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ABSTRACT

Air pollution represents a serious risk not only to environment and human health, but also to historical heritage. In this study,
air pollution of the Oporto Metropolitan Area and its main impacts were characterized. The results showed that levels of CO,
PM10 and SO2 have been continuously decreasing in the respective metropolitan area while levels of NOx and NO2 have not
changed significantly. Traffic emissions were the main source of the determined polycyclic aromatic hydrocarbons (PAHs; 16 PAHs
considered by U.S. EPA as priority pollutants, dibenzo[a,l]pyrene and benzo[j]fluoranthene) in air of the respective metropolitan
area. The mean concentration of 18 PAHs in air was 69.9+39.7 ng m-3 with 3—4 rings PAHs accounting for 75% of the total ZPAHs.
The health risk analysis of PAHs in air showed that the estimated values of lifetime lung cancer risks considerably exceeded the
health-based guideline level. Analytical results also confirm that historical monuments in urban areas act as passive repositories

for air pollutants present in the surrounding atmosphere. FTIR and EDX analyses showed that gypsum was the most important
constituent of black crusts of the characterized historical monument Monastery of Serra do Pilar classified as “UNESCO World
Cultural Heritage”. In black crusts, 4—6 rings compounds accounted approximately for 85% of 2PAHs. The diagnostic ratios

confirmed that traffic emissions were the major source of PAHs in black crusts; PAH composition profiles were very similar for

crusts and PM10 and PM2.5.
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1. Introduction

During last three decades special efforts have been made in
Europe aiming to reduce air pollution and, more importantly,
to reduce the adverse impacts of atmospheric pollutants.
Although these efforts led to a reduction of risks and effects,
air pollution in Europe is still a matter of concern. In that
regard pollution from industrial sources or vehicular traffic is
especially important, because its volume is increasing every
year [1]. The implementation of some policy measures led to
significant decrease of some pollutants, such as lead or sulfur
dioxide (SO2), whereas other, potentially even more
hazardous pollutants, such as nitrogen oxides (NOx), carbon
monox- ide (CO), and particulate matter (PM) containing
polycyclic aromatic hydrocarbons (PAHs) and heavy metals
[2], are emitted into the atmosphere in great amounts,
causingsignificant decline ofair quality across Europe [3]. These
pollutants represent a serious risk for human health; it was
estimated that in Europe thousands of premature deaths are
annually attributed to poor air quality alone [4].

Polycyclic aromatic hydrocarbons are one of the priority air
pollutants due to their extremely hazardous properties to
human health. Many of the individual PAHs are cytotoxic and
mutagenic to both lower and higher organisms [5], some of
them being considered as carcinogens (probable and possible)
to humans [6,7]. Out of the 16 compounds classified as priority
pollutants by US EPA [8], benzo[a] pyrene (class A carcinogen)
is probably the most known PAH carcinogen; in many studies
that estimate human cancer risk it is used as a surrogate for
other carcinogenic PAHs. Even current European legislation
for ambient air [9] uses benzolalpyrene as indicator for
carcinogenic PAHs. Nevertheless, the suitability of this
approach started to be questioned [10] by new findings on the
presence of more potent PAHs, such as dibenzo[a,l]pyrene or
dibenz [alanthracene that are estimated to have a
carcinogenic potency approximately 100 and 5 times higher,
respectively, than benzo[a] pyrene [11]. However,
environmental studies that include these compounds are
scarce [10-14].

The effects of air pollution are not confined only to human
health or environment but also to building materials.
Deposition of atmospheric pollutants on surfaces represents
one of the most important deterioration phenomena that
affect facades of the historical building and monuments [15].
Typically, the damage layers









result from the deposition of both organic and inorganic
pollutants [16,17] that are transferred to the respective
surfaces by both dry and wet processes [18,19]. The effects of
deposition processes may consist in blackening of the
monument facades; the wet and dry depositions are often
combined with gypsum crystal growth resulting in formation
of a hard, gray to black crusts, in which airborne organic
pollutants and a wide range of particulate matter (including
dust, pollen, and spores) are entrapped in the mineral matrix
[18,20,21]. Air pollution impacts can have permanent
consequences that can lead to potential losses of these
irreplaceable structures forever.
Oporto (NW Portugal) is one of the oldest European cities
[22].1t was founded on the northern bank of the Douro River.
Excavations nearits Cathedral revealed several buildings from
the 2nd century BC [22]. Considering the unique features of its
historical center, the city was classifiedin 1996 as “UNESCO
World Cultural Heritage”. Despite its cultural values, the
facades of monuments and historical buildings have been
deteriorating, showing intense loss of materials and blacking,
as consequence of the general presence of thin black layers
and black crusts, mainly due to pollutants deposition. In that
regard, traffic emissions have become a major problem as
the motorization rate of Oporto Metropolitan Area (Oporto
MA) is the second largest one in Portugal [23]. Consequently,
this urban area is significantly affected by traffic emissions
[24,25], and the limit values of European Directives [9,26] have
been exceeded during the past years [24,25,27]. The
developed work aimed to characterize air pollution of the
Oporto MA and its main impacts. The specific objectives of
this work were to assess: (1) the levels of the more relevant
pollutants in ambient air; (2) the health risks associated with
exposure to PM and PAHs; and (3) the deposition patternsand
stone decay of the historical monument Monastery of Serra do
Pilar classified as “UNESCO World

Cultural Heritage”.
2. Material and methods
2.1. Sampling
ThelevelsofCO,S02,NO2,NOx,andPM10 (i.e.particulate

matterwith aerodynamic diameter below 10 um) were
collected in Oporto

Metropolitan Area at the monitoring station characterized as
urban traffic site. Since PAHs are not routinely monitored by
the national monitoring network, the levels of the 16
compounds recommended by

U.S. EPA as priority pollutants, and of dibenzo[a,l]pyrene (with
carcinogenic potency 100 times higher than benzo[a]pyrene
[11])and benzoljlfluoranthene (recommended by EU Directive
2004/107/EC [9])were monitored separately in the respective
area (40 days during autumn—-winter 2008). The samples of
PAHs, both in gas and particulate phases were collected daily.
Sampling was done by constant flow samplers (Bravo H2, TCR
TECORA, ltaly) that were combined with PM EN LVS sampling
heads for gaseous and particulate samples (in compliance
with norm EN12341 for PM10 and EN14907 for PM2.5; i.e.
particles with aerodynamic diameter below 2.5 um); an air flow

rate of

2.3m3 h™! was used. The different fractions of PM10 and
PM2.5 were
collected on polytetrafluoroethylene (PTFE) membrane filters

with polymethylpentene support ring (2 um porosity, @47 mm,
SKC Ltd., United Kingdom). Gaseous PAHs were collected on
polyurethane foam (PUF) plugs (75 mm, SKC Ltd., United
Kingdom) that were pre-cleaned using the following procedure
[28]: boiling in deionized water, followedbyrinsingwithacetone
(Riedel-de Haén, Seelze, Germany, purity 99.8%) and then
Soxhlet extracted twice during 24 h with n-hexane (Chroma-
solv, Merck, Darmstadt, Germany).

The samples of black crusts were collected in December of
2008 in the Monastery of Serrado Pilar (Fig. 1) thatis situated on
the left bank of river Douro, approximately 1.5 km near to the
monitoring station. The convent was built in the sixteenth
century, being designed by Diogo de Castilho and Jodo de
Rudo. The circular ground-planned church with impressive
dome was also built in the sixteenth century with a narrow
balcony and a lantern on the roof. Adjoining the church there is
a cloister, also circular, with 36 lonic columns. In order to
obtain representative samples, the black crusts were collected
at points with different solar orientation; being sheltered from
the direct action of rainfall (Fig. 1).

2.2. Black crusts characterization

The morphological and elemental characterization of
collected crusts was performed by Scanning Electron
Microscopy (SEM) using



Fig. 1. The Monastery of Serra do Pilar: (A) general view; (B) satellite image of the whole complex; (C) church portal; (D)
columns in cloister; and (E) detail view of a sampling point.



the microscope model FEI Quanta FEG combined with an
X-ray microanalysis system by energy dispersive spectrometer
(EDX) EDX EDAX Pegasus X4M. Black crust samples were
placed and mounted (Araldite®, Huntsman Advanced
Materials, USA) onaluminumstubs. For better conductivity and
reduction of electron charge, the samples were coated with a
carbon layer. Acceleration voltage of 15 keV and X- ray
spectrum acquisition time of 200 s live time were used.

The Fourier Transform Infrared Spectroscopy (FTIR) was
per- formed using spectrometer model BOMEN, MB model.
For the analysis, homogenized black crust samples were
mixed with KBr (Sigma Aldrich) inratio 1:1. In order to evaluate
spectras correctly, a pure KBr background was collected and
subtracted from all samples spectra.

2.3. Extraction of PAHs

The extractions of PAHs from crusts, particles (PM10 and
PM2.,5) and PUF plugs were performed by microwave-
assisted extraction (MAE; MARS-X 1500 W Microwave
Accelerated Reaction System for Extraction and Digestion, CEM,
Mathews, NC, USA) [29]. Samples were transferred to the glass
extraction vessels with 20, 30 and 45 mL of acetonitrile
(Lichrosol for gradient elution, Carlo Erba, Rodano, Italy, purity
N 99.9%), respectively, for crusts (approximately 500 mg of
homogenized sample), filters and PUF plugs. The MAE was
performed for 20 min at 110 °C. After the extraction, vessels
were allowed to cool at room temperature; extracts were
carefully filtered through a PTFE

membrane filter (0.45 um) and reduced to a small volume
using a

rotary evaporator (Buchi Rotavapor, R-200) at 20 °C. A gentle
stream of nitrogen was used to dry the extracts under low
temperature; the

residue was then re-dissolved in 1 mL of acetonitrile
immediately

before
analysis.

2.4. PAHs chromatographic analysis

Extracts were analyzed using a Shimadzu LC system
(Shimadzu Corporation, Kyoto, Japan) equipped with a LC-
20AD pump, DGU- 20AS degasser and photodiode array SPD-
M20A (PAD) and fluores- cence RF-10AXL (FLD) detectors on
line [29]. Separation of the compounds was performed ina C18
column (CC 150/4 Nucleosil 100— 5C18 PAH, 150x4.0 mm; 5 um
particle size; Macherey-Nagel, Duren, Germany) maintained at
room temperature (20+1 °C). The injected volume was 15.0
pL. A mixture of water and acetonitrile was used as the mobile
phase. The initial composition of the mobile phase was 50% of
acetonitrile and 50% ultra-pure water, and a linear gradient to

and 181 pg m=3 (10 pg L_l) for acenaphthylene were
obtained, withcorresponding LOQs in the range 5.4—652 pg
m~3 (0.30-36 pg L~1).

During each set of MAE extractions, a filter blank or a PUF
plug blank was included. Standards used for calibration were
analyzed dailyandregularly, aswell as blank MAE extracts (from
filter blank or PUF plug blank), between samples to check
instrument performance during PAHs analysis. Each analysis
wasrunatleastintriplicate.

2.5. Health risk analysis

The analysis of the health risks associated with inhalation
exposure to PM10 was based on the estimation of dose rates
and the lowest observed adverse health effect levels (loael).
The calculation of health risks was done using the following
equation [30]:

Health risk = iDose rate =loael g1p

where loael is the lowest tested pollutant dose that has been
reported to cause adverse health effects on people or animal.
If the dose rate exceeds this threshold (i.e. if Health risk=[Dose
rate/loael] exceeds unity), there may be concern for potential
health risk of occupants associated with inhalation exposure
of particulate matter. Four different age-categories were used
for the estimation of PM health risks, namely new-borns,
children (1-year), children (8—10 years), and adults. The dose
rates were estimated through the following expression over
a day:

Bﬁggwte= jzétOFt dt 2
y 0 db dbp abp

-1

Fr(])ir%sidering the respective age-specific (L )breathingrates(BR),

body weights (kg), concentration of the pollutant ;C(t));and

(ngm

100% of acetonitrile was programmed in 15 min, with a final hold
of 13 min. Initial conditions were reached in 1 min and
maintained for 6 min before next run. The total run time was

40 min with a flow rate of

0.8 mL min~L. Fluorescence wavelength programming was used
to

perform better sensitivity and minimal interference. Each
compound was detected at its optimum excitation/emission
wavelength pair: 260/315 nm (naphthalene, acenaphthene and
fluorene), 260/366 nm (phenanthrene), 260/430 nm
(anthracene, fluoranthene, pyrene, benz[a]anthracene,
chrysene, benzo[b + j]fluoranthene, benzo[k] fluoranthene,
benzo[a]pyrene, dibenz[a,h]anthracene, benzo[ghi]per- ylene
and dibenzola,l]pyrene), and 290/505 nm (indenol[1,2,3-cd]
pyrene). Acenaphthylene which does not show fluorescence



was analyzed at 254 nm in PAD.

External calibrations with PAHs mixed standards, using at
least 6 calibration points, were performed. Calibrations curves
were linearly fitted with correlation coefficients always higher
than 0.9997 for all PAHs. Limits of detection (LODs) and limits
of quantification (LOQs) were calculated as the minimum
detectable amount of analyte with a signal-to-noise ratio of 3:1
and 10:1, respectively [30], and expressed as PAH

concentration in solution (ug L_l) and in air samples (pg m_3)

[29]. LODs between 1.6 pg m3 (0.090 pg L_l) for
benz[a]anthracene

percentage of time likely to spent outdoor (OF(t)). Since there are
no

data on these parameters in Portugal, values for age-specific
breathing rates, age-specific body weights and PM10 loael
reported by [31] wereused (Table1).

To assess the risks associated with inhalation exposure to
PAHs, the concept of toxicity equivalency factors (TEF) [5,32]
that estimates carcinogenicity relatively to benzo[a]lpyrene
was used. The corre- sponding lifetime lung cancer risks were
also estimated [33].

2.6. Statistical methods

For the data treatment, the Student's t-test was applied
to de- termine the statistical significance (P b 0.05, two tailed)
of the dif- ferences between the means.

3. Results and discussion
3.1. Air pollution in Oporto Metropolitan Area

The annual means of pollutants in Oporto MA between
2002 and 2008 are shown in Fig. 2. As it can be seen the annual
levels of CO slightly decreased whereas the means of NOx
and NO2 have not changed significantly during that period.
Despite that, the Member States of European Union (including
Portugal) still have difficulty to

Table 1

Body weight, breathing rates and lowest observed adverse
health effect levels (loael)

morbidity values for PM10 [31].

Body weight Inhalation volume Loael
for morbidity (kg) (m3 day_l)
(ug kg1 day™1)

New born 3 0.8 14.7
Children (1year) 10 3.8 20.9
Children (8—10 years) 30 10.0 27.5
Adult 70 20.0 15.7
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Fig. 2. Annual levels of traffic pollutants in Oporto Metropolitan Area.

comply the legislative emission ceilings of nitrogen oxides
[34], mainly due to the fact that the demand for road transport
has been growing much faster than it was anticipated [35];
traffic emissions have remained the single main source of
nitrogen oxides and carbon monoxide [3]. The results in Fig. 2
also show that the levels of SO2 have been decreasing during
the last years. Atmospheric SO2 gasses mostly result from fossil
fuels (coal and oil) combustions for industrial and domestic
activities and the implementation of environmental legislation
has led to the reduction of these emissions in the urban
environments over the past years [23]. However, SO2
emissions are also produced by diesel combustion engines
[36] and in that regard they are especially relevant,
considering the importance of air pollution from vehicular
traffic and its health-significant for public health [1]. Regarding
PM10 Fig. 2 clearly shows that since 2002 [37]

PM10 levels have also decreased; between 2002 and 2008,
PM10 annual concentrations lowered approximately by 30 pg

m~3. Asit can be also seen in Fig. 2, the annual standard value

(40 pg m_3) [38] has not been exceeded in Oporto MA since
2006. Nevertheless, the daily

limit of 50 pug m~3 (cannot be exceeded more than 35 times
per year) [38], was exceeded 73 times in 2008 in Oporto MA
[39]; in that year Oporto was the Portuguese region with the
highest frequency of exceedances.

During the autumn—winter sampling period, the daily
means of collected PM10 and PM2.5 ranged, respectively,

from16.1t070.9 ug m~3 (average of36.2+15.1 ug m_3) and

from6.6t059.9 ug m~3 (averageof

25.2+13.8 ug m_3). These daily means were in accordance
with the

ones reported for the respective sampling period for Oporto MA
by Portuguese Environmental Agency [37]. The statistical analysis
of the results indicated that PM10 and PM2.5 means were
significantly different. On average, PM2.5 fraction accounted for
approximately 69% of PM10. In general the obtained results were
in agreement with other aerosol studies performedin Oporto MA
[40,41] and in other European and non- European urban
environments [33,42].


http://www.eea.europa.eu/highlights/more-eu-member-statesto-miss-2010-air-pollutant-limits

The concentrations of the studied PAHs are summarized in

Table 2, which presents the particulate-bound, gaseous and
total (i.e. sum of PAHsin PM10 and gas phase) levels of the 18
quantified compounds. As it can be observed, the total
concentrations of all 18 PAHs (i.e. ZPAHs)
range_%from 16.8 to 149 ng m~3 with a mean of 69.9+39.7
ngm->.
Phenanthrene was the most abundant PAH and accounted for
27% of total ZPAHs, being in agreement with other related
studies [43,44] that also showed that high abundance of
phenanthrene was characteristic for traffic emissions. PAHs
with 3—4 rings, typically associated with emissions from diesel
cars [45-47] were also significantly abundant; namely,
acenaphthylene, pyrene, fluorene and fluoranthene,
accounted, respectively, for 11%, 9.5%, 9.4% and 8.6% of the
total quantified PAHs. The PAHs with 3—4 rings accounted for
75% of the total ZPAH:s.

The results in Table 2 also show that 70% of the total ZPAHs
existed

in the gas phase. These results emphasize the importance of
gaseous PAHs assessment which is frequently omitted,
although Chirico et al. [48] reported that in a close proximity
to a major traffic thoroughfare situated 15 km outside Rome,
99% of traffic-related PAHs existed in the gasphase.
Particulate-bound PAHs accounted for 30% of total ZPAHs.
In agreement with other studies particulate-bound PAHs
were predom- inantly present in PM2.5 fraction [29,49]; on
average, 92% of particulate PAHs was associated with PM2.5
and 8% of PAH content was present in particles bigger than
2.5 um (i.e. PM2.5-10). These findings are especially health-
relevant because fine particles cause many adverse health
effects including cardiopulmonary diseases and lung cancer;
PAHs associated with these particles may contribute to (or
eventually even enhance) these health effects. Benzo[b+j]
fluoranthene were the most abundant particulate-bound
PAHs (approximately 23% of particulate ZPAHs.) with

concentrations reach-

ing up to 9.96 and 9.56 ng m=3 for PM10 and PM2.5,
respectively.
In agreement with other relevant studies, PAHs with 5—6

rings dominated the particulate phase [29,49,50]. Among the
mostabundant



Table 2

Concentrations (mean and range) of PAHs in particulate phase (PM10 and PM2.5), gas phase, and total in air (ng m‘3).

Particulate phase Gas phase Total air
PM10 PM?2 5
Rings Mean Range Mean Range Mean _Range Mean Range

Nanhthalana 2 {r)'a1g nd— n11g nd— 2 BN nd-147 2R nd-147
AceRaphthyises 3 0.005/ R.a- D0use Rd.- 184 8386 184  8:388-
Fliunrene 3 nnsgy 0.0210- nns7z 0.0267- aaq 147-139 g,  15I-13.9
Phenanthrene 3 0 01 158- n731  0.248- 181  4.85-36.8 1gq >5.14-38.5
Anthracena 3 nana  0.0353- nas7  0.00819—  4'3¢  0.269- 189  0.318-
Fliinranthene a 12A 0.0729- 11A 0.0949- 4 RQ 1.77-9.56 A 0G 2.03-11.5
Purene a ase QRI 13 BFE som o GEESM eee (890038
Renzlalanthrarene 4 1 09 b4 - N ARk =4 - N NGR 2P Lo™ 118 b4 —
Chricana A 1 R Q 146_ 1 AQ 01-3_7_ nd nd 1 R Q 146_
Ran7nlh 4+ [~ A A N &8172— A &1 N ARK— nd nd A A N &8172—
Renzalklfliinranth 5 N Qa4 ) - N 929 . — nd nd N Q9g . -
Renzalalnvrene [ 202 8]&%_ 1 KR 8196_ nd nd 2 N2 81§%_
Nihenzala linurene A nnarn 0.00689-  ngng 0.00503- 4 nd nnay 0.00689—
Nihenzla hlanthrac & 188 0.0897- 149 .0664— nd nd 188  0.0897-
r{p 70[011 ir?r\llpn A 224 0'26.5_ 210 234~ nd nd 224 0. 26.5_
ndeno| A 179 0.214— 160 0.157- nd n(S{ 179 0.214-
>PAHSs 20.8 213-452 195 206-43.2 494 10.5-106 69.9 16.8-149

4 n.d. — not

ones were, by descending order, benzo[ghilperylene (11% of
particulate ZPAHSs), benzo[a]pyrene (10%),
dibenz[a,h]anthracene (9%), and ideno [1,2,3-cd]pyrene (8%).
Out of these, benzo[a]pyrene is the known carcinogen to
human [7] whereas dibenz[a,h]anthracene and indeno [1,2,3-
cd]pyrene, but also benz[alanthracene, chrysene, benzo[b+ j]
fluoranthene, benzo[k]fluoranthene, dibenzo[a,|]pyrene are
consideredas possible/probable carcinogen [7]. Whereas these
nine carcinogens existed entirely in the particulate phase
accounting for 64% of 2PAHs, naphthalene, another
carcinogenicPAH [6] was presentalmostentirely in the gas phase
(97%) where it accounted for 7% of the gaseous ZPAH:s.

3.2. Health risk assessments of PM and PAHs

Dose rates and the values of potential health risks associated
with exposure to PM10 were calculated (evaluation of PM2 5
health risks was not performed because PM2.5 loael were
not available in the literature) considering that people spend
about 20% of their time outdoors [19]. Results are shown in
Table 3. As it can be seen new- borns, 1 year old children and
adults showed similar values of health risks, whereas children
with the age between eight to ten years exhibitedthelowest
potential risks. Values indicate that no significant risks exist

through PM10 inhalation for the several population groups.
aie%?h_PMz_s represent the PM fraction which is the most

relevant (due to the smaller particle size PM2.5 penetrates in
to the

deeper regions of lungs and into the alveoli), loael values for
PM2.5

pyrene appeared in air samplesin very low concentrations (less
than 0.2%) (Table 2) but due to its high TEF (100) it was the
second largest contributor to ZTEF-PAHs with a mean of 43%.
Dibenz[a,h]anthracene with TEF of 5 was then the largest
contributor to ITEF-PAHs in air, contributing 44%. These
results confirm and emphasize the impor- tance of the analysis
and evaluation of these two potent carcinogens that are being
currently discussed as possible surrogate compounds for PAH
mixtures from various environments [11]. Furthermore, the
associated health risks of PAHsand PM are expected to be higher
than those predicted by an additive model of these two
contributors.

The values of ZTEF-PAHs were used to estimate the
corresponding lifetime lung cancer risks for exposed groups.
Regarding the lung cancer risk via the inhalation route, the
World Health Organization suggested the unit risk of 8.7 x

107> (ng m_?’)_1 for lifetime (70years) PAHs exposure

[33].Thedetermined lifetime lungcancer risk was 1.9x1073.
It is important to point out that the estimated value
considerably exceeded the health-based guideline level of

107> (approximately 190 times higher) [52], showing that
despite the

Table 4
TEF-adjusted mean concentrations of PAHs in particulate
ph e zPMlo and PM2.5), gas phase, and the total in air (pg

™ TEF@

Particulate phaseGas 145

phase
PM10 PM2.5




would be precious to refine this health risk assessment.
As scientific community has recognized that there is no identifi-
able threshold below which PAHs do not pose risk to humans,

genotoxic and carcinogenic PAHS require the tullest possible Trisk
assessment. In this work, TEF approach was applied to calculate the
TEF-adjusted concentrations (based on benzolalpyrene) of carcino-
genic PAHs [11,51]. The results are shown in Table 4. Dibenzola,ll

Table 3

Dose rates and health risks associated with PMio exposure.

Age category Dose (ugkg™ Health risks
Mean Range Mean Range
New-borns 1.93 0.858-3.78 0.131 0.0580-0.257
Children (1 year) 2.75 1.22-5.39 0.132 0.0585-0.268
Children (8-10 years) 2.41 1.07-4.73 0.0878 0.0390-0.172
Adults 2.07 0.920-4.05 0.132

0.0586-0.260

Naphthalene 0.001 0.119 0.115 3.50 3.62
Acenaphthylene 0.001 - - 7.84 7.84
Acenaphthene 0.001 0.00578 0.00368 1.84 1.84
Fluorene 0.001 0.0582 0.0573 6.49 6.55
Phenanthrene 0.001 0.802 0.732 18.1 18.9
Anthracene 0.01 5.04 4.57 13.8 18.9
Fluoranthene 0.001 1.16 1.26 4.89 6.05
Pyrene 0.001 1.56 1.37 5.08 6.64
Benzlalanthracene 0.1 109 98.3 5.85 115.
Chrysene 0.1 16.3 14.9 - 16.3
Benzo[b +jlfluoranthene 0.1 485 451 - 485
Benzolklfluoranthene 0.1 99.4 92.9 - 99.4
Benzolalpyrene 1 2020 1880 - 2020
Dibenzola,l]pyrene 100° 9200 8100 - 9200
Dibenz[a,hlanthracene 5 9410 8474 - 9410
Benzolghilperylene 0.01 22.4 21.0 - 22.4
Indeno[1,2,3-cd]pyrene 0.1 179 160 - 179
TAT: 15554 19,289 67 16

a [51].
b [11].
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Fig. 3. SEM images and EDX spectra of black crust samples from Monastety of Serra do Pilar: (A and B) general image of crusts: (C)
gypsum: (D) gypsum with impurities: and (E) flyash with porous morphology.






Table 5
The levels of 18 PAHs in black crusts (ng g_l).

Compound Mean

(REE1) (ng

g 3y
Naphthalene 7.07 1.88—-
19.2
Acenaphthylene n.d. 2@ n.d.
Acenaphthene n.d. n.d.
Fluorene 6.05 1.48-
20.6
Phenanthrene 150 49.5-431
Anthracene 7.41 2.92—-
18.8
Fluoranthene 159 68.3—388
Pyrene 122 45.2-287
Benz[a]anthracene 36.5 14.0-
91.9
Chrysene 59.4 206-130
Benzol[b +j]fluoranthene 149 62.1-343
Benzo[k]fluoranthene 29.7 12.8-
67.8
Benzo[a]pyrene 49.9 19.8-113
Dibenzo[a,l]pyrene 7.60 3.42—-
17.7
Dibenz[a,h]anthracene 78.3 34.0-169
Benzo[ghi]perylene 59.0 24.8-128
Indeno[1,2,3-cd]pyrene 54.4 22.6-119
>PAHs 975 409—

2320

2 n.d. — not detected.

average limited period of time spent outdoors (20%), PAHs
from outdoor sources, especially traffic emissions, represent
seriousrisksto human health.

3.3. Impact of air pollution on stone decay of historical
facades

Fig. 3 shows the SEM images of the black crust samples
from Monastery Serra do Pilar. The black crusts were between
3 and 7 mm thick and with dendritic surface. Both FTIR (results
not shown) and EDX analyses revealed that black crusts were
mostly composed of gypsum (CaS04-2H20; Fig. 3C), with
impurities mostly of silicon (Si), aluminum (Al), potassium (K)
and sodium (Na) (Fig. 3D), showing the following abundances:
CaO (19.13-23.57%), SO3 (16.95-18.19%), Si02  (5.54-

20.45%), Al203 (2.41-8.15%), and K20 (0.75-2.98%). The

subsoil of Oporto region consists of granite and this material has
been

used for the construction of most of the historical monuments

Table 6
Diagnostic ratios of PAHs emitted by traffic.

Ratio Crusts Air (PM10 +gas)
Required range

Phenanthrene/ 095 0.91 NO0.70

(Phenanthrene +

Anthracene) 0.84 0.85 b1.0

Benzo[a]pyrene/ 0.46-0.81
. 0.48 0.44 NO0.30

Benzo[ghi]pery

lene

Indeno(1,2,3- 11 1.2 1.1-1.2

cd]pyrene/

(Indenol[1,2,3-
cd]pyrene +
Benzo[ghi]lperyle
ne)

Benzo[ghi]peryle

ne/
Indeno[1,2,3-
cd]pyrene

in this region [20]. Essentially, the Oporto granite is composed
of minerals such as quartz, microcline, albite, muscovite, and
biotite, being rich in Si, Al, K, and Na with the following
abundances: SiO2 (72.58-73.50%), Al203 (14.21-15.03%), K20
(4.44-4.64%) and Na20 (3.66-3.77%).

Thus, it is possible to suggest that impurities of these four
elements (Si, Al, K, and Na) in black crusts originated probably
from this source. Concerning gypsum formation, when black
crusts are formed on monuments built from calcium carbonate
rich rocks (limestone, marble, and carbonate sandstone), part

of the calcium ion (Ca2+) is typically supplied by the surface
stone itself, whereas sulfate ion



The levels of 18 PAHs in black crusts were also determined
andthe

obtained PAH concentrations are presented in Table 5. The
results showed that PAHs with 4 and 5 rings, namely
fluoranthene (16% of XPAHs) and benzo[b+jlfluoranthene
(15%) were among the mostabundant compounds, being
followed by pyrene (13%) and dibenz[a, h]anthracene (8%).
In total, PAHs with 4 rings accounted for approximately 40%
of ZPAHs whereas 45% of ZpAHs were compoundswith 5-6
rings; these findings were in agreement with a previous

study published by Martinez-Arkarazo et al. [21] concerning
a non- granitic palace house situated in the metropolitan
area of Bilbao (Spain). PAHs with 2—3 rings accounted in
general for less than 1% of PAHs. These significantly lower
contributions of 2—3 rings PAHs are related with their lower
molecular weights and higher volatility that justify their
predominant presence in the gaseous phase. However, for
phenanthrene, also a compound with 3 rings, different
results were observed. Its concentrations in crusts reached

up to 431 ng g_1 and phenanthrene accounted
tﬁOz_ériwitmeiUwMéltom the rain water due to the

pollution. However, calcium content (CaO) in Oporto granite is
very low (0.51-0.58%) and due to the natural weathering
processes it is even lower [20]. Rain water chemical analysis
obtained in  Oporto

$$0Owed that (Ca2+) and 2_}aia|1io is1:1. Asaresult whenever

water evaporates in sheltered areas of historical monuments,
gypsum crystallizes originating black crusts that become
thicker in every precipitation episode [53]. These conditions
then cause continuous build-up of black crusts on the
historical monuments due to environmental pollution.
Regarding the last group of the most abundant particles
identified in black crusts, it was constituted of fly ashes (Fig. 3E).
These particles were mainly composed by carbon with some
impurities of S, Si, Al, and Fe. The porous morphology of these
particles suggests origin mostly from combustion sources
[20,54,55]. In Oporto MA the most significant sources of
carbonaceous particulates are emissions from traffic [56] and
from a power plant situated nearby [57]; the contribution
from other sources is considerably less significant [56,57].
of indeno[1,2,3-cd]pyrene/(indeno[1,2,3-cd]pyrene+
benzo[ghi]per- ylene) higher than 0.30 indicates significant
emissions from diesel vehicles [45]; these emissions are also
indicated by benzo[ghi] perylene/indeno[1,2,3-cd]pyrene
ratio with values in the range be- tween 1.1 and 1.2 (Ohura
et al., 2004) or by benzo[a]pyrene/benzo [ghi]perylene ratio
with values between 0.46 and 0.81 [58]. As it can be clearly
seenin Table 6, all ratio values of black crusts were within the
required range to diagnose that the deposited PAHs
originated from traffic emissions, and particularly those from
diesel vehicles. These results are in general agreement with
EEA report which indicated that since 1990 the contribution
of emissions from diesel- fuelled vehicles to road transport
ones significantly increased [26]. The diagnostic ratios
obtained for PAHs in air (Table 6) corroborat

approximately for 15% of PAHs, thus being the second most
abundant PAH in black crusts; it should be remarked that
phenanthrene, mainly emitted by traffic emissions [43,44],
was the most abundant PAH in air (27% of ZPAHs; Table 2).
Considering the high levels of phenanthrene both in air and
in black crusts, it is possible to suggest that traffic emissions
clearly influenced compo- sition and the growth of black
crusts. Furthermore, from the health point of view, it is also
important to point out that the existence of considerable
levels of PAHs deposited and accumulated in buildings and
monuments could lead to higher human exposures and cause
additional risks for human health. This knowledge is especially
important to define appropriate safety equipments and
procedures during building cleaning and restoration processes.

The results in Table 5 also show that, in black crusts, PAHs
usually considered as traffic emissions indicators [44,46] are
among the most abundant: fluoranthene, phenanthrene,
benzo[b + jlfluoranthene, pyrene, and dibenz[a,hlanthracene.
These results suggest that PAHs in crust originated mostly from

HABIfR PSRRI HER SRR, PAIRSEmitted by traffic were

for compounds both in crusts and in air (Table 6). Typically the
value of phenanthrene/(phenanthrene+ anthracene) ratio
higher than 0.70 and of benzo[a]pyrene/benzo[ghi]perylene
ratio lower than 1.0

matlicate that PAHs are emitted by traffic [45,58]; specifically, a
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Fig. 4. Relative abundances (%) of 18 PAHs in air, PM10, PM2.5, and in black crusts of Monastery of Serra do

Pilar.

the previous findings, thus confirming that traffic emissions
were the major source of PAHs.

In order to further evaluate the influence of traffic
emissions on deposition of PAHs on surfaces of historical
monuments, Fig. 4 presentstherelativeabundancesof18 PAHs
in air (i.e. sum of PAHs in gaseous and particulate phase), in
PM10, PM2.5, and black crusts. The composition profiles of
PAHs in the PM10, PM2.5, and crusts were very similar,
showing that air quality, or more specifically air pollution, may
contribute to potential deterioration of buildings and
historical monuments. These findings are in general
agreement with other studies [15,59] that concluded that
deposition of atmospheric pollutants, namely of particulate
matter (to which PAHs are bound), was a significant cause for
monument and building deterioration. Nevertheless, it is
important to point out that phenanthrene that was in both
crust and air among the most abundant PAHs (Fig. 4), existed
predominantly in the gas phase (96%, Table 2), thus revealing
the importance of also gaseous pollutants for buildings and
historical monuments deterioration.

4. Conclusions

Between 2002 and 2008 the annual levels of CO, SO2, and PM10
decreased in Oporto MA whereas the levels of NOx and NO2 have not
changed significantly during that period. As these pollutants may
promote serious problems, in order to protect public health it is
fundamental to continue with efforts reducing emissions of these
pollutants, mainly related to vehicular transport.

Traffic emissions were the main source of PAHs in air of the respective
metropolitan area. The mean concentration of 18 PAHs in air was 69.9 +

39.7 ng m=3 with 3-4 rings PAHs accounting for 75% of the total ZPAHs.
The health risk analysis of PAHs in air showed that the estimated values of
lifetime lung cancer risks considerably exceeded the health-based
guideline level. Furthermore, the results showed that evaluation of
benzo[a]pyrene (regarded as a marker of the genotoxic and carcinogenic
PAHs [9,60]) alone would probably underestimate the carcinogenic
potential of the studied PAH mixtures.

Analytical resultsalso confirmthathistoricalmonumentsin urban areas
act as passive repositories for air pollutants present in the surrounding
atmosphere. FTIR and SEM-EDX analyses showed that gypsum was the
most important constituent of black crusts of the Monastery of Serra
do Pilar, UNESCO World Cultural Heritage monument. The total

concentration of 18 PAHs in black crusts was 975 +460 ng g_l; 4—6 rings
compounds accounted approximately for



85% of 2PAHs. The diagnostic ratios confirmed that
traffic emissions were the major source of PAHs
in black crusts; PAH composition profileswere very
similarforcrustsand PM10 and PM2 5. The existence
of the considerable levels of PAHs deposited in
buildings and monuments may lead to higher
human exposures thus representing additional risks
forhuman health.
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