel (Smith et  al., 1981). 

Variws so l id  sorbents have been successfully used for  the 

preconcentration (reviewed by Smith et  al.. 1981 ): Tenax-OC. 

pref i l tered i f  necessary (Leoni et  al., 1975); XAD resins (reviewed by 

Griest 6 Caton, 1983); operi-pore PLJF (Basu e t  al., 1987); and 

prepacked disposable cartridges o f  bonded-phase s i l i c a  gel (Chladek h 

Marm,  1984; Van Noort 6 Wondergem, 1985). Colid sorbents have 

l imi tat ions when the sample contains suspended material, since 

adsorbed PAHs may be los t  by f i l t r a t i o n  (Van Wrt h Wcndergem, 1985). 



3.1.5 Colid samples 

A homogenization o f  the materia1 (e.g., m e  foodstuffs, so i l ,  

sediment, tissues, plants) i s  normally required before a sample i s  

extracted. Pretreatment o f  food products has been reviewed (together 

wi th techniques for  the i r  analysis) by Liem et  a l .  (1992). 

3.2 Preoaration 

Most environmental samples contain ma l1  amounts o f  PAHs, 

requiring sophisticated techniques for  detection and quantif ication. 

Therefore, i t  i s  essential t o  perform an ef f i c ien t  extraction frm the 

sample matrix, followed by m e  or  more pur i f icat ion steps enabling the 

sample t o  be analysed as much as possible free f rm impuri t i es  and 

interferences. A vary large number o f  extraction and pur i f i ca t ion 

techniques, as well as of the i r  canbinations ( ' i so la t ion schemes'), 

are described i n  the l i terature.  Also considering one specif ic matrix. 

there i s  no single scheme camwxily recognized as 'the best', although 

va r iws  methods have been validated and remended.  A c l ass i f i ca t i a i  

o f  iso lat ion schemes, according t o  specif ic groups of matrices. has 

been made (Jacob & Grinuner, 1979; Grirnmer, 19831, which basically i s  

s t i l l  widely used and i s  b r i e f l y  sununarized here. 

The avai lable techniques have 'been reviewed (Lee e t  al., 1981 ; 

Santodonato et  al., 1981; Grinuner, 19831, part icular ly  the extraction 

methods (Griest 8 Caton, 1983): i n  very genera1 terms, depending on 

the m a t r i x ,  PAHs are extracted frm the sample by a Soxhlet apparatus 

(e.g., f i l t e r s  loaded with part iculate matter or vehicle exheusts. 

sediments), or d i rec t ly  by l iquid-l iquid par t i t i on  (water samples), or 

- af ter  complete sample dissolution (e.g., fats, vegetable and mineral 

o i l s )  or alkaline digestion (e.g., meat products) - by a selective 

solvent such as N,N-dimethylformamide or  (Natusch 8 Tmkins, 1978) 

dimethylsulfoxide. The complete PAH extraction frm samples such as 

soot emitted by diesel engines, carbon blacks, and 6ther carbonaceous 

materials i s  part icular ly  d i f f i c u l t .  

As an alternat ive t o  Coxhlet extraction, par t icular ly  frm sol id  

smlples and f i l t e r s  loaded with part iculate matter, ultrasonic 

extraction (review by Griest 8 Caton, 1983) i s  becaning more and more 



successful for the advantages i n  tenns of reduced tima of extraction 

(minutes versus hours), with recovery efficiencies and 

reproducibilities which may also be superior. There i s  not a generally 

val id conclusiai regarding which technique i s  most favourable since 

the results of a comparim depend on mat r ix ,  solvent and experimental 

conditions. 

Recently, supercritical f l u id  extraction ( S E )  (Langenfeld et 

al.. 1993) has gained attention as a rapid alternative to conventional 

l iquid extraction fran WF sorbents (Hawthorne et al., 1989a), soi l  

(Wenclawiak et al.. 1992). and other e n v i r o m t a l  solids wch as 

urban dust, f l y  ash, and sediment (HrPnthorne 6 Mil ler, 1987). SFE may 

also be directly coupled with on-colm GC (see 3.3.1): the extract i s  

quantitatively transferred into the GC colum, yielding rapid (less 

than 1 h) analysis with maxirnun sensitivity. This technigue has b e n  
applied to urban dust smples (Hawthorn et al., 1989b). 

Purif ication of extracted samples f ra  other classes of 

interfering substances i s  most amnonly accoinplished by adsorption 

colunn chrcunatography. The classica1 sorbents. almina and especially 

s i l i ca  gel, are widely used. In addition, the hydrophobic Sephadex 

-20 has been fwnd to be suitable to  isolate PAHs frm nonaromatic, 

nonpolar compounds (which i s  important i f  the sample i s  analysed by 

GC) (Griimier 6 Bonke, 197961, a d  - i n  part i t ion chromatography, as a 

carrier of the stationary phase - to separate PAHs f r m  alkyl 

derivatives (Griimier 6 Bonke, l979a). Chromatographies on s i  l ica gel 

and Sephadex are often canbined (Jacob 6 Griiinier, 1979; Grinmer, 

1983). Clean-up has been perfornied also by eluting extracted sanrples 

thrwgh XAD-2 (so i l  sanrples: Spi tzer 6 Kwatsuka. 1986). or XAD-2 and 

Sephadex W20 i n  series (foods: Vaessen et al., 1988). or F lo r is i l  

colunns (food, water and sediment sanples: ref. i n  Table 7). 

Conventimal chrcunatographic c o l m s  may be wbstituted with 

prepacked conunercial cartridges, with advantages i n  tenns of time and 

solvents consuned, and of  reproducibility performance. For exarnple, 

s i l i ca  cartridges have been used i n  purif ication of foodstuffs (Dennis 

et al., 1983), urine (Becher 6 Bjorseth, 19831, vehicle emissions 

(Benner et al., 1989), mineral o i l  mist (Menichini et al., 1990), and 



atrnospheric samples (Baek et  al., 1992); soi 1 samples have been 

cleaned up through F l o r i s i l  cartridges (Jones et  al., 1989). 

Alternatively t o  chromatography on s i l i c a  gel colwns, 

preparative thin-layer chromatography i s  also used, e.g., with a i r  

particulates (see Table 6) and vegetable o i l s  (Menichini e t  al.. 

1991 ). 

To avoid photodecomposition o f  PAHs, sample handling i n  the 

absence of W l i g h t  i s  recommended at  any stage, and part icular ly  

during adsorption on chromatographic media. To avoid s igni f  icant 

losses o f  more vo la t i l e  PAHs, samples do not have t o  be evaporated t o  

dryness. Other generally recommended precautions are: t o  contro1 

possible sairces of contaminaticm (part icular ly,  from solvents), t0 

store samples - at  a l1 stages - refrigerated and i n  the dark, t o  keep 

the water bath temperature of the rotary evaporator under about 

35-4O0C. 

3.3 Analvsis 

A t  present, ident i f i ca t ion and quantif ication of PAHs are 

rout inely performed by gas chromatography (a) or high-performance 

l i qu id  chromatography (HPLC). Each technique presents a nwnber of 

advantages over the other one. Both o f  them are rather expensive, 

par t icular ly  HPLC, and requi re qual i f i e d  operating perconnel. 

Nevertheless, they are deemed necessary t o  analyse ' real '  samples for  

a large number of PAHs wi th accuracy and precision. 

Reference rnaterials o f  ce r t i f i ed  higher than 99% pur i ty  are 

available for  22 o f  the PAHs ms ide red  (BCR, 1992); the remaining 

conipowids are m e r c i a l l y  available as chemical standards, with 

pur i t i es  of 99% or  higher. 

3.3.1 Gas chromatography 

Excellent separation capacities (about 3000 and more plates per 

meter) are obtained by fused s i l i c a  capi l lary columns which are 

comercia l ly  available. This makes i t  possible t o  analyse very ccmplex 

mixtures containing over one hundred PAHs. 



The most widely used stationary phases are the 

methylplylsiloxanes: especially SE-54 (5% phenyl, 1% vinyl-  

substituted) and SE-52 (5% phenyl-1, but also SE-30 and W-l01 

(unsubsti tuted), W-17 (50% phenyl-), Dexsil 300 (carborane-), as well 

as the i r  equivalent phases. The use o f  chemically-bonded phases i s  

increasing because o f  the advantages i n  terms o f  r i nsab i l i t y  t o  

restore c o l m  performance and lower bleeding at  the high temperatures 

o f  analysis (about 3W.C) that are required for  determining high- 

bo i l ing  cunpounds. 

Spl i t less or on-colum injections are necessary t o  gain 

sens i t iv i ty  i n  trace analysis, the l a t t e r  being preferred as i t  allows 

better reproducibil i ty. A flane ionization detector (FID) i s  almost 

universally employed because o f  i t s  excellent response l inear i ty ,  

sensi t iv i ty  m d  re l i ab i l i t y .  Since the FID signal i s  related l inear ly  

t o  the carbon mass o f  the cunpound, PAHs are recorded i n  proportion t o  

the i r  quantit ies and the chrwtogram d i rec t ly  represents the quanti- 

ta t ive  composition of the sample. Because o f  the non-selectivity o f  

FID, samples for  GC need t o  be highly pur i f ied  frm interferences. 

Peak ident i f icat ion. which i s  r w t i n e l y  performed by means of 

retention data, has t o  be confirmed by analysing the sample with a 

d i f ferent  GC column or  by an independent technique, such as HPLC. or  

by a mass spectrmetric ( N )  detector d i rec t ly  ccupled to  the gas 

chromatograph (GC-FtC) . 
MS detectors have gained wide acceptance. They are powerful tools 

i n  ident i fy ing compounds, especially when the comnercially available 

l ib rar ies  of reference spectra are used to  match the spectra obtained 

and contro1 the cunpound puri ty.  Howaver, icomeric cunpounds often 

exhibi t  indistinguishable spectra, so that the fina1 assignment must 

also re ly  upon retention data. 

For applications o f  GC and N t o  PAHs, reference i s  made to  

published reviews (Lee et  al., 1981; Cortland Olufsen 6 Bjorseth, 

1983; Bartle, 1985; Hites, 1989) 

An on-line coupling of l i qu id  chrmatography (LC), capi l lary OC 

and quadruple MS has been performed i n  determining PAHs i n  vegetable 

o i l s  (Vreuls et  al., 1991 ). 



3.3.2 High-performance l i qu id  chromatography 

The packing materia1 considered the most suitable for  PAH 

separation consists of s i l i c a  part ic les chemically bonded t o  l inear 

C18 hydrocarbon chains. Typically, 25-cm columns packed with 5-W 

part ic les are used with the gradient e lut ion technique, and the mobile 

phase consists o f  mixtures of acetoni t r i  le/water or methanol/water 

('reversed-phase HPLC'). The separation eff ic iency which can be 

achieved with HPLC columns i s  quite lower than i n  capi l lary GC, which 

makes HPLC generally less suitable for samples containing complex PAH 

mixtures. 

On the other hand, relevant advantages o f  HPLC derive frm the 

capabi l i t ies o f  the detectors. Those most widely used for  PAHs are 

u l  t rav io let  (W)  and f lwrescence detectors, genera1 l y  arranged i n  

series, employing f low-ce1 l photcmeters or spectrophotometers. Both of 

them, and especially the la t te r ,  are high specif ic and sensitive (the 

detection l im i t s  i n  flwrescence are at least one order o f  inagnitude 

lower than i n  W). Speci f ic i ty  of flwrescence detector allows for  the 

determination o f  individua1 PAHs i n  the presence of other non- 

f lwresc ing substances. I n  addition, since di f ferent  PAHs have 

di f ferent  absorptivit ies or  d i f ferent  flwrescence spectral 

characteristics at  given wavelengths, the detectors can be optimised 

for  maximum response f o r  specif ic compounds; i n  particular, th i s  may 

prove advantageous i n  the ident i f icat ion of unresolved cunponents. 

HPLC i s  not suitable for  lowermolecular mass mpounds (namely, MA, 

AC, and ACL), which have re lat ively high detection l im i t s  (US EPA, 

1984). 

I n  addition, owing t o  the select iv i ty  of packing materials, 

va r iws  isomers which cannot be separated, or only pa r t i a l l y  so, by 

usual capi l lary GC columns, are baseline resolved and ident i f ied by 

WLC: for example, the pairs CHRTRI, and BbFA-BkFA (Wise et al., 

1980). 

The coupling of an MS detector t o  HPLC has been developed and 

also applied to  PAH detection (e.g., Q u i l l i a m  8 Sim, 1988). 

Much information on the isomeric structure may be obtained from 

spectra acquired during the elut ion of chromatographic peaks. For t h i s  



purpose. the W diode-array detector (DADI i s  gaining acceptance i n  

PAH analysis for m f i r m a t i o n  of peaks (Dong 6 Greenberg, 1988; 

Kicinski e t  al., 1989). 

For applications o f  HPLC t o  PAHs, reference i s  rnade t o  published 

reviews (Lee et al., 1981; Wise 1983,1985). 

3.3.3 Thin-layer chrunatography 

Nowadays. thin-layer chrunatography (TLC) i s  ccimwxily lirnited to  

the ident i f icat ion o f  individua1 cunpounds (namely, BaP), part icular ly  

fo r  screening purposes (IUPAC. 1987), or  o f  selected PAHs such as the 

s ix PAHs (Borneff 6 Kunte, 1979) whose determination was reconmeoded 

by the W 0  (1971) i n  drinking water. Indeed. i t  i s  an inexpensive and 

quick analytical techique, but with lcu separation efficiency. This 

last  parameter i s  irnprwed by two-diinensional processes (e.g., Borneff 

6 Kunte, 1979). 

u tant i f ica t ion may be performed by spectrophotometric or 

spectrofluorimetric methods i n  solution a f ter  extracting the scrubbed 

substance spot (Hauard, 1979; also reported i n  W ,  1990). or  i n  s i t u  

by SCming spectrofluarimetry (Borneff 6 Kunte. 1979). 

As M adsorbent, acetylated cellulose has been m t l y  used for 

one-step separation o f  the PAH fraction, and mixed alminun oxide and 

acetylated cellulose for  two-dimensional developnent (reviewed by 

Daisey, 1983) 

3.3.4 Other techiques 

A m b e r  o f  ~ m o n v e n t i o n a l  instrunents and techniques, based on 

spectroscopic principles, have been - and s t i l l  are being - developed 

as possible alternatives t o  the chmatographic methods for PAHs. 

Hauever, m s t  o f  t h m  are quite expensive, require sk i l led persmnel, 

and are not yet ms ide red  useful for the practicing analyst. For 

detai ls  on such techniques and their  applications to  PAHs, reference 

i s  rnade to  published reviews (Wehry, 1983; Vo-Dinh, 1989. various 

chapters). Lcu-temperature luninesceoce i n  frozen solutions 

("Shpol'skii effect") has been applied t o  various envirunnental 

samples, part iculàr ly  t o  ident i fy  methylated PAH isuners (Garrigues 6 



Ewald, 1987; Saber e t  al., 1987). Synchronous lminescence and m 
temperature phosphorimetry have been reported as simple and cost- 

ef fect ive screening techniques for  PAHs (Vo-Dinh et  al., 1984; Abbott 

e t  al., 1986). 

Infrared analysis - and part icular ly  F w r i e r  transform infrared 

(FTIR) spectroscopy coupled t0 GC ( S t w t  Mamantov, 1989) -, and 

capi l lary supercrit ical f l u i d  chromatography (SFC) (Wright & Smith, 

1989) have a l  so been appl i ed t o  PAHs. 

3.4 Choice o f  PAHs t o  be detennined 

The choice depends on the purpose o f  measurement. For example, 

carcinogenic PAHs are o f  interest i n  hwnan health studies; other, more 

abundant compounds may be of interest i n  ecotoxicological studies. I n  

addition, a multitude o f  compounds are advantageous when PAH prof i les  

have t o  be correlated t o  swrces and/or effects. 

Table 8 (p. 32) shows come l i s t s  o f  compounds whose determination 

has been required or  recommended at  national or  international levels. 

According t o  an EEC Directive ( O f f  J Eur Comm, 1980), which 

followed a WHO (1971) recommendation, the concentrations o f  s ix  

reference compounds (also known as 'Borneff PAHs') must be measured i n  

drinking waters i n  order t o  check thei r  compliance with the cumulative 

l i m i t  value of 0.2 & l i t r e  for  the PAH class. The origina1 WHO choice 

o f  these six PAHs was not based on any toxicological considerations, 

but on the fact that analytical investigations were then largely 

confined t o  these ( re la t ive ly  easi ly detected) compounds (M, 1984). 

The method required by the US EPA (1984) for  the analysis o f  

municipal and industria1 wastewater covers the determination of 16 

PAHs ( ' p r i o r i t y  pollutant PAHs') considered representative of the 

class. Even outside the USA, t h i s  l i s t  of compounds i s  often taken as 

a reference l i s t  fo r  the analysis of va r iws  environmental matrices. 

The European Aluminium Ascociation (W-EHC, 1990) has 

recommended a l i s t  of 19 PAHs t o  be determined i n  any kind of samples 

related t o  operations i n  that specif ic industry. The l i s t  i s  based on 

the PAH composition o f  emissions from aluminium mel ters,  the IARC 

c lassi f icat ion o f  carcinogenicity, and the exist ing o f f i c i a l  l i s t s .  



The I ta l ian National Advisory Toxicological C m i t t e e  (Menichini, 

1992b) has reconmended including the determination of seven PAHs i n  

health-related investigations, based on their carcinogenicity 

('probably' or 'possibly' carcinogenic to  hunans; IARC, 1987) and 

their occurrence i n  the enviromient. 

As a conclusion of an international Workshop on PAHs (SFT-SNT, 

1992), i t  was recommended to determine 15 carcinogenic PAHs i n  

health-related studies and to  include another six abundant PAHs for 

envirunnent-related studies. 



T ib la  6. A n i l y t i c i l  i a t h o d r  ( i i t r i x :  i i r )  

L i n i t  of 
I i t r i x  S i i p l i n g ,  e x t r i c t  ion  C l i in -up Analysis d t t cc t i on '  Rt fer inca 

p----- - 
;;bient i i r  s u p l i n p  on GFtPUF, l i q . - l i q .  p i r t i t i o n  GCIYS Y i i r r i k i  et a l .  

rt 45 i i l h ;  (C-hexrn8:HtO:MISO); 11982) 
soxhlet i x t r .  (C-h tx rne l  t h i n  CC (SiOt)  

t i i r r i o n s  
[ i u n i c i p i l  
i ncene r i t o r )  

veh ic le  
axhtur t  

r i i p l i n p  on G W F ,  
i t  30 i i l h ;  
soxhlot  ex t r .  r i t h  pa t r .  
ether (6F) i n d  DW IPUF) 

s i i p l i n g  on GF l p r r t i c l i  d 
< l 5  W),  i t  68 P l h ;  
r o x h l i t  ax t r .  r i t h  
C-hexinc t DCM 4 rcctone 

s i i p l i n g  on Gf, 
i t  83 $/h; 
s o n i c i t i o n  (C-h tx ine)  

r r i p l i n g  by p l i s s  r o o l  4 
condtnrcr t XAD-2; 
ex t r .  i i t h  ice tona I g l i s s  
r o o l  t nd  XAD-2: by soxh le t )  

r i i p l i n p  by GF t condanrer; 
1 iq.- l iq.  p i r t i t i o n  i i t h  
icetone:H10:c-hexrni i n d  
WF:HiO:c-hixinc 

r r i p l i n g  i n  d i l u t i o n  tunnel  
by t i f  lon-coi ted GF 4 
c o n d ~ n r w ;  r o x h l i t  ax t r .  o f  
f i l t e r  (DCM) i n d  condansitc 
( i c i t o n 8 ) ;  r i i i i n i n p  iqu tour  
phart  ex t r .  i i t h  DCY 

CC i A l i O ì  t SiOt i 

TLC (SiOt 

TLC (Si02 ) 

1 i q . - l i q .  p i r t i t i o n  
i i t h  DYF 

l i q . - l i q .  p i r t i t i o n  
(C-hcxina:ntO:WF) 

HPLCIUVtFI 0.01-0.4 Grcenberg et il. 
n g l i 3  (1985) 

V r l e r i o  at il. 
(1992) 

GC 10 n # / i 3  C o i i s i o  et il. 
(198s) 

GC 2.5-20 ng G r i u t r  e t  il. 
per 'Europa 11919) 
t e s t '  

I e s t t r h o l i  @t il. 
11988) 



T ib l t  6 (contd.) 
- 

indoor t i r  r u ~ l i ~ ~  on 6F I p i r t i c l t  d TLC l i c t t r l o x v l i t r d  r ~ t c t r o f l u o r .  Liov i t  il. 
< 10 ri i t  10 l i t r i r l i i n ;  c t l l u lose ì  
wn icc t ion  (C-htr rnt )  

t u p l i n f  on quart i  f i b t r  
f i l t t r  t XAD-4, 
i t  228 l i t r t r l i i n ;  
soxhlt t  t x t r .  r i t h  OCY 

r u p l i n g  on t i f l on - co i t t d  f i l t r r t i o n ;  th tn  CC 
6F, at 20 l i t r i r l i i n  for 24 [SiOi c i r t r i dg i ) ,  
h; roxhlot txtr. r i t h  DCT optional 

s u p l l n g  on purrtz f i b t r  CC (Si& or u i n o -  
f i l t t r  t PUF or XAD-t, rt 20 t i l i ne ) ,  il nctdtd 
l i t r t r l i i n  for  24 h; r o i h l t t  
t x t r .  r i t h  DCT ( f i l t t r  rnd 
XAD-2) or 8tbir:n-hixrnt ( M I )  

uorkp l tc i  r i i p l i n g  en t t f l o n  f i l t e r  t 
i i r  UQ-2, rt 2 l i t r i i / i i n ;  

ronicr t  ion or r oxh l i t  i x t r .  
of f i l t t r ,  t x t r .  o f  UW 
i i t h  t o l u t n i  i f o r  CC) or 
t c i t o n i t r i l @  (far HPLC) 

i u p l l n g  on f i l t t r  (W or CC (XAD-2) 
qui r tz  f i b i r  or t t f l o n  or 
r i l v t r  i u b r i n i )  i t  2 
l i t r o l i i n ;  r on i c i t i on  or 
toxhl#t i x t r .  i i t h  C-htxine 
or to lu tn t  

tobicco r u p i i a q  by i c t t o n t  tra); Ce (Si01 t StpLadw 
~ k t  to lv tn t  p i r t  i t  ion r c h w t  LI-20); th tn  HPLClUV 

ircidrlbtrtrln~utri1rlPAHi) 

Chuug i t  il. 
(1991) 

CC: c o l u n  chrmitogrrphy; C-htxrnt: cyc ldaxint ;  D#: d ich loro ic thmt;  W: N,N-d i r thy l fonu id i ;  W: d i i t t h y l -  
sulfoxidt;  FI: fluor6sctnct; IIYR: nuc l t r r  i i g n t t i c  rtroninci;  o tht r  r bb r t v i i t i om :  IIO ttit. 
i Ringt r t f i r r  t o  t h i  v i r i o u i  PAW. 

Tht f o l l m i n q  PANI c m  b t  dot i r i ined:  FA, PV, CM, BtP, BbFA, BkFA, W ,  BHiP, W ,  
e Approprictt solvint h o  t o  b t  d i t i r i i n o d  throuth r tcovtry t i i t i  on t h t  r p t c i f i c  i u p l i .  



Tcbh  l. A n i l y t i c r l  icthods ( n r t r i c t i  o th r r  th rn  r i r )  
v-- -- P 

--p --- 
L i u i t  of 

Y i t r i x  E x t r i c t  ion Clern-up Ani lys is  da t i c t  iona R t t i r t n c t  
W- -p---- -- 

t r p  rrt ir  pr#concentrr t ion on PUF; 1iq.-liq. p t r t i t i o n  66 or 0.1 n g l l i t r a  B t ru  L Sixtnc 
t x t r .  ( i ce ton t  t C-hextne) r i t h  C-htxrnc:HtO:YeOH TLC (Al tOi :  (1918) 

cnd C-hexrni:HtO:DYSO; c c t t y l .  c i l l u l . )  
then CC l f l o r i s i l )  r i t h  FI  d t tactor  

CC (SiOt), i f  neaded ground r i t c r  l i q . - l i q .  p t r t  i t  ion 
r i t h  DCY 

i) 6C i )  p g l l i t r i  I t v t l  US fPA (19868) 
b) 6CIYS b) 10 p g l l i t r t  
C )  HPLCIUVtFI C )  0.01-2 p g l l i t r t  

i c s t c  rrttr l i q . - l i ( .  p i r t i t  ion 
r i t h  DW 

CC or 0.01-0.2 ~ g l l i t r t  US EPA 11984) 
HPLCIUVtFI l by  HPLC) 

r t i  rrttr l i q . - l i q .  p r r t i t i o n  r i t h  
n-hexrnt or CC14 

i o i l  sonicct ion r i t h  DCY CC lA1101); t h i n  
l i q . - l i q .  p i r t i t l o n  
(n-htxrnt:HiO:DUSO) 

1 soxhlot txtr. r i t h  DCY 

b t d i r t n t  r o x h l t t  ixtr. r i t h  DCY CC (SiOi t Scphidax 
LH-20) 

P u i l l i r i  1 S i i  
( toae) 

i o n i c r t i o n  r i t h  
tct tont:n-htxtnt 

HPLCIUVtf I 1-180 pglko Yrrcus #t 81. 
(tosa) 

i t r t  tnd f i r h  I )  digest ion ( i l c .  KOH), 
productr ( I ) ,  t h t n  l i q . - l i q .  p o t i t i o n  
v t g c t t b l r  (Yt0H:HiO:c-hexrne) 
o i l r  ( I l ) ,  11) d i i s o l u t i o n  i n  C-hexrne 
ind  serrga I l ! )  r t f l u x i n g  r i t h  ccetons 
i ludgc (111) 

1 iq . - l iq .  p i r t i t i o n  
(C-hextnt:HtO:WF); 
thcn CC (SiOt t 
S ~ p h t d t ~  LH-20) 

p d  
rc f l ux ing  r i t h  t l c ,  KOH, 

t o t r l  d i t t )  ox t r .  r i t h  i rooct rnc 
I i ~ . - l i q .  p r r t i t i o n  
(iiooctrnt:HiO:DYF); 
t h t n  CC 
(Si01 c i r t r i d g t )  

HPLC/Fl 0.002-0.1 p ~ l k ~  Dinn i r  rt a \ .  
(1983) 

r c p o n i f i c i t i o n  ( r l c .  (OH), 
t x t r .  r i t h  C-h ixrn i  

HPLCIFI 0.03-2 pglkg De Voi @t 11. 
( l W )  

r i p o n i f i c c t i o n  ( r l c .  KOH), 
i x t r .  i i t h  i r o o c t i n i  

CC ( f l o r i r i l ) ;  t h t n  
1 ip . - l iq .  p i r t i t i o n  
(isooctrnt:HtO:DYSO) 



T i b l i  T 1contd.i 
---W---- 

r t t f o o d  d i g i i t i o n  r i t h  i l c .  (OH, CC lA110i + S i &  t HPLC/FI 0.01-0.6 pp/kg P n r f e t t i  
t x t r .  r i t h  TCTFE 

s iok id  food d i g i r t i o n  r i t h  r l c .  (OH, 
t x t r .  r i t h  TCTFE 

r t f b x i n g  r i t h  C-h tx in i  
or TCTFE, 
t x t r .  r i t h  Yt0H:HiO 

s o l i d  r i s t t  soxh l t t  i x t r .  r i t h  OCY 
or r o n i c i t i o n  r i t h  
DCY:ictton: 

i i n e r i l  o i l  l i q . - l i q .  p i r t i t i o n  
i n d  f u t l  (C-hex~nt:HiO:MIF) 

m t d i c i n i l  o i l  l i q . - l i q .  p i r t i t i o n  
(C-hixinn:H~O:MIf i 

p l i n t i  

u r i na  

u r ine  i n d  
f i t c e r  

t issu: 

r k i n e  

CC (Al tOI + SiOtl ;  
l i q . - I i q .  p i r t i t i o n  
(C-htxinr:H~O:WSO) 

l i q . - l i q .  p r r t i t i o n  
[C-htxini: i i~O:OYF); 
t h t n  CC IS iOi )  

CC (Si01 i ,  il netdtd 

son icr t ion l r c i t o n i t r i l t l ,  CC (Si011 
c x t r .  r i t h  pentine 

i d j u i t t d  t o  pH3, i x t r .  by CC ISiOt c t r t r i d g t l  
C i i  c r r t r i d g i ,  r t duc t ion  
o f  a i t i b o l i t t t  r i t h  H1 

i d d i t i o n  o f  HCI, re f l ux ing  CC ISiOt + 
r i t h  t o l u t n i ,  i d d i t i o n  of Siphidix LH-201 
YtOH t d i t z o i i t h i n i  i n  
t t h c r  ( f i t c o  i r e  
s i p o n i f i c i t i d  b t fo rc  
i c i d i f i c i t i o n )  

hoaogenizit ion CC I F l o r i i i I l  
(btztncn-hexcn:) 

t o n i c r t l o n  o f  
i x p o r u r i  p i d t  r i t h  DCY, 
c t n t r i f u g i t i o n  

TLCIUVtF 1 

TLCIFI' 
(only BiPI 

I) GC 
b l  6ClYS 
C) HPLC/UY+FI 

6C 

HPLCIFI t 6C 

6C 

HPLC' 

BC i n d  GCIYSI 

GClUS 

HPLCIFI 

i t  il. (1992) 

0.03-0.4 pg/kg Jo i  tt il. 
( 1 9 ~ 4 )  

0.5 ng/kg IUPAC 119811 

(,C) pglkg l e v t l  US EPA I I986b) 
b) 1-200 mglkg 

100 nglkg G r i l a t r  L Bohnki 
119111 

0.2-200 nglkg Gtihchin t t  il. 
(1991) 

C o i t t r  t t  il 
119M) 

Btchtr  I 
Bjo rs t th  119831 

Jtcob et il. 
119891 

6 ng lc i2  J o g t n o l t n  
,t il. 119681 

-- 
TCTFE: 1,1,2-trichlorotrifluoroithinc; o t h i r  i b b r t v i r t i o n r :  s i i  T i b l i  6. 
1 Ring: r e f t r r  t o  t h i  v i r i o u r  PANI. 

Tht I i P  cont tn t  i s  t c t l i i t t d  t o  bc > o r  ( 0.6 ug/kg ( r c r t t n i n g  ie thod l .  
O t t t r i i n i t i o n  o f  u n i i t i b o l i z i d  i n d  a t t i b o l i z i d  PAHi. 

6 D t t i r a i n i t i o n  of PV rnd l -hydroxypyrtnt .  
e M e i r u r t i t n t  of  r k i n  c o n t i i i n i t i o n  r i t h  t o f t  po lypropy l tn i  t xpo ru r i  p161 i o u n t t d  on r i i n  i i t a a .  



l Table 8. Some e x i s t i n g  l i s t s  of PAHs t o  be determined 

WHO/EECa EAAC SFT-SNT" 
d r i n k i n g  US EPAb aluminium C C T N ~  ---------------- 

Compound water wast ewat e r  i ndust r y  a i r  hea l t h  environ. 

l 

b 

d 

l 

Recommended by WHO (1971 ) and requ i red  by an EEC D i r e c t i v e  (O f f  J 
Eur C m ,  1980). 
Required by US EPA (1984) f o r  the  ana lys i s  o f  munic ipa l  and 
i ndus t r i a1  wastewater. 
Recommended by the  European Aluminium Associat ion (EAA-EHS, 1990) 
Recommended by the  I t a l i a n  Nat iona l  Advisory Tox ico log ica l  
Committee (CCTN) i n  hea l th - re la ted  s tud ies  (Menich in i ,  1992b). 
Recommended at the  I n t e r n a t i o n a l  Workshop on PAHs (SFT-SNT, 1992) 
hea l th - re la ted  s tud ies  ( l e f t  column) and i n  envi ronment-related 
s tud ies  ( r i g h t ) .  
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