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ABSTRACT

The increasing attention to environmental problemd roads traffic lead research to improve testa@wn
materials that could reduce the concentration difiog substances in the air.

Some varieties of titanium dioxide (Tiare known for their ability to perform as phottadgtic agents in the
oxidation reactions and atmospheric pollutants gesach as nitrogen and sulfur oxides, ozone ambsgpheric
particles components.

In collaboration with prestigious research Inségjta photocatalytic technology, based on a watergon
added with titanium dioxide, has been developedayga onto asphalt pavement surfaces, this prazhieins a
reduction of the concentration polluting substaneesl, at the same time, guarantees the mechanical
characteristics required for pavements.

This technology foresees the photocatalytic apglypstem onto wide-spread surfaces located in peliyted
areas such as road (pavement) surfaces.

Particular attention was dedicated to the choicahef titanium dioxide type in order to obtain thighest
effectiveness related to the use conditions, toatiteesive and antiskid characteristics of the dexispersed
matrix. This scope was achieved with the applicatba very thin film that assures the originakitglity and

mechanical resistance.

The tests were performed in laboratory and in seale fields with particular attention to the:

- percentages of NOeduction in the air using pure TiO2 or photocatalmix;

- visual, environmental and health impacts of tredpcts;

- determination of the best technology application;

- field tests in order to evaluate the productsalvér on a real scale analysis;

- evaluation of the effective life of treated pawets compared to normal bituminous pavements.

The final products were then verified in order tetetmine the interaction between the emulsion dred t
bituminous mixture, to evaluate safety during aggilon and life-cycle, to assess physical and nmEchh
characteristics and to check the technology ofieafibn and photocatalytic behavior in polluted ieonments.

Pavements Applications in the Milano hinterlandéalso been carried out and tested.

1. Introduction

Research has always been the basis of human @rolgtiarting from “how to obtain heat with fire"oWw to
“bring heavy loads with wheeled-vehicles”, how fight diseases with medicines”, until the use @célonics
and new technologies for innovative materials potidn.

The same steps had been carried out in the develapof road materials in order to improve the meds
performances and maintain the aesthetic charaitsrifom macadam to modified bituminous mixturgsyind-
absorbing covers and colored pavements. “What's feexthe future?”
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The industrialized World “is fighting” with a greatet of environmental problems that are linked he t
hazardous wastes remediation, contaminated growstdsvand noxious air contaminants.

In the last decade, technological progress, onsithe, and increasing request of mobility, on theeotside,
brought to the necessity of finding out a solutiothe environmental problems; the main targeelid¢dhanged
and enlarged: the environment became the referpaitgs and the pollution the most urgent problenbéo
solved.

In light of these considerations, a new research theen develop in collaboration with important azsk
Institute particularly with the “Politecnico di Miho” and the “Chemical Department of the Universlta
Sapienza” di Roma”.

2. Air Pollution

Figure 3.European areas more polluted

The European standards of pollutants emissionglanest never respected (Zampetti, 2006) and alufamits
have a negative effect on the respiratory and ogedicular system.

Recently, a World Health Organization (WHO) resbanniderlined that pollution is responsible for 1M
deaths each year in the European area. Actualipjosgheric pollution represents the first factor of
environmental risk in Europe and the eight totalseaof death. The study result suggests that avemall
reduction of the pollutants concentration in thecan have a relevant positive effect on health @uodtality
(Crebelli, 2003).
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The air pollution situation on the Earth is mon@drsince 2002 by the ESA (European Space Agenoy)this
scope is used ENVISAT (Fig. 1) that is the worldgkst satellite for environmental monitoring and it
“Scanning Imaging Absorption Spectrometer” onboaedmits to record the sunlight spectrum shininguigh
the atmosphere and, then, to control the spedbsdration of trace of gases in the air (ESA, 200%k areas
more polluted are underlined in red in the map.(Ei§).

An air pollutant is a substance that can cause batmimans and to environment. It's can be saligiid or gas.

Known as primary pollutants for their direct origiom combustion, the most common pollutants aeectirbon
monoxide and carbon dioxide, azote monoxide, siglfamhydride, dusts and unburned hydrocarbonsildfest
to chemical-physical processes, these primary faoits turn into secondary ones such as the azoteddj
ozone, etc., which are more dangerous for the enrmient (Tab. 1).

The principal polluting sources are (Legambien@1):
— vehicular traffic (NO; NG, CO; CGQ; PM10; H-CHO; NMHC);

thermoelectric central and heating (30O
agriculture and breeding (NHCH,);

solvents (VOC - volatile organic compounds).

Table 1. Annual average production of NOCO,and PM10 — (Zampetti, 2006)

NO, - annual PM10-
STATE % CO, EUROPEAN | EUROPEAN et ae annual
EMISSION CITY STATE % average
[ng/m7] 3
[ng/m’]
USA 19,0
Antwerp Belgium 47 nd
Cina 11,9
] Berlin Germany 62 36
Giappone 9,4
] Brusells Brusells 87 Nd
Germania 39
Copenhagen Denmark 52 41
India 3,4
Stockholm Sweden 50 41
Africa 3,2
London U.K. 110 43
Sud America 2,7
Madrid Spain 86 40
Regno Unito 25
Paris France 104 42
Canada 1,8
Roma Italy 81 54
Italia 1,8
* World Health Organization allowed limit = §8/m3
Oceania 1,3 . -
** World Health Organization allowed limit = 9Qug/n?

3. Titanium Dioxide

3.1. Characteristic and application

The main ingredient for a photocatalytic producths titanium dioxide, an element that is the foweasy-to-
find material in the earth’s crust and it has gmivprful oxidizing properties.

Titanium dioxide is the naturally occurred oxidetitdnium and its chemical formula is TAO'he most common
form is rutile, followed by anatase and brookit@gtone is the less used).
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Anatase is obtained heating the amorphous form 3@8°C, while, Rutile is obtained heating the asatabove
800°C (Bessergenev, 2005). Although the crystallipmmetry is the same for both minerals (Fig. 4tBgre
isn't relation between the interfacial angles af ttvo minerals. Rutile is not suitable for photadggis because
of its high thermodynamic stability (Sandrolini,@), while Anatase is the most investigated titemidioxide
type due to its characteristics (high photochentieattivity and stability in aqueous system).

Figure 4. Crystalline structure rutile Figure 5. Grstalline structure anatase

Many variables influence this ability, especiallyetgrains dimension and the presence of impurifiéss
implies the necessity of an accurate selectioh@®final product which is the basis of the research

TiO, normally used has nanoparticles with a great fipestirface (area to volume ratio) and diametegriiof to
100 nm.

The beginning of photocatalytic materials use wasthie 1972: Fujishima and Honda photoinduced the
decomposition of water on TiO2 electrodes.

TiO; is biologically inert on humans and animals angragimately 4 millions tons are consumed annually
worldwide. The uses are manifold:

- for water and air purification (photo-assisted @elgtion of organic molecules and destruction of
bacteria, viruses, photosplitting of polluted watard purification atmospheric odours and toxins
(Hoffmann, 1995));

— for fixation of CO2, decomposition of NOx and chdfiuorocarbons (Masakazu, 2000);

— for medical use (photo-sensitizer for photodynath&rapy for endobronchial and esophageal cancers
(Gurr, 2005), for slow or halt the developmentwhbr cells (Diebold, 2002) and for the destructidén
nucleic acid molecules as well as proteins (Paisp2006)).

- as pigments in foodstuffs, paints, ceramics, cossier pharmacology;

— as a corrosion resistant coating, self-cleaningilmgs and anti-foggy on car windshield, protective
coatings of marble and optical coating;

- in solar cells for the production of hydrogen atet®ic energy, in electronic devices and as gasae
(Toma, 2008).

The most important aspect for vehicular traffithiat TiO, degrades air pollutants at ordinary temperatuitegus
ultraviolet light irradiation.

If titanium dioxide gets also in contact with arkaline surface, another chemical reaction is induaed it
produces salts (calcium nitrates, sodium carbonhitesstone) and water, decreasing consequentlpatating
component.

An additional attention should be paid on the tgp&tanium dioxide used.



ENVIROAD 2009 Venturini Loretta: Photocatalytic Asdt Pavements

3.2. Photocatalytic process

The photocatalysis is comparable to the chloropipfibtosynthesis and denotes the acceleration of a
photoreaction by catalyst action (Desrosiers; Par@002) for a substance chemical transformatiohefithe
titanium dioxide gets in contact with an hydrocarbor any oxidable substance, it gains a new @aditom

this substance, which oxides. At the end of eatdlytic cycle, the catalytic substance remain ungeal.

The TiO, propensity to absorb energy from the solar UV wasovered during the late 1970s for practical
purposes: a self-cleaning surface.

To obtain a photocatalytic process, it is necessargonsider that the titanium dioxide should besdiy
exposed to the light source.

The Sun electromagnetic radiation spectrum canidedl into (Fig. 6):
— ultraviolet (UV) = 100 + 400 nm:

- ultraviolet Vacuum (UVV) = 100 + 200 nm;
ultraviolet C (UVC) = 200 + 280 nm;
ultraviolet B (UVB) = 280 + 315 nm;
ultraviolet A (UVA) = 315 + 400 nm;

— visible (light) = 400 + 700 nm;
- infrared = 700 nm to 1000 nm.

Xerays Uitraviolet Visible Light . Infrared
<}
Vacuum-
uw
100 200 280 315 TBO
Wavelength (nm)
Hglow pressure Speciral curve of

lamp 254nm call inactivation

Figure 6. Spectrum Solar

Anatase is a semiconductor with a bang gap eneggy E2 eV, which is equivalent to a wavelengti388 nm,
that corresponds to the ultraviolet sunlight.

When TiG is exposed to UV light of wavelength below 388 araeters, in the presence of water vapour, two
highly reactive substances are formed: hydroxylicald (OH-) and superoxide ion £ (Frazer, 2001).
Particularly, when the TiQis irradiated whit a energy > 3,2 eV (wavelengtB388 nm), the illuminated TiO
electron is excited from the valance band (VB)i® tonduction band (CB), than two electrons (ed) positive
hole (h+) are formed, accordingly, the surface wi®xidized by positive hole, and Ti@an decompose and
mineralise organic compounds by participating sedes of faster oxidation reactions leading tea dioxide
(Huang, 1999):

TiO2 + hv - h\,b+ + ey
The hole on TiO2 particle surface react whit adedrb,O or surface OHgroup to form H® radicals:
hs' + HO (ads.)-» HOe + H or hy" + OH (sur.) -~ HOe
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Than, superoxide ions are formed because excedsogle in the conduction band react whit molecabygen:
€b + O - Oy
and more H® radicals are formed:
20,2 + 2H,0 - 2HO» + 20H + O,

Subsequently the photocatalysis “products” react. &xample, approximately in presence of nitrogexide,
the reactions are (Giavarini, 2004):

NO, + HO» - HNO;
2 HNO; + Ca(OH) — Ca(NQy), + 2H,0

At the end of process (Fig. 7), a polluting prod{iO), has been transformed into a harmless and verplsolu
substance (Ca(N{p). The relative amount of soluble substance createddiculous”: the concentration for
pavement unit is lower than a mineral water bottle.

At the moment there is a “second-generation titanioxide photo catalysts” that has a ion-implanted. (
nitrogen ions); the main characteristic is tha ttatalysts are able to absorb visible light up twavelength of
400-700 nm.

The titanium dioxide efficiency can be verifiecthvdifferent testing methods:
- spectrophotometer (Mogyorosi, 2003);
- mass spectroscopy (Bessergenev, 2005);
- visible effect on a coating or treated mass (@ue2005);
- crystalline structure (Toma, 2008);

- flow reaction system (Jinlong, 2002);

- degradation of formic acid diluted in water (Zh@006);
- degradation of nitrogen dioxide (EN UNI 11247).

Oxidation - Reduction

h\:-_"‘--

Harmless and soluble substance

Figure 7. Photocatalytic process
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4. Research for photocatalytic productsfor superficial asphalt surface treatments
4.1. Research protocol and tests

The main aim of the research on photocatalytic pcbdvas to develop a superficial treatment for akph
concrete surfaces that could:

- decrease the concentration of atmospheric polisita the air;
- guarantee the adhesion between wheels and patemeamnder to guarantee road-safety;

- maintain the functional and mechanical charasties of original pavements (for example: perméghil
colour and bearing capacity).

The research was developed following these priasiphd circumstances:
- the treatment should be applied onto asphaltret@surfaces;
- the worst atmospheric conditions are in absefcaio and wind,;

- the testing machines (analyser and climatic clajnland the testing protocol should have sufficient
sensibility to verify the differences among dissamproducts.

It is important to underline that the experimemtatstarted in January 2006 when Italian regulatefarences
did not provide any specific law for this kind afsts. Therefore, the climatic chamber had beergdediin
order to verify specimens of big dimensions (50&i#6) and a specific testing protocol had been writ&ipha
Protocaol).

After this approaching phase, which included aeseonf calibration tests, the UNI 11247 ( Determioag
dell'attivita di degradazione di ossidi di azoto @mia da parte di materiali inorganici fotocataliti was
published in December 2007 with specific referetcehotocatalytic inorganic materials. Accordinghwihe
new regulation, both the climatic chamber and thghaA Protocol have been improved and implementea in
“new little climatic chamber for core” an in the éBa Protocol”.

The “new little climatic chamber for core” allows determine the NOx reduction for a specimen ofedlisions
(p=10cm).

The final “Beta Protocol” has been compiled considgthat:

- the final product should be laid on to asphatiarete pavements and that the binder is organic;

- the superficial porosity of a asphalt concretegmaent is higher than a concrete or ceramics paveme
- wind speed should be almost equal to zero;

- the relationship between treated surface andhbenber volume should reflect the roads reality;

- the atmospheric situation should be realistienfra pollution point of view, as for temperaturespidity
and wind;

- the commercial characteristics of polluting gas.

The Beta Protocol resulted more sensitive and ugefsatisfy the technical necessities. The selityibivas
determined varying both Tigrontained in the mix and the polluting gas flow;imt@ning mix quantity for
square meter, irradiance and humidity constant.t&kes underlined that minor it is the polluting gaw, great
it is the test sensibility (Fig. 8).

The Beta Protocol Procedure (Fig. 9) follows theteps:
1. pure titanium dioxide is tested in order to fyetiie photocatalytic ability;
2. primary materials are analysed in order to yah€ visual, environmental and health impact;
3. primary materials with titanium dioxide mixtusee tested to define the final products;
4. laboratory photocatalytic efficiency of each tare is evaluated (Fig. 10-11);
5

mix calibration;
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6. testing field are realized, both of small diniens (100cm x 100cm) and large dimensions (entiel r
branches) for “test fields efficiency” and for tthetermination of colour, skid an durability (Fig-13).

CONCENTRATION GAS - COMPARITION

100%
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60%
e ()5 |/ MiN
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5,01/min
40% /

30%

Efficiancy [%]

20%

10% | W — W

0% T T T
1 2 3 4 5 6

Laboratory Specimens

Figure 8. Test for la determination of sensibiliiy faction of the polluting gas flow

During every tests, only two parameters maintacmustant:
- UVA laboratory irradiance = UVA solar irradianse2Q+1 W/nt;
- conventional initial humidity = 50%.

Concerning the mix calibration, the procedure addis:

- determination of the optimal quantity Ti@’ (Fig. 14), maintaining constant quantity MiX/niQ.),
humidity (50%), irradiance (20 W/nand polluting gas flow (1,5 I/min);

- determination of the optimal quantity Mix/nfFig. 15), maintaining constant quantity TiO3/(QTs,),
humidity (50%), irradiance (20 W/nand polluting gas flow (1,5 I/min).

With this procedure, like in an asphalt concrete, aptimal percentages of Ti@nd mix have been calculated
for surface unit.

Until now, the amount of works carried out is regmeted by:
- pollutant gas used: 1100 |, equivalent to 153 m

- analysed specimens: 2200;

- small dimensions testing fields: 80;

- large dimensions testing fields: 9;

- current projects: about 100.008.m
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pajeuIuH

Figure 10. Laboratory Figure 11. Climatic
specimens chamber

Figure 12. Test field and

. . Figure 13. Skid test in situ
situ specimens

Figure 9. Flow chart for the tests

QUANTITY DETERMINATION - [g/mq of TiO2] QUANTITY DETERMINATION  [g/mq of MIX]

60%— 1

50%—4 509

40%— '§ 40%

>

Efficiency 30%- S

10%—4 10%

0%

BT1 BT2 BT3 BT4 BTS o Qa Qb Qc Qd Qe
Laboratory Spaciement Laboratory Specimens
Figure 14. Determination of TiO2/rh Figure 15. Determination of Mix/m



ENVIROAD 2009 Venturini Loretta: Photocatalytic Asdt Pavements

4.2. Research Results

From the data collected it can be reassumed that:

- not every type of titanium dioxide shows a suéfit photocatalytic efficiency, even considering game
crystalline structure;

- photocatalytic products, even if realized withtiae titanium dioxide, not always show sufficient
photocatalytic ability because different primaryterals can inhibit the photocatalytic action;

- not every photocatalytic product is suitable favements.
In support of this theories:

1. in the figures 19 are plotted three differemds of titanium dioxide powder, maintaining constquantity
TiO2/n?, initial humidity (50%), irradiance (20 WAnand polluting gas flow (1,5 I/min). The results
underline that: the first one does not show anytgtadalytic efficiency, the second one shows actdn
of the 81,6% of pollutants and the last one showsa reduction of the 37,7% (furthermore, the analyser
can verify not only NG but also concentration of NO and N&eparately in function of time (Fig. 1868));

2. in the figure 20 are plotted three differentdsrof photocatalytic product, maintaining constamantity e
quality TiOJ/m? (efficiency = 81,6%), quantity Mix/f initial humidity (50%), irradiance (20 WAR
polluting gas flow (1,5 I/min) and varying the pany material. The results highlight that: the ficste
shows a photocatalytic efficiency of the 20,4%, sbeond 33,5% and the last one shows & M@uction of
the 57,4%;

From the obtained research results it can be absinet, in general, the best catalytic productseham
efficiency middle equal to:

- laboratory specimens: 500%;
- cores taken from testing fields: -S85%.

The comparison between specimens taken from sigépepared in laboratory showed different perqggaaf

reduction due to the different preparation methaxts it is importance to say that the referenceeshre those
taken from testing fields, while the data collecfemim laboratory specimens are useful to deterntiigebest

titanium dioxide and the best mix.

An important statement investigated during the agde was the spray laying temperature that inflasribe
catalytic efficiency and the adherence "pneumadizepnent treated". In fact the realization of thetpbatalytic
treatment can be made directly after the asphgihdephase (hot-method) or on already existing paeats
(cold-method), but the mixes e laying proceduresioaibe the same.

Particularly, for hot method the process is:
1. pavement laying and rolling;

2. spraying the micro-emulsion when the heart effiavement temperature is over 100°C. The applitasi
carried out with a specific instruments appliedooatight vehicle;

3. rolling to smooth the surface;
4. cores extraction to verify the efficiency in ¢abtory.

From the point of view of the efficiency, the thaying methods don't show different results, butddherence
the results show that (respect no-treated surface):

- hot-method: reduction of% BPN
- cold-method: reduction of® BPN.

The duration in time of the photocatalytic efficignwas verified through measurement of the adheisiagitu
and on specimens taken from cores. These testsdeadcarried out through a specific calendar terdghe the
variation in time of the reference parameters. Rsaf@éty, especially from the point of view of adbes is
verified in situ with the British Pendulum (CNR 185).

10
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Figure 21 shows the results of a mix lain with todd method. The testing field is subject to fragueeavy
loads, to shearing forces (steering area) and tbeepce of sand that works as abrasive agent.sithetions
accelerate the BPN reduction: in fact the diminufiom 75 BPN to 58 BPN happened in only 60 daykas to
be noted that a traditional pavement will reach@d ¢diminution only after 2 years of vehicular fiaf In the
light of this consideration can be assumed that@ifield test days are comparable with the ali600 really
road days (Fig. 22).
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POWDER TIO2_C (Eff. = 37,7%)

500

Pollutian [PPb]

0 a0 50 60

Time [min]

Figure 18. Efficiency powder Ti@ C

COMPARISON POWDER TIO2 (NOx)

600

500

400

NOX [PPb]

w
S
S)

200

100

~C
N

P_A

P_B

—D_C

0 10

20 30 40 50

Time [min]

60

Figure 19. Comparison efficiency powder TiO2 (MD

11



ENVIROAD 2009

Venturini Loretta: Photocatalytic Asdt Pavements

COMPARISON MIX (NOx)

NOX [PPb]
8
8

w
S
3

200

500
! t

em—r 1 (20,4%)
—C) (33,5%)
—3 (57,4%)

T~—

20 40 60 80 100 120 140 160

Time [min]

Figure 20. Comparison efficiency Mix (N¢)

Efficiency [%)] & Skid [BPN]
@
g

CONTROLS TESTS FIELD

| =—Efficiency [%]  =====Skid [BPN] |

AW
\
AN

0 100 200 300 400 500 600

Time [gg]

700

Figure 21. Efficiency and Skid for the tests fieltbntrols

Efficiency [%]

PROJECTIONS FOR A PAVEMENT

e Efficiency [%)] e Skid [BPN]

100

90

80

70

60

50

40

30

20

10

0

200 400 600 800 1000 1200 1400
Time [gg]

1600

Skid [BPN]
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The other important factors to be considered agectiour visual impact and the horizontal traffigrsvisibility,
directly correlated to the laying method.

The environmental impact has also been verified mix results suitable if it has a “positive impactr rather
if it is not dangerous for its purposes. Furtheredhe treated asphalt pavements should have &fRlcode
than a traditional pavement: so to be recyclethénsame way.

4.3. Same experimental project

a) The ANAS auto-park of Rogoredo, in the hintedlari Milan, is an experimental projects realizedhvthe
hot method onto an area of 4000mq (Fig. 23). Tkalt® showed a photocatalytic efficiency of the 4@%
situ.

b) Another experimental project had been carried anio the SP70 road in the province of Forli-Casen
2500mqg of new traditional pavement that showed fiiciency of the 46%. The research allowed to
optimise the cold application on existing asphaharete pavements through new instruments able to
control the pressure of spraying, guarantee unitgrand control the vehicle speed.

c) Other experimental projects, on existent pavasydrad been realized: in Monza (Fig. 24), an igfficy of
the 51% had been estimated and in Cantu of the 50%.

d) The oldest experimental project had been redlinethe testing-site of Carpiano - Milano. Whikying,
high efficiency rates were registered; after 4 rhenthe efficiency was of the 48% and after 18 memf
the 22%. The analysed pavement is heavy-loadedatle frequent presence of heavy vehicles that als
steer in the same area. Compared with the neaitidrzal no-treated pavement, a ratio of 1:3 of life>
cycle of the pavement has been registered

Figure 23. Spray treatment in Rogoredo Figure 24retted Pavement in Monza

5. Conclusions

The absence of a specific regulation leads to #eessity to measure the photocatalytic efficiedopugh a
testing protocol that considers the organic natfrthe bitumen, the necessity of an additional pbatalytic
reduction in case of no wind and the porosity efshpport.

Not every kind of titanium dioxide shows the santmtpcatalytic ability and not every titanium diogianix
(with the same Tig) shows the same photocatalytic efficiency.

Naturally, the laboratory efficiency percentages aot the same that in situ, because of the envieoial
conditions are more varying in the time.

13
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The photocatalytic efficiency is not the only chaeaistic to be evaluated, but also the safetyatttaristics and
the environmental impact should be evaluated.

The catalytic project mix is a “water based microdsion” to which titanium dioxide is added. The pi@ads
to the decreasing of atmospheric pollution, while tnechanical characteristics of the pavementmaistained.
The normal life cycle is guaranteed and the enwirental impact is positive (the mixture is neithanderous
nor toxic).

6. Futuredevelopment

The future development of this technology shoulddferred to a better way of laying the productooaiready
existing pavements (cold method) from the adhepioint of view and the determination of the effeetiair
pollutants reduction in situ.
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