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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous persistent pollutants
that have been described in all environmental compartments. Many of then are
well-known pro-carcinogenic and/or mutagenic substances that have been related
to several kinds of human cancer (Boffetta et al., 1997; IPCS, 1998; Pereira Netto
et al., 2000). The sources, formation and fate of PAHs have been reviewed (Baek
et al., 1991; Lopes and Andrade, 1996; Bouchez et al., 1996; IPCS, 1998). In the
atmosphere, PAHs are distributed between the gaseous phase and particulate
according to their vapour pressures and to the temperature (Valerio and Pala,
1991). PAH concentrations in total suspended particulate (TSP), in suspended
particles of different diameters and/or in the gaseous phase have been used to
assess air pollution. There are data concerning atmospheric PAHs for many
places and cities in the world (for example: Alsberg et al., 1985; Menchini, 1992;
IPCS, 1998; Menchini et al., 1999; Panther et al., 1999) but there are relatively
few data on atmospheric PAHs in South American cities (Catoggio et al. 1989,
Didyk et al., 2000; Kavouras et al., 1999). For Brazilian cities, most of the
available data on atmospheric PAHs are restricted to the Megacities of Séo Paulo
and Rio de Janeiro (Daisey et al. 1987; Miguel and Andrade 1989; Miguel and
Pereira, 1989; Ciccioli et al., 1996; Vasconcellos et al., 2003; Vasconcellos,
1996; Fernandes et al., 1999; Azevedo et al., 1999) although the medium city of
Niterdi has also been studied (Pereira Netto et al., 2001, 2002). Vehicular
emission plays a major role in urban areas and the levels of atmospheric PAHs
varies widely during the day according to traffic (Nielsen, 1996). Kakimoto et al.
(2000) observed that the concentrations of atmospheric PAHs varied between day
and night in Japanese cities. The only data comparing day periods in Brazilian
cities is due to Daisey et al. (1987) when the levels of selected PAHs were
studied in inhalable particulate matter (IPM).

This work compare nocturnal and diurnal levels of PAHs in TSP from a highly
trafficked area of Rio de Janeiro City, the capital of Rio de Janeiro State, Brazil.
This city is located in the margins of Guanabara Bay and its metropolitan area has
about 11 million inhabitants. In the area of study, automotive fleet has
contributions of both heavy-duty and light-duty diesel-fuelled and
gasoline/ethanol fuelled vehicles. This work also partly addresses to fill the lack
on data on atmospheric PAHs in diurnal and nocturnal periods from Rio de
Janeiro City and tropical cities.
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MATERIALS AND METHODS

PAHs were purchased from AccuStandard (CT, USA) or Aldrich Chemical Co.
(W1, USA). Dichloromethane (HPLC grade), hexane and toluene (both Omnisolv
- Residue Analysis) were purchased from E M Science (NI, USA). Si0; Sep Pak
cartridges (3 ml; 500 mg) from PR Cola (RJ, Brazil) and a Sep Pak Vacuum
Manifold (Waters Corporation, W1, USA) were used to clean-up sample extracts.

Samples were collected on the Campus of the Fundag8o Oswaldo Cruz, a green
area located in a very intensive trafficked area about 10 km away from Rio de
Janeiro City Center, Brazil. The sampling points were located in open areas
facing the twelve lane Brasil Avenue (AB), the main highway to Rio de Janeiro
City (245,000 vehicles/day) and the six lane Leopoldo Bulhdes (LB) Avenue that
cross along several districts of the city. Both sites are partially influenced by
other major highways of the city: Yellow Line (181,000 vehicles/day) and Red
Line (130,000 vehicles/day). Automotive emission is the main source of PAHs in
both points although they may be eventually influenced by industrial emissions.
TSP sampling was performed 3 m above ground in Brasil Avenue (AB) and 2 m
above ground in Leopoldo BulhGes Avenue (LB) in open areas facing both
avenues. TSP samples were collected with a high volume air sampler (SIBATA-
HVC 500, Japan) and glass fibber filter paper (Advantec Toyo, Japan). Sampling
periods were established by sunrise and sundown. Samples in both points were
collected in parallel while nocturn and diurnal periods corresponded to immediate
periods of sampling. After sampling, loaded filters were transported to the
laboratory, equilibrated and weighted. Filters were kept in freezer inside glass
petri dishes wrapped with aluminium foil until extraction (Pereira Netto et al,,
2001).

Further details of the methodology were presented elsewhere (Pereira Netto et al.,
2001). Briefly, one quarter of each filter was extracted by ultrasonication with 4
portions CH,Cl, (20 ml; 20 minutes each). Combined extracts were concentrated
in rotary evaporator, centrifuged and evaporated under gentle high purity N> flow
after addition of toluene (100 pl). Concentrated extracts were transferred onto
8i0, Sep Pak cartridges previously activated with CH,Cl, The PAH rich fraction
was eluted with hexane (6 ml), evaporated under N, flow after addition of
toluene, transferred to vial and kept in refrigerator until analysis by HRGC-MS.

Samples were analysed in a HP53890 gas chromatograph interfaced to a HP5970
mass selective detector with a DBS5-ms column (30 m; 0.25 pum; 0.25 mm; J&W
Scientific, CA, USA). The oven temperature was kept at 95°C during 1 min,
increased to 120°C at 10°C/min, hold at this temperature for 2 min and heated to
300°C at 4°C/min with 10 min final hold. Transfer line and injector were kept at
280°C. Sample extracts and standards were manually injected in splitless mode.
Ionisation was performed by electron impact at 70eV and mass spectra were
recorded between 50 and 350 a.m.u.. Comparison of retention times with true
compounds, fragmentograms and in few cases mass spectra allowed PAH
identification. Quantitative analysis was performed by selected ion monitoring
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with molecular ions of PAHs and internal standards (Tuominem et al., 1986). The
calibration solution was prepared by dissolution of internal standards and PAHs
in toluene with posterior dilution in the same solvent (Pereira Netto et al., 2001).

RESULTS AND DISCUSSION

Total ion current (TIC) chromatograms showed a large peak due to unresolved
complex mixtures (UCM) as expected for extracts of TSP. The fragmentograms
of m/z = 85 (aliphatic hydrocarbons) and of m/z = 95 (naphthenic hydrocarbons)
showed that those classes of hydrocarbons predominated in all extracts while the
fragmentogram of m/z = 191 indicated the presence of tri- and tetra-terpanes and
of hopanes in all extracts. Our data showed that vehicular exhaust is a major
source of hydrocarbons in that area of Rio de Janeiro City. Our data are also
similar to the previous results obtained in two highly trafficked areas of the city:
Rebougas Tunnel and Cineléndia (downtown) (Azevedo et al., 1999).

Mean PAH concentrations between 0.01 and 3.06 ng/m® were found (Table 1).
Chrysene, benzo[b]fluoranthene, benzo[gh,i]perilene, indene[1,2,3-cd]pyrene
and coronene predominated in both sampling points and periods. Some of them
are considered gasoline or diesel exhaust markers reinforcing the role of
automotive emission in the area of study. Our data suggest that large amounts of
PAHs are emitted in the studied area. Although this fact has to be taken with
caution due to the differences between sampling points, periods, analytical
methodologies and  automotive fleet.  Indene[1,2,3-cd]pyrene  and
benzo[ghi]perylene were also previously found as the predominant PAHs in TSP
samples taken in Rio de Janeiro City (Daisey et al, 1987) and in Séo Paulo City,
the other Brazilian Megacity (Vasconcelos, 1996). The concentrations of pyrene
and fluoranthene considered markers of emission by gasoline fuelled vehicles,
found in this work were lower than those previously reported in the Rebougas
Tunnel (Azevedo et al., 1999) possibly due to the predominance of gasoline
fuelled vehicles in the tunnel and to the lowest air circulation when compared to
open areas. However, for almost all studied PAHs, the levels found in this work
were larger than those previously reported by Daisey et al. (1987).

Total PAH concentration (> PAHs) between 8.25 and 24.19 ng/m’ were found in
LB and AB (Figure 1). XPAHs in diurnal (D) samples were larger than in
nocturnal (N) samples in both sampling points. XPAHs decreased in the order
ABD > ABN > LBD > LBN that is compatible to the automotive fleet decrease
observed during the night and to the difference of automotive fleet between AB
and LB. When considering the same compounds, >.PAHs found in this work were
lower than those previously reported in Cineldndia and in the Rebougas Tunnel
but greater than the values found in green areas of the city (Azevedo et al., 1999).
This fact may be attributed to the reduced air circulation in the tunnel and in
Cinelandia (in this case due to the buildings) that increase PAH levels. The
comparison of our data with those previously reported for Niterdi, a medium city
of the Metropolitan Area of Rio de Janeiro City, shows that the PAH levels in Rio
de Janeiro City were 2 - 12 times higher than the values observed in Niter6i
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Table 1. Mean levels of individual PAHs (ng/m’) in samples of TSP from Rio de
Janeiro, Brazil.

Place and Period of the day

PAHs ABD ABN LBD LBN

Fluorene 0.08+0.02 0031001 003£0.02 0.01x001
Phenanthrene 141+£042 052012 039+0.21 0.13+£0.06
Anthracene 0.16+0.05 0.06+001 004%0.02 0.02+0.01
2-methyl-phenanthrene 047+0.11 0162005 011007 005£0.03
Fluoranthene 1.72+0.52 070031 0.63+043 0.17+0.10
Pyrene 202+£059 0701028 059+036 0.18+0.11
Benzo[a]anthracene 1.38+033 0.82+047 0331£0.18 024+0.15
Chrysene 2734033 1.54+0.80 0.75+£056 0541044

Benzo{b]fluoranthene 285+085 3.06x079 166+1.54 146+1.06
Benzo[k]fluoranthene 068+£0.11 079+0.18 037+0.29 0.38+£0.25

Benzofe]pyrene 1431041 1471042 079+£0.72 0.72£0.51
Benzo[a]pyrene 1.17+£023 1441030 0431027 0.62+043
Perylene 0.17+£009 030+009 0.08+0.05 0.14+0.09

Indene[1,2,3-cd]pyrene 236+135 1.81+£1.20 220+1.73 1.56+0.80
Dibenzo[a hlanthracene” 0.17+0.12 0.34+0.16 0.17+0.13 0.18+0.11

Benzo[ghi]perylene 2.53+045 156031 1214077 0.95+047
Coronene 288+123 1384028 135+073 0.89+0.54
TSP (ug/m’) 382450  120+54 179491 121 £25

(*) coeluted with dibenzo[a,clanthracene under our analytical conditions

(Pereira Netto et al., 2001). A comparison with data of Panther et al (1999) shows
that our results are in the range of the values found in other tropical cities.

The total concentration of carcinogenic PAHs (2.CARC), here considered as
those classified by IARC as probably carcinogenic (2A) (namely
benzo{ajanthracene, benzo[a]pyrene and dibenzo[a,h]anthracene) and those
classified as possibly carcinogenic (2B) (namely benzo[b]fluoranthene,
benzolk]fluoranthene and indenef1,2,3-cd]pyrene) ranged from 4.44 to 8.60
ng/m®> (Figure 1). Similar values of YCARC were found in each point
independent of the period of the day but the value found in AB was nearly twice
that of LB (Figure 1). However, when the percentage of carcinogenic PAHs (%o
CARC) is considered it is shown that it corresponded to almost 50% of 2PAHs in
both sampling points and periods except for ABD. This may be related to the
largest concentrations of certain PAHs (pyrene, fluoranthene and coronene) found
in ABD samples and also to dust resuspension, that can be evaluated by the high
levels of TSP found there (Table 1).

A comparison of Toxic Equivalent Factors (TEF) calculated according to the data
reported by Nisbet and LaGoy (1992) and by Malcolm and Dobson (1994) and
compiled in IPCS (1998) is also shown in Figure 1. This approach was
successfully applied in the study of PAHs associated with TSP (Castellano et al.,
2003).
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Figure 1. Comparison of the concentration of total PAHs (3 PAHs - ng/m?), the
concentration of carcinogenic PAHs (ZCARC - ng/m®) and of TEFs from in TSP
samples from Rio de Janeiro City, Brazil.

The TEF values for nocturnal samples were larger than the values calculated for
diurnal samples: 9 % for AB and 15 % for LB (Figure 1). Those resulis are
certainly dependent on the increase of BaP levels observed during the night in
that area of the city, since the TEF of BaP (1.0) is the largest value among all
PAHs. It was also observed in both sampling points that the ratios of the mean
concentrations of BaP and BeP increased during night, possibly reflecting the
lower photochemical stability of BaP when compared to BeP. Our results also
reinforce the importance of BaP as a surrogate in atmospheric pollution studies.

For Brazilian cities the only data set comparing day periods is due to Daisey et al.
(1987) when the diurnal and nocturnal levels of PAHs in samples of IPM were
determined. It was found that during the night the levels of IPM were reduced to
about 73% of the diurnal levels. Meanwhile since discrete reductions or even an
increase of individual PAH levels were observed during the night; the
combination of those results led to an increase of PAHs associated with IPM.

Similar results were observed in this study in ABN sample since the reduction of
the levels of both XPAHs and }CARC where proportionally lower than the
reduction of TSP increase (Table 1). This result suggest that if human health is of
concern, the exposition to TSP in that area during the night is more dangerous
than during the day despite 2.PAHs reduction. The relative increase of PAH
levels in the particulate can be attributed to condensation since there is a decrease
of about 10°C during the night and to the reduction of photochemical reactions
that tend to consume many atmospheric PAHs.

The levels of primary atmospheric pollutants are dependent on the sampling site
location, meteorological conditions and temperature, making difficult a direct
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‘comparison of results from different studies. Nevertheless the ratios of individual
PAH concentrations found in this study were compared with the ratios calculated
from previous data of Daisey et al. (1987) and Kakimoto (2000) (Table 2). From
the data of Kakimoto et al. (2000) it can be seen that the ratios of the levels of
different PAHs in diumnal and nocturnal samples differ by factors of 0.89 up to
3.55. These ratios also differ in winter and summer samples and seem to depend
on site location and on the PAH of concern. Apparently, patterns of PAH ratios
were not observed when samples from different sites but in the same season were
compared,

Fable 2. Ratios of selected PAHs in Rio de Janeire City and in Japanese cities.
Rio de Janeiro Kanazawa™ Sapporo>  Tokyo’

PAHs AB" IB' 1984 W S W § W S
Fluoranthene 247 374 1.19 120 3.08 207 1.12 129 147
Pyrene 2.88 325 1.16 130 3.55 234 1.27 1.18 164
Benzo[alanthracene  1.68 1.36 0.86 1.81 3.00 2.16 1.49 0.88 1.49
Chrysene 1.77 139 092 135 291 217 150 090 1.36

Benzo[blfluoranthene 0.93 1.14 098 1.23 2.10 234 1.39 094 124
Benzo[k]fluoranthene 0.86 0.96 0.99 1.19 2.00 233 137 0.89 122
Benzo[a]pyrene 0.81 068 092 149 246 224 140 079 1.11
Benzo[ghi}perylene 130 141 112 nd nd nd nd Nd nd
Indene[1,2,3-cd]pyrene 1.63 127 108 nd nd nd nd Nd nd
W = winter samples; S = summer samples; nd = not determined

"This Study; 2D::lisey etal., 1987; 3Kakimoto et al., 2000

Our data show that the concentrations of all PAHs were higher during the day
than during the night except for some five membered PAHs
benzo[b]fluoranthene, benzof[k]fluoranthene and benzo[e]pyrene that showed
comparable concentrations in both periods of the day and for benzolalpyrene and
perylene that displayed larger concentrations during the night. Those results
follow the same tendency previously observed by Daisey et al (1987) and it
probably reflects a combination of factors such as the reduction of PAH emission,
the reduction of the temperature and also the reduction of photochemical
reactions. Despite of the fact that no correlation between sunshine levels and
seasonal trends of PAH concentrations have been found in other tropical cities
(Panther et al, 1999) our data indicate that in Rio de Janeiro City sunshine levels
may be of importance at least to the degradation of certain five membered PAHs
such as BaP. However, from a toxicological point of view, our results suggest
that the particulate would carry a larger amounts of carcinogenic PAHs during the
night than during the day in that area of Rio de Janeiro City.

Acknowledgments. We thank Dr. Thomas M. Krauss for helpful support in the
earlier development of HRGC-MS methods. JCM and GA thank CNPg/Brazil for
financial support. RPB thanks CNPq/Brasil for a PIBIC undergraduate grant. We
also thank CAPES for financial support.

1009



REFERENCES

Alsberg T, Strandell M, Westerholm R, Stenberg U (1985) Fractionation and
chemical analysis of gasoline exhaust particulate extracts in connection with
biological testing. Environ Int 11:249-57.

Azevedo DA, Moreira LM, Siqueira DS (1999) Composition of extractable
organic matter in aerosols from urban areas of Rio de Janeiro, Brazil. Atmos
Environ 33:4987-5001.

Back SO, Field RA, Goldstone ME, Kirk PW, Lester JN, Perry RA (1991)
Review of atmospheric polycyclic aromatic hydrocarbons: sources, fate and
behaviour. Water Air Soil Pollut 60:279-300.

Boffetta P, Jourenkova N, Gustavsson P (1997) Cancer risk from occupational
and environmental exposure to polycyclic aromatic hydrocarbons. Cancer
Causes Control 8:444-472.

Bouchez M, Blanchet D, Haeseler F, Vandecasteele J-P (1996) Les
hydrocarbures aromatiques polycycliques dans I’environment I: propriétes,
origines, devenir. Rev Inst Frangais Pétrole 51:407-419.

Casstellano AV, Cancio JL, Aleman OS, Rodriguez JS (2003) Polycyclic
aromatic hydrocarbons in ambient air particles in the city of Las Palmas de
Gran Canaria. Environ Int 29:475-480.

Catoggio JA, Succar SD, Roca AE (1989) Polynuclear aromatic hydrocarbon
content of particulate matter suspended in the atmosphere of La Plata,
Argentina. Sci Total Environ 79:43-58.

Daisey JM, Miguel AH, De Andrade JB, Percira PAP, Tanner RL {1987) An
overview of the Rio de Janeiro aerosol characterisation study. J Air Pollut
Control Assoc 37:15-23.

Didyk BM, Simoneit BRT, Pezoa LA, Riveros ML, Flores AA (2000) Urban
aerosol particles of Santiago, Chile: organic content and molecular
characterization. Atmos Environ 34:1167-1179.

Fernandes MB, Brickus LSR, Moreira JC, Cardoso JN (1999) Atmospheric
carcinogens in Rio de Janeiro during the summer of 1998/1999: BaP and
benzene. Rev Environ Health 14:145-157.

IPCS - International Programme on Chemical Safety. Selected non-heterocyclic
polycyclic aromatic hydrocarbons. World Health Organization, Geneva;
1998

Kakimoto H, Kitamura M, Matsumoto Y, Sakai S, Kanoh F, Murahashi T,
Akutsu K, Kizu R, Hayakawa K. Comparison of atmospheric polycyclic
aromatic hydrocarbons and nitropolycyclic aromatic hydrocarbons in
Kanazawa, Sapporo and Tokyo. J Health Sci 2000; 46: 5-15,

Kavouras IG, Lawrence J, Koutrakis P, Stephanou EG, Oyola P (1999)
Measurement of particulate aliphatic and polynuclear aromatic hydrocarbons
in Santiago de Chile: source reconciliation and evaluation of sampling
artifacts. Atmos Environ 33:4977-4986.

Lopes WA, De Andrade JB (1996) Fonte, formagéo, reatividade e quantifica¢io
de hidrocarbonetos policiclicos aromaticos (HPA) na atmosfera. Quimica
Nova 19:497-516.

Menchini E (1992) Urban air pollution by polycyclic aromatic hydrocarbons:

1010



levels and sources of variability. Sci Total Environ 116:109-135.

Menchini E, Bertolaccini MA, Taggi F, Falleni F,. Monfredini F (1999) A 3-year
study of relationships among atmospheric concentrations of polycyclic
aromatic hydrocarbons, carbon monoxide and nitrogen oxides at an urban
site. Sci Total Environ 241:27-37.

Miguel AH, Andrade JB (1989) Rapid quantification of ten polycyclic aromatic
hydrocarbons in atmospheric aerosols by direct HPLC separation after
ultrasonic extraction. Int J Environ Anal Chem 35:35-41.

Miguel AH, Pereira PAP (1989) Benzo(k)fluoranthene, benzo(ghi)perylene and
indene(1,2,3-cd)pyrene: new tracers for automotive emissions in receptor
modelling, Aerosol Sci Technol 10:292-295.

Nielsen T (1996) Traffic contribution of polycyclic aromatic hydrocarbons in the
center of a large city. Atmos Environ 30:3481-3490.

Panther BC, Hooper MA, Tapper NJ (1999) A comparison of air particulate
matter and associated polycyclic aromatic hydrocarbons in some tropical and
temperate urban environments. Atmos Environ 33:4087-4099.

Pereira Netto AD, Moreira JC, Dias AEXO, Arbilla G, Ferreira LFV, Oliveira
AS, Barek J (2000) Avaliagiio da contaminagfio humana por hidrocarbonetos
policiclicos aromdticos (HPAs) e seus derivados nitrados (NHPAs): uma
revisfio metodologica. Quimica Nova 26:765-773.

Pereira Netto AD, Barreto RP, Moreira JC, Arbilla G (2001) Preliminary
comparison of PAH in total suspended particulate samples taken at Niter6i
and Rio de Janeiro Cities, Brazil. Bull Environ Contam Toxicol 66:36-43

Pereira Netto AD, Barreto RP, Moreira JC, Arbilla G (2002) Polycyclic aromatic
hydrocarbons in total suspended particulate of Niteréi, RJ, Brazil: A
comparison of summer and winter samples. Bull Environ Contam Toxicol
69:173-180.

Rocha TA, Duarte AC (1997) Application of chemometrics to the identification
of trends in polynuclear aromatic hydrocarbons and alkanes in air samples
from Oporto. Analyst 120:1509-1515.

Tuominen J, Wickstrdm K, Pyysalo H (1986) Determination of polycyclic
aromatic compounds by GLC-selected ion monitoring (SIM) technique. J
High Res Chromatogr Chromatogr Communic 9:469-471.

Valerio F, Pala M (1991) Effects of temperature on the concentration of
polycyclic aromatic hydrocarbons (PAHs) adsorbed onto airborne
particulates. Fresenius J Anal Chem 339:777-779.

Vasconcellos PC (1996) Um estudo sobre a caracterizagdo de hidrocarbonetos
policiclicos aromaticos e seus derivados e hidrocarbonetos alifticos
saturados em material particulado atmosférico proveniente de sitios urbanos,
suburbano e florestais. D.Sc. Thesis, Universidade de Sdo Paulo, SP, Brazil.

Vasconcellos PC, Zacarias D, Pires MAF, Pool CS, Carvalho LRF (2003)
Measurements of polycyclic aromatic hydrocarbons in airborne particles
from the metropolitan area of S#o Paulo City, Brazil. Atmos Environ
37:3009-3018

1011



