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Abstract. For a long time, scientists have been concernedvarotsos, 2005a). Structural materials of monuments, stat-
about the effects of air pollution on materials and especiallyues, even paintings are spoiled by the interaction with the
on the monuments of the cultural heritage. The EU funded aman-made primary and secondary corrosive pollutants of the
project, entitled MULTI-ASSESS, to determine these effectsatmosphere, the wind and precipitation. The knowledge of
and to develop dose-response functions appropriate for thBow air pollutants and climate parameters lead to material
new multi-pollutant environment. The University of Athens corrosion and which pollutant causes the greatest damage in
participated in this effort as a targeted field exposure test siteeach region is particularly important for the protection of the
In the present paper, the measurements of the passive saristoric and cultural monuments as well as for the selection
plers, which were exposed during the same period with theof the appropriate materials for new structures.

samples for corrosion studies, at the Athens station, are pre- In the past, sulphur dioxide has been defined as the funda-
sented. The results have shown that only 16.5% of the demental agent causing the corrosion of the materials. Many
posited mass was water soluble. The vertical distribution ofcountries have strived to reduce the concentration of sul-
passive particle collectors has led to the conclusion that thgphur dioxide in the atmosphere, but the increasing motor-
height of maximum deposition of each ion is different. In ized traffic, among other reasons, has caused an increase in
addition, a variation of the water-soluble mass to total de-the concentrations of nitrogen compounds, ozone and par-
posited mass between 8% and 31% was observed. ticulate matter. The last leads to a new multi-pollutant situ-
ation, which was analyzed by Varotsos et al. (2005a) using
measurements that were taken in Athens during the period
1987-2003. The results of this analysis clearly showed that
the temporal evolution of air pollution exhibits a long mem-

Air pollution is a multi-component problem for billions of ory effect and particularly persistent long-range power-law

people all over the world, especially for the residents of ur- correlations from about 4 h t0_9 mpnths for i

ban areas (Kondratyev and Varotsos, 1995a, b, 1996, 2001, e have a new pollution situation in Europe today when
2002: Monks et al., 2000: Friess et al., 2006; Heard et a|_,part|cle and sulphur dioxide emissions have been reduced
2006; Methven et al., 2006; Chandra and Varotsos, 1995)_substantially. There have been very few measurements of
The impacts of this problem can be noticed on living or- nitr@c gcid becguse of the_z high costs of measurements. The
ganisms as well as in many other fields (Efstathiou et al.,eMission of nitrogen oxides in Europe has not decreased
1998; Feretis et al., 2002; Cracknell and Varotsos, 2007 Much and from the few published works on nitric acid it ap-
Tzanis and Varotsos, 2008: Varotsos, 2002; Gernandt et alP€ars that its concentration has not decreased very much ei-
1995). Our material cultural heritage is affected by air pol- ther. The relgti\_/e importange of nitric acid for the corrosion
lution which behaves as a complex system (like many geo—Of ancient buildings and artifacts has therefore increased.
physical systems) exhibiting a long memory effect (Varot- EUrope is a place with a rich cultural heritage. This fact

sos and Kirk-Davidoff, 2006: Varotsos et al., 1996, 2005b;has sensitized the EU to this contemporary problem. The
EU funded a project entitled MULTI-ASSESS (Kucera et al.,

2005) with the objective of improving this situation. In this
Correspondence taC. Varotsos project, 34 European sites from all over Europe as well as
BY (covar@phys.uoa.gr) one from Canada participated. The project focused on the
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degradation of materials due to air pollution and climate. Thenuder technique for measuring HNQvas tested against
primary objective was the development of multi-pollutant de- a new diffusive sampler, which was earlier developed by
terioration and soiling models of wet and dry deposition of the Swedish Environmental Research Institute (IVL) (Ferm,
gases and particulates on materials used in objects of the E@004). At this kind of passive samplers the gas to be mea-
ropean cultural heritage. In addition, the previously devel-sured is trapped on a filter impregnated with a water-soluble
oped dose-response functions, quantifying the impacts of theubstance. The filter is mounted at the back of a short, wide,
pollution on specific materials, were modified to correspondtube; gas is transported to the sorbent by molecular diffu-
to the new pollution situation. These functions can be usedsion. In the open end of the tube, a stainless steel mesh acts
by the EU to implement new tolerance levels of pollution as a wind and insect screen. Aufn Teflon filter is located
in order to minimise the pollution effects on historic and cul- behind the mesh to prevent aerosol from impacting onto the
tural monuments. The measurements of the project were alsimpregnated filter. The accuracy, after the two methods had
going to be used to map pollution over Europe and locate thdbeen compared on a monthly basis, was abt2%, which
high risk areas (Tidblad et al., 2005). is acceptable in the EU directives (EU, 1999). The modi-
The University of Athens participated in this effort on be- fied median absolute difference estimator (MMAD) and the
half of Greece. Athens is a contemporary city suffering from coefficient of variation (CoV) were 0.16g m~2 and 24%,
severe air pollution (Cartalis and Varotsos, 1994; Jacovidesespectively. When the two methods were compared on a
et al., 1994; Varotsos et al., 2003; Tzanis, 2005; Tzanis ebi-monthly basis the MMAD was 0.11g m—3 and the CoV
al., 2008). Additionally, in this city there are many historical was 18% (Ferm et al., 2005). The average overestimation for
invaluable monuments, like the Acropolis and the ParthenonAthens was 16%. Due to these results, it was finally decided
This fact implies the need for monitoring air pollution and to use passive samplers for the rest of the project. Besides
further study of its impact on this heritage. the good results, passive samplers have some great advan-
It should be mentioned here that the purpose of the projectages compared to other methods. They have low cost and
was not to analyse the particle composition in Athens, butthere is no need for electricity, technical personnel or field
only to analyse those particles that have a high depositior¢alibration. In addition, passive samplers are ideal for sam-
velocity to surfaces and only to analyse the compounds thapling near the objects of interest because they are noiseless
have a high risk for increasing the corrosion rate. A simpleand their exposure can be made inconspicuously.
passive particle sampler was developed for this purpose. It WP4 took place during 2003-2004. For the needs of this
was tested in Athens, Rome and London and has now beepart of the project, a new station was installed at Aristotelous
used all over Europe and at many sites in Asia. The deposiStreet, in central Athens, on the building of the Ministry
tion rates of particulate matter as well as other pollutants andor Health and Social Solidarity (33916" N, 23°4339" E).
climate parameters are being compared to measured corrd-he building is located at a crossroads, close to the “ring
sion rates at all sites. The particle depositions from individ-road”. One facade of the building is facing south while the
ual sites have not been published, but the correlation equaether faces east. At this station, in addition to other spec-
tions between atmospheric parameters and corrosion rate famens, two kinds of samplers were placed: passive parti-
different materials. The study in Europe was repeated incle collectors and diffusive passive samplers. Some of these
2005/2006 and is now being repeated again. We know frorrsamplers were exposed on the roof, both in unsheltered and
other projects that urban aerosols contain a lot of insolublesheltered positions, while the rest were distributed on specific
matter such as oxides of silicon and aluminium. They canlevelsat3m, 6m, 9m, 15m, 18 m and 21 m height above the
contribute to the soiling which we also measure, but not toground (ground floor, 1st, 2nd, 4th, 5th and 7th floor, respec-
the corrosion rate. Water soluble salts, however, are hygrotively) as sheltered, in order to interpret corrosion and soiling
scopic and form electrolytes that can increase the corrosiogffects on materials as a function of height.
rate. This and previous studies have therefore focused on the The sheltered samplers were situated at the facade of the
water soluble fraction of the particles with high deposition building which is facing south, at about 10 m away from the
rates. center of the crossroads with an exception for the samplers
at the 2nd floor which were placed about 20 m away from
the center of the crossroads. The street canyon is about 16 m
2 Experimental wide and has an east-west orientation while the traffic is one-
way. The prevailing wind direction in this area was NNE.
The project was divided into seven work packages (WPs)Along the street canyon, at both sides, there are buildings of
Athens has patrticipated in WP1, WP2 and WP4 so far. WPI1about 15-30 m height. In front of the sampler location there
and WP2 took place during 2002-2004. For the needs ofs a building of about 30 m height.
these work packages a station was installed at Patission Forthe HNQ concentration measurements, diffusive pas-
Street, in central Athens (33957’ N, 234359’ E) on the  sive samplers were used. They were mounted under a rain
roof of the Ministry for the Environment, Energy and Cli- shield attached to a pole ca 2m above ground on the rack
mate Change building. In this part of the project, the de-used for exposing corrosion specimens, on the roof. The
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Table 1. Start and stop dates for each bi-monthly period.

Exposed period  Start date-Stop date

S0,, NO,, 0, concentration (ug m 9)
HNQ concentration (g m 3)

1st 16/1/2003-18/3/2003
2nd 18/3/2003-20/5/2003
3rd 20/5/2003-21/7/2003
- 4th 21/7/2003-22/9/2003
1st 2nd ard ath sth oth : 5th 22/9/2003-24/11/2003
Bemonthy 6th 24/11/2003-16/1/2004
uSO: NO: mO: HNOs
b) 140 4.5
120 4.0
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HE I 20 § 3.1 Nitric acid measurements
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s ® ‘\ At R 10 = The results of the six bi-monthly exposure periods for the
» A“m e *‘YWW N A m«’ o s | °° concentration of HN@ obtained by the passive samplers
oh 2 00 and the corresponding SONO, and G concentrations are
26/2/02 6/6/02 14/9/02 23/12/02 2/4/03 11/7103 19/10/03 27/11/04 . . . .

Bate shown in Fig. 1la, while the dates of each period are pre-
[-+—NO: —+—0, —+—HNO)| sented in Table 1. In this figure what is obvious, is the

maximum concentration of HN§ NO, and G in summer
_ _ which indicates that photochemical formation is the impor-
Fig. 1. (a) Comparison between SONOz, O3 and HNG; (made  tant factor for the annual variation. The bi-monthly average
by passive samplers) concentrations on a bi-monthly basis at th?—|N03 concentration is 1.54g m—3 with standard deviation
Aristotelous Street station(b) Concentration of HN@ obtained _ 3 .
; ) ) +1.17ugm—>. It should be mentioned here that N@nd
by denuder technique and the corresponding concentratlonsg)fNO03 me%%urements were made with continuous irllé.l,truments
and Q; at the Patission Street station. . .
@ (APOA, HORIBA Inc., chemiluminescence and UV absorp-
tion, respectively) with time resolution 30s and accuracy

exposure lasted two months for each pair of samplers, fort2/4.g M. Figure 1b presents the concentrations of HNO
a total period of one year. After the exposure, samplers werdO2 and G at the Patission Street station for the experimen-
sent to IVL for further analysis and obtaining of the results. tal period which started on 26 February 2002 and ended on
The main purpose of these measurements was to correlaf February 2004. The measurement of HN@s based on
the nitric acid concentration with the corrosion or degrada-the denuder technique (Ferm et al., 2005). The NaCl coated
tion rate of the exposed specimens. denuders with an impregnated filter behind were exposed for
Passive particle collectors were used to quantify the deposSPecific periods during the whole experimental period and
sition of particles. This kind of collector uses a rectangularafter the exposure, they were sent to IVL for analysis. The
Teflon filter which is wound around a 10-mm-diameter PvC NO2 and G concentrations refer to the corresponding expo-
tubing and is held in place by a small clip. The exposed aregure period of each denuder.
is 6.28cm. This area is used to calculate the deposition. In Fig. 2a, HNQ concentrations, obtained by the passive
Since there were exposed materials both as sheltered and up@mpler technique on a bi-monthly basis, are compared to
sheltered, passive particle collectors were also exposed in thée corresponding Nfconcentrations. The annual average
same way. A collector was exposed in an unsheltered positiNOs/NO; ratio is 1.35% on a molar basis, which is lower
tion, partly protected from rain but not from wind and it was than the average ratio of 2.7% of all the urban sites which
replaced every two months for a period of one year. Two col-Participated in this project. The equation for the regression
lectors were exposed as sheltered at each level, just besidige is HNO; =0.05"NO,—2.28 (*=0.66, statistically sig-
the materials specimens, for a whole period of one year. Iificant at 95% significance level). In Fig. 2b H§@oncen-
addition, two other collectors were exposed as sheltered ifrations, obtained by the denuder technique, are compared to
an aluminium box with open bottom on the main rack on thethe corresponding N©concentrations. The annual average
roof. HNO3/NO> ratio is 0.92% on a molar basis while the equa-
The measurements of SONO, and G concentrations tion for the regI'ESSion line is HN$ > 0.005*NO, + 0.63 (nO
were made with conventional analyzers and obtained by thétatistically significant correlation).
National Service for Air Pollution Monitoring.
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Fig. 5. Comparison between water-soluble mass and total mass on

Cl'2.46% NO, 4.77% a bi-monthly basis

SO,Z 3.24%

NH,* 0.03%
Ca?* 3.62%

Mg?* 0.28% mass during the sampling period is presented. It should be
noted here that we find a very low content of ammonium
compared to other ions such as sodium and calcium all
over Europe. The reason for this is that ammonium is only
found in accumulation mode particles that have the lowest
deposition rate of all modes. Sodium and especially calcium
belong to the course mode which is more readily deposited
near the source. The concentrations of water soluble ions in
the air (moles per cubic metre) show the opposite pattern
and ammonium dominates.
other The mass of the analyzed water-soluble ions seems to
83.48% have poor correlation with the total mass=<0.17—0.55,
r?=0.66, statistically significant at 95% significance level)
Fig. 3. Average chemical composition (percentage mass) of the deon a bi-monthly basis (see Fig. 5). The unidentified mass on
posited mass. average is 83.5% on a bi-monthly basis. This mass is be-
lieved to consist mainly of water-insoluble material. Since
the filters were weighted at 50% RH, this difference means

Na* 1.88%
K* 0.21%

3.2 Particle deposition on unsheltered collectors that the unidentified mass may also contain water mass along
with the water-insoluble material.
The deposited mass varied betweenugknm 2month! In Fig. 6 the average ion balance is shown. The excess

and 157ugcmZmonth?  with an average of of cations of about 27% can be explained by the fact that
87ugem?monttrt on a bi-monthly basis. In Fig. 3 coarse particles have higher deposition velocities than fine
the average chemical composition of the deposited masparticles and are normally alkaline and are likely therefore to
is shown, while in Fig. 4 the mass of ions/water-soluble contain carbonate (Ferm et al., 2006). However, equipment

Atmos. Chem. Phys., 9, 8308316 2009 www.atmos-chem-phys.net/9/8309/2009/



C. Tzanis et al.: Nitric acid and particulate matter measurements at Athens, Greece 8313
1.8 4 0.16
NH,* ]
161 — a 0.14
I £ 0124
14 missing 2
< Na* anions * 0.10
=
£ 1.2 < 0.8
o £
£ Mg?* 2 0.06
o 1.0 G h
5 4 S 0.4
0.8 |
g 0.02 -
=
0.6 4 . NO; 0.00
Ca 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
041 NO," (umol cm2 month”)
0.2
00 — K Fig. 8. Calcium deposition as a function of nitrate deposition.
Cations Anions
0.07
Fig. 6. Average ion balance between analyzed cations and anions in = ¢ ®
unsheltered position. T
£ 005
=]
E
s 0.04
0.16 - §
[}
g 0.03
- 0.14 * . N& . *
g 04124 g 002
o
NE 0.10 4 0.01
E 0.08 4 ¢ 0.00 : : : ‘ ‘ ‘ ‘ ‘ ‘
g 0.06 4 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
E o
- * Ca?* (umol cm? month)
& 0041 .
*
0.02 Fig. 9. Non-marine sulphate deposition as a function of non-marine
0.00 calcium deposition.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Na* (umol cm? month)

sition (y=0.12¢ +0.002,-2=0.91, significant at 99% level).

Fig. 7. Calcium deposition as a function of sodium deposition. The average M%J\L/NaJr ratio is 0.15.

] 3.3 Particle deposition on sheltered collectors
to analyse the carbonate content was not available and the

sample amount was too small for the analysis of the alkalin-The average total mass of deposited particles inside the box
ity. Another parameter which was not analyzed is the organiavas only 24% of the average mass in the unsheltered posi-
anion content. tion. Figure 12 presents the average chemical composition
Figure 7 illustrates the calcium deposition against theof the deposited mass measured by the two passive particle
sodium depositiony(=0.52c +0.04). There is poor corre- collectors which were placed in the box. The average depo-
lation between themr£=0.39, not statistically significant) sition rate (amount per unit area and time) of water-soluble
while the average CGa/Na' ratio is 1.6 on a molar basis. compounds in the unsheltered position is 2.65 times the de-
Figure 8 shows the correlation between deposited calciunposition rate of water-soluble compounds in the sheltered po-
and nitrate { =0.66¢ + 0.03). The result implies good cor- sition. Figure 13 shows the average ion balance. It can be
relation between them-{=0.93, statistically significant at seen that anions are missing. This is expected, considering
99% level). Calcium had an averagedeENOg ratio of the average ion balance for the unsheltered collectors. The
2.5 on a molar basis. Figure 9 shows the sulphate depodeficiency is about 22% (ipeq cn2 month1).
sition against the calcium ion deposition and it is evident Figure 14 presents the profile of the deposition of the ions
that the sulphate deposition is poorly correlated with the cal-according to the experimental values, as measured by the dif-
cium ion deposition ¥ =0.28¢ +0.01,r2=0.52, not statis-  fusive passive samplers at each level. A maximum deposition
tically significant). The average ﬁO/Ca2+ ratio is 0.39.  for the Na', Mg+, K*, NH}, CI~ and S(j‘ is observed at
However, the chloride deposition is very well correlated with the fifth floor level. The deposition of all ions is increased in
the sodium depositiony(= 0.8t +0.003,2=0.92, statisti- the range of 15% to 240%. A smaller excess is also observed
cally significant at 99% level) on a molar basis, see Fig. 10.at the first floor level where deposition of €aand NGy
The average CI/Nat ratio is 0.89. According to Fig. 11 the have their maximum value. The fact that the electrical prop-
Mg?* deposition is also well correlated with the Naepo-  erties, e.g. conductivity, dielectric constant etc., depend on
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8314 C. Tzanis et al.: Nitric acid and particulate matter measurements at Athens, Greece

0.14 - CI"1.95%

0.12 4

NO, 6.61%
0.10

S0, 8.52%
0.08 -

vos NH,* 0.13%

CI* (umol cm 2 month)

0.04 | Ca? 6.01%

0.02 - Mg?* 0.35%

Na* 2.1%

0.00 T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Na* (umol cm? month)

K* 0.2%

Fig. 10. Chloride deposition as a function of sodium deposition.

0.020 other

74.09%

0.015

Fig. 12. Average chemical composition (percentage mass) of the
deposited mass in sheltered position.

0.010

0.005

Mg?* (umol cm 2 month')

0.10

0.000 0.09 .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Na* (umol cm2 month™) 0.08 -

0.07

Fig. 11. Magnesium deposition as a function of sodium deposition. é 0.06 1
E 005 so
% 0.04 -
temperature and pressure (Varotsos and Alexopoulos, 1980 ™ .3 | ca®
b, 1981; Varotsos et al., 1982) plays a crucial role in the pre- .02 RO
sented observations. It should be mentioned that this is the 0.1 1 .
first study of its kind where the vertical pattern of the par- 0.00 — t
ticle deposition is measured. There are no similar studies to Cations Anions

compare the data with yet. In the other studies measurements _ _ _
were only made at one site per city. Flg. 13. Averagg {on balance between analyzed cations and anions
Figure 15a presents the profile of the total deposited mas' Sheltered position.
and the water-soluble mass as a function of height. In this
figure the variation of the water-soluble mass as a percentag
of the total deposited mass is obvious. This percentage varie
between 8% and 31%. These differences in the amount of th
analysed mass could explain the profile of the deposited ion
shown in Fig. 14. Figure 15b shows the profile of the per-
centage of each ion mass to water-soluble mass. Accordin
to Fig. 15b, a maximum deposition for the kfg NH, Na*
and CI” is observed at the fifth floor level. Calcium has max-
imC;erI] depositipn at the grqynd and fourth floor level, while sists of N&, C&+, K+, NHI, Mg2*+, CI-, SO?{ and NO]
SO, has maximum deposition at the second floor. The maxsgng - o, the sheltered and unsheltered collectors, 26% and

imum deposition of the NQ is observed at the ground floor 15 504 of the total deposited particle mass, respectively, was
level while potassium has steady deposition at each level. \atersoluble. The results indicate that the main part of the

+ rati ' : . :

The average Cl/Na" ratio was 0.93 on a molar basis genqsited particle mass has an unknown chemical compo-
which is close_to Q._89 for f(he unsheltered position. It_ shouldgition and further study is required in order to specify its
be noted that individual sites cannot be representative of ag,mposition. The vertically distributed passive particle col-
entire city or region. In addition, measurements taken in ON§gctors have shown that at the fifth floor level the concen-
year are not adequate for the research of the corrosion of thgation of the water-soluble mass is increased. At this level

materials in general. Na*, Mg?*, NH; and CI- have maximum deposition, while

Conclusions

Passive particle collectors were used for the study of the de-
fbosited mass. These collectors were weighed before and af-
ter their exposure in order to calculate the deposited mass.
%he quantitative chemical composition of the deposited mass
was investigated by the chemical analysis of the water solu-
ble part of the deposited mass, and it was found that it con-
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