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SUMMARY 

A procedure is reported for the determination in natural waters of the six 
polycyclic aromatic hydrocarbons (PAHs) listed by WHO as indicators of pollution. 
The method consists in continuous liquid-liquid extraction, separation of the PAH 
fraction by thin-layer chromatography and reversed-phase high-performance liquid 
chromatography with a spectrofluorimetric detector. The method has been applied 
to unfiltered samples of river and sea waters with PAH levels below 0.1 rig/l.. 

INTRODUCTION 

Of the many pollutants in surface waters, polycyclic aromatic hydrocarbons 
(PAHs), some of u)hich are carcinogenic, are of great importance. The World Health 
Organization (WHO) has set a standard for the amount of PAHs in drinking water 
derived from surface waters, recommending a maximum level of 200 rig/l for “total 
PAHs” ’ . The term “total PAHs” refers to the sum of six specified PAHs: fluoran- 
thene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(u)pyrene, benzo(gK)per- 
ylene and indeno(l,2,3-cdlpyrene. A level of more than 200 rig/l indicates unaccept- 
able contamination. This same limit has been established in Directives of the Com- 
mission of the European Economic Communities (EEC)Z. The U.S. Environmental 
Protection Agency (EPA) has issued a list of organic compounds to be monitored in 
municipal and industrial discharges in the U.S.A.3; the list contains 129 compounds, 
16 of which are PAHs. These 16 PAHs include the six listed by the WHO. 

In recent years much work has been carried out to develop methods for the 
determination of PAHs in the aqueous environment. These methods differ in detail, 
but almost all include extraction, clean-up and analysis. 

The extraction techniques used for concentrating PAHs from water include 
extraction with organic solvents4-7 or adsorption on columns of macroreticular 
resinss-lo and other materials ll-ls. Clean-up is normally carried out by thin-layer 
(TLC) or column chromatography 16-18. For the determination of PAHs gas chro- 
matography l 9--2 l, gas chromatography-mass spectrometry22*23, high-performance 

l This research is part of the doctorate post lauream thesis of MR. 
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liquid chromatography (HPLC)24-27 and fluorescence spectrometryZ8-30 have been 
used. 

At the present there is no official method for the determination of PAHs in 
natural waters; the WHO recommends the two-dimensional TLC method developed 
by BornefP8 and Borneff and Kunte 3 l. However, this method has the disadvantages 
that it is laborious and lacking in accuracy, so alternative methods are desirable32. 

In this paper we report a procedure for the determination in natural waters of 
the six PAHs listed by the WHO. The method, consisting in continuous liquid-liquid 
extraction, separation of the PAH fraction by TLC and reversed-phase HPLC with 
a spectrofluorimetric detector, is applicable to unfiltered samples. We do not use 
preventive filtration, consequently our results refer exactly to the. total-aqueous me- 
dium at the time of sampling. 

The applicability of this technique was tested on real samples. 

EXPERIMENTAL 

Materials 
All solvents were obtained from Carlo Erba (Milan, Italy). n-Hexane, benzene 

(analytical-reagent grade), methanol, acetonitrile and tetrahydrofuran (HPLC grade) 
were used as received. Cyclohexane (HPLC grade) was doubly distilled before use. 
The water used as the mobile phase in the HPLC system was doubly distilled and 
filtered through a Norganic Trace Organic Removal Cartridge (Millipore, Bedford, 
MA, U.S.A.). The purity of the solvents was checked before use. 

Silica gel TLC plates (20 x 5 x 0.025 cm) were obtained from Merck (Darm- 
stadt, F.R.G.). 

Standard PAH samples were commercial products (Fluka, Buchs, Switzerland; 
Aldrich, Milwaukee, WI, U.S.A.: Eastman Kodak, Rochester, NY, U.S.A.) or were 
obtained from the Community Bureau of Reference, BCR (Commission of European 
Communities, Brussels, Belgium). 

A standard solutions was prepared that contained the following amount of 
PAH per microlitre of methanol: 40 pg of fluoranthene, 20 pg of benzo(b)fluoran- 
thene, 5 pg of benzo(k)fluoranthene, 20 pg of benzo(a)pyrene, 10 pg of benzo@)- 
perylene and 100 pg of indeno(l,2,3&)pyrene. This solution was obtained by ap- 
propriate dilution from individual solutions of the standards of concentration 0.1 
pg/pl. The standard solution was stored at 4°C in the dark. 

Apparatus 
The HPLC analysis was performed using a Perkin-Elmer Series 2 liquid chro- 

matograph equipped with a Series LS-5 spectrofluorimetric detector and a column 
(16.5 x. 0.46 cm I.D.) packed with 5 pm silica, chemically modified with octadecyl- 
silane (ODS). The packing materials were obtained from Carlo Erba and Phase Sep- 
arations (Norwalk, CT, U.S.A.). 

Sampling 
Conventional sampling practices were followed. The water samples were col- 

lected in duplicate in glass containers. The volume drawn was 5 1. 
Mercury(I1) chloride (50 mg/l) was added to inhibit microbial activity and the 

samples were stored at 4°C. 
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Analytical procedure 
The water samples (2 1) were subjected to continuous liquid-liquid extraction 

with cyclohexane for 50 h at a distillation rate of 5 ml/min. Approximately 150 ml 
of solvent were used; at the end of the extraction about 100 ml were stratified on the 
water and the remainder constituted the extract. This was concentrated to l-2 ml by 
a rotary evaporator at room temperature and then reduced to dryness under a stream 
of nitrogen. The residue was dissolved in tetrahydrofuran (100.~1) and applied as a 
streak to a silica gel plate and developed with n-hexane-benzene (1:l) in the dark. 
After removal of the mobile phase, the plate was examined under ultraviolet light 
(254 nm) to establish the position of the PAH spot. The spot was scraped off, pow- 
dered and transferred to a filtration system consisting of a fritted glass Buchner funnel 
(porosity 16-40 pm) on a vacuum flask in which was placed a test-tube to collect the 
filtrate. The PAHs were eluted from the silica gel with 5 ml of tetrahydrofuran. Traces 
of silica gel, which could damage the column in the subsequent HPLC analysis, were 
removed from the tetrahydrofuran solution by passage through a Mill&ore filter (0.5 
pm). The filtrate was evaporated to dryness using a stream of nitrogen and the residue 
dissolved in 50-100 ~1 of methanol for HPLC analysis (the methanol volume depends 
on the expected concentration of PAHs in the sample). 

The HPLC analysis was performed on a column packed with Erbasil Crs. The 
PAHs were separated isocratically with methanol-water (85:15, v/v) as the mobile 
phase at a flow-rate of 1 ml/min. The compounds were detected under the optimum 
conditions by selecting the appropriate excitation and emission wavelengths. The 
excitation wavelength was fixed and the emission wavelength was varied during the 
analysis. 

The PAH identification was accomplished by comparison of the retention 
times and the stop-flow excitation and emission spectra of the sample with those of 
standard compounds. 

The determination of individual PAHs was carried out by comparison of the 
sample peak areas with those of standards. The samples were analysed in parallel 
with blanks to ensure that the glassware and reagents were interferences free. 

RESULTS AND DISCUSSION 

Most of the PAHs present in waters are found to be associated with suspended 
matter and this particulate fraction mostly conditions the choice of the extraction 
technique. Given the characteristics of the type of water to which we intend to apply 
the method (waters with relatively low levels of suspended matter), it is not necessary 
to apply preventive filtration, and consequently the determined PAH concentrations 
are relative to the total aqueous sample as such. Moreover, a filtration step would 
necessitate analyses of both the filtered material and the particulate matter, with a 
consequent probability of losses of the compounds of interest, expecially when work- 
ing at the rig/l concentration level. Even if a suitable filter is chosen, some of the 
suspended matter could pass into the filtrate and make the sample non-homogeneous. 
As the adsorbed PAHs require a different extraction technique to the dissolved PAHs, 
in which the time of contact with the extraction solvent is longer, there is a risk of 
incomplete recovery of the PAHs. This has been observed by other workers33 who 
have examined the filtration problem. 
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Preliminary studies were carried out to evaluate more suitable extraction tech- 
niques for use with unfiltered samples. Continuous and discontinuous liquid-liquid 
extraction and adsorption on a microcolumn packed with C1s reversed-phase ma- 
terial or with graphitized carbon black were examined. Continuous liquid-liquid 
extraction gave the highest PAH recovery. To obtain a good recovery, an extraction 
time of 50 h was sufficient. 

The use of TLC to separate the PAHs from the total organic fraction was 
studied in our laboratory previously 34--37 at the pg/g concentration level in different 
matrices. Tests carried out with standard solutions showed that tetrahydrofuran is 
the most suitable solvent for elution from thin layers. Studies to evaluate the recovery 
of PAHs at concentrations comparable to those in the samples were carried out and 
some results are reported in Table I. 

Coextracted interferents varied considerably with the type of water sample 
examined. In samples of tap, water and sea water the TLC step is not necessary 
because these samples did not contain impurities at the retention times of the com- 
pounds to be determined. 

The separation and detection of PAHs by HPLC was carried out using a flu- 
orescence detector, which imparts both selectivity and sensitivity to the system. We 
compared the performances of some commercial Crs packing materials. These ma- 
terials, although chemically similar, provided different separation efficiences and dif- 
ferent retention characteristics for PAHs. We focused attention on pairs of PAH 
isomers that are difficult to separate, viz., benzo(b)fluoranthen*benzo(k)fluoran- 
thene (BbF-BkF) and benzo(ghr)perylene-indeno( 1,2,3-cd)pyrene (BghiPe-IP). We 
found that Erbasil C1s gave the best resolution of these PAHs. Fig. 1 illustrates the 
HPLC separation obtained with columns packed with Erbasil Cis and Spherisorb 
OD&. Although the latter column has.a higher number of theoretical plates it has 
a lower resolution for the PAH isomers examined. The resolutions for BbF-BkF 
were 1.6 and 2.0 and those for BghiPe-IP were 0.9 and 1 S, respectively. 

The separation characteristics of the column also depend on the mobile phase. 
We examined the resolution obtained with methanol-water and acetonitrile-water, 
eluent systems generally used for this type of separation. Methanol-water is better 
because the BghiPe-IP isomers are unresolved using acetonitrile-water whatever the 
percentage of acetonitrile used. 

The described procedure has been applied to the evaluation of the degree of 
PAH pollution of the River Tiber3* (Fig. 2). 

The PAH concentrations were corrected for a blank; samples of water, purified 
by distillation and passage through cartridges suitable for eliminating organic sub- 

TABLE I 

MEAN RECOVERY (%) OF PAHs FROM THIN LAYER 

Compound 0.25 ng 0.5 ng 1 ng 

Fluoranthene 93 100 90 
Benzo(b)fluoranthene 76 89 90 
Benzo(k)fluoranthene 61 85 86 
Benzo(u)pyrene 68 82 83 
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Fig. 1. HPLC traces of a standard mixture obtained on columns packed with different material: (A) 34 
x 0.46 cm I.D. column of 5 m Spherisorb ODSr; (B) 16.5 x 0.46 cm I.D. column of 5 pm Erbasil Cis. 
Mobile phase: methanol-water (80~20). Flow-rate: 1 ml/mm. Spectrofluorimetric detection. Peaks: 1 = 
fluoranthene; 2 = benzo(b)fluoranthene; 3 = benzo(k)fluoranthene; 4 = benzo(a)pyrene; 5 = bcnzo- 
(ghr’)perylene; 6 = indeno(l,2,3-cd)pyrene. 

stances, were prepared. These samples, when extracted and analysed under the same 
conditions as for the real samples, showed the presence of some PAHs. An accurate 
study to establish the origin of these compounds was therefore undertaken. We tist 
verified the absence of PAHs from the materials and reagents used, then a water 

mill 40 30 20 10 0 

Fig. 2. HPLC trace of extract of River Tiber water. Column: 16.5 x 0.46 cm I.D. of 5 pm Erbasil Cis. 
Mobile phase.: methanol-water (8515). Flow-rate: 1 ml/min. Spectrofluorimetric detection. Peaks as in 
Fig. 1. 
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TABLE II 

MEAN CONCENTRATIONS AND RELATIVE STANDARD DEVIATIONS FOR SOME PAHs 
DETERMINED IN WATER FROM THE RIVER TIBER 

Compound Mean concen- 
tration* (ng/l) 

Standard deviation* 

(nglIJ 

Fluoranthene 7.22 1.69 
Benzo(b)fluoranthene 0.46 0.07 
Benzo(k)fluoranthene 0.17 0.02 
Benzo(a)pyrene 0.56 0.03 
Benzo(&)perylene 0.11 0.02 

l On 5 determinations. 

sample of the described type was subjected to extraction and the extract was analysed 
at different times. After 50 h the concentration of the individual PAHs unexpectly 
remains almost constant. The probable explanation was that the small amount of 
PAHs present in the blank could have been formed during the process of boiling of 
cyclohexane in the extractor. In fact, PAH-free cyclohexane samples after boiling 
showed levels of some PAHs comparable to those of the blanks of distilled water. 

The reproducibility of the method was determined by taking five sub-samples 
of the same sample of River Tiber water and executing three HPLC analyses on each 
sub-sample. Table II reports the mean values and the relative standard deviations 
obtained. 

The recovery was determined by spiking samples of previously extracted dis- 
tilled water with a solution of PAHs at a concentration of 5 rig/l each and values of 
85 f 10% were obtained. 
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