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Abstract: Solventborne road marking paints are meaningful sources of Volatile Or-
ganic Compounds (VOCs), which under solar irradiation affect formation of tropospheric
ozone, a significant pulmonary irritant and a key pollutant responsible for smog formation.
Influence of particular VOCs on ground-level ozone formation potential, quantified in
Maximum Incremental Reactivities (MIR), were used to calculate potential contribution of
solvents from road marking paints used in Poland to tropospheric ozone formation.

Based on 2014 data, limited only to roads administered by General Directorate for
National Roads and Motorways (GDDKiA), emissions of VOCs from road marking paints
in Poland were about 494 838 kg, which could lead to production of up to 1 003 187 kg of
tropospheric ozone.

If aromatic-free solventborne paints based on ester solvents, such as are commonly used
in Western Europe, were utilised, VOC emissions would not be lowered, but potentially
formed ground-level ozone could be limited by 50-70%. Much better choice from the per-
spective of environmental protection would be the use of waterborne road marking paints like
those mandated in Scandinavia — elimination of up to 82% of the emitted VOCs and up to
95% of the potentially formed tropospheric ozone could be achieved.

Keywords: road marking, waterborne paint, solventborne paint, tropospheric ozone,
VOC, road safety, MIR, environmental protection.

1. Background

Horizontal road markings are essential safety feature on all modern roads. They are
quite frequently in the centre of drivers’ attention, providing information about the lateral
positioning of the vehicle and give guidance during driving.

The markings in Poland are generally divided into two types: thick-layer (I mm or
thicker), comprising thermoplastic and coldplastic masses, and thin-layer (less than 1 mm)
comprising various paints with a possibility of using coldsprayplastic as well. Coldplastics
and thermoplastics shall not be covered in this analysis as they are considered solvent-free.
Plural-component systems based on epoxy or urethane technologies, which can be either
solventborne, water-dispersible, or solvent-free are not discussed, either. Properties of wa-
terborne and solventborne paints and their application characteristics were described else-
where [1].

Solventborne paints used for horizontal road markings are a meaningful source of
VOC emissions, which are capable of increasing the level of tropospheric ozone. Herein,
we estimated the amounts of VOCs emitted from road marking paints used in Poland and
calculated potential of the ozone formation from these VOCs. To demonstrate alternatives,
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the simulation was extended to include aromatic-free paints such as are at present used in
Western Europe and waterborne paints, which are the only type permitted in Scandinavia.

A notable limitation of our work is that only paints used for marking of roads admin-
istered by GDDKIiA were included — only about 19 000 km (out of ~250 000 km of the total
public paved roads network) due to difficulty of obtaining data from a plenitude of sources.
In our preceding work on this topic, we have concentrated on the city of Krakéw and
demonstrated that road marking paints contribute to air pollution in that ecological disaster
area 18 254 kg of VOC:s that could be adding up to 42 350 kg of tropospheric ozone [2].

The results of this analysis can be used by road administrators as an aid in selection of
road marking materials that are environmentally-friendly. Simultaneously, paint formula-
tors are being made aware that emissions of VOCs are not all equal.

1.1. Composition of road marking systems

Typical road marking paints consist of an organic polymeric resin (binder), inorganic
pigments and fillers, a package of additives, and a blend of organic solvents (for waterborne
paints — mostly water). Classes of their components, with particular attention paid to sol-
vents, are discussed below.

1.1.1. Binders

Modern solventborne road marking paints are based on 100% acrylic binders. The
binders are produced by polymerisation of monomers like methyl acrylate, methyl methac-
rylate, ethyl acrylate, butyl acrylate, and similar. The resulting polymeric material is a solid
readily soluble in numerous organic solvents. Solventborne paints dry by simple evapora-
tion of solvents, which leaves a film consisting of the pigments and dried binder.

Waterborne paints are also based on 100% acrylic binders forming their polymeric
backbone. However, with the development of quick-set technology, the polymeric chains
were modified to contain monomers with moieties capable of acid-base chemistry [3]. Ad-
ditionally, binders for waterborne paints, which always are delivered in aqueous solutions,
require a base to assure protonation of the acidic moieties and a surfactant to keep the pol-
ymer suspended.

Modern waterborne paints furnish surprisingly quick drying and their application does
not require special equipment or knowledge, except normally expected differences associ-
ated with novel technology. A weakness of waterborne paints is washout resistance time,
which occurs after drying: A sudden rain on freshly applied waterborne paint may dissolve
it if the washout resistance time was not reached. Another weakness is slowing of drying at
marginal application conditions combining low temperature and high humidity. Quick-set
waterborne paints dry and cure due to simultaneous physical and chemical changes. They
are typically more durable than comparable solventborne paints, as we have measured and
recently reported [2].

1.1.2. Pigments and fillers

All white paints contain titanium dioxide. Even in yellow or blue paints, small amount
of titanium dioxide is included to give clean shades. Production of titanium dioxide is quite
complex. Titanium dioxide can be produced by chlorine or by sulphate process; comparison
of cradle-to-grave Life Cycle Assessment (LCA) for these processes demonstrated that
either one is very harmful for the environment, albeit in different aspects [4]. Indeed, an
LCA of road marking materials has shown that titanium dioxide, despite its quite low con-
tent, is the third major environmental impactor, lesser only than the impacts caused by the
production of binder and glass beads [5]. Surface treatment of titanium dioxide typically
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consists of inorganic and organic chemicals and can vary greatly between grades and manu-
facturers; it plays profound role in stability of waterborne road marking paints.

Amongst eight known titanium dioxide polymorphs, two are of importance: rutile and
anatase. In paints, rutile is used, because it has higher refractive index: 2.7, as compared to
only 2.5 for anatase. In titanium dioxide crystal structure, each titanium atom is surrounded
by six oxygen atoms in octahedral arrangement with mostly regular structure. In more
closely packed rutile structure, the octahedra are turned through 90° with a twist of 45°
from one layer to the next. In anatase, the twists are missing, which negatively influences
packing and was reported to reduce the refractive index. Anatase is occasionally added to
paints to improve their durability and lower raw materials expense.

Of course, to prepare colours other than white, appropriate organic pigments are used.
In some cases, a small amount of inorganic colour pigments like iron oxide is also added to
achieve the desired paint properties.

Majority of the volume of paint is calcium carbonate — readily available harmless in-
expensive filler. Some paints, especially those designed for special purposes, can also con-
tain other fillers. Paints ought to be devoid of any pigments or fillers containing chromium,
lead, or other heavy metals.

1.1.3. Additives

Amongst other raw materials for paint production, there is a plethora of additives,
which are necessary to assure paint processing and stability. Appropriate selection of addi-
tives plays the most profound role in all paints and is quite frequently the major differentia-
tor between equivalent formulations from different manufacturers.

Amongst additives, dispersants, most of the time based on functionalised acrylates,
play critical role not only in proper dispersing of pigment particles, but also in preventing
their flocculation and settling.

In-can stability is achieved by the use of thickeners and anti-settling additives, which
prevent separation of pigment particles from the binder and their precipitation. Organic and
inorganic, naturally-derived and engineered compounds are available and suitable.

Defoamers are used to release any air bubbles formed during paint processing and ap-
plication. For road marking paints, it is critical that the defoamers remain compatible with
glass beads, which meaningfully limits their selection.

Plasticisers that assure appropriate flexibility of the dried film are frequently added as
some paints might be too brittle to withstand impact caused by tyres and snow ploughs. It is
important that phthalate-free plasticisers are utilised, because of environmental and health
concerns.

For waterborne paints, one additionally can use biocides, surfactants, wetting agents,
grinding aids, and other materials. However, the most important is coalescent: With the
current technology, it is not possible to prepare a successful waterborne paint without a
coalescent or an alternate molecule that acts as such. Coalescents are small molecules that
“bring together” drying polymeric chains and thus furnish smooth crack-free surface.

1.1.4. Solvents

Solvents are necessary to make the paint liquid. Amongst the numerous available ma-
terials, paint manufacturers select only a few that show the desired properties, like speed of
evaporation, capability of penetration of the surface cracks to improve durability and adhe-
sion of the paint, and price. Selected properties of solvents commonly used in road marking
paints are given in Table 1 and their chemical structures are provided in Fig. 1. Solubility
parameters describing a sphere of solubility, based on like-dissolves-like principle, were
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developed by Hansen and bear his name [6]. The sphere can be used to predict solubility of
different materials — in case of road marking paints such information is needed to properly
dissolve the binder and simultaneously to prepare paints with good adhesion to bituminous
and concrete surfaces.

Toluene is a commonly used aromatic solvent; its moderate evaporation rate is advan-
tageous in prevention of forming skin and essentially uniform dry-through of the forming
film. Toluene has very high dispersion forces solubility parameter (6d), which along with
low polarity (dp) and low hydrogen bonding capability (6H) gives it the capability of pene-
trating surface cracks and even dissolving some of typical oily contaminations present on
road surface. Hence, the use of toluene is favoured by the paint formulators and applicators.
However, toluene is quite harmful for the environment and as such it is effectively banned
in Western Europe. In Poland, its amount is limited to 8% of the total road marking paint
formulation [7]. Toluene is not a carcinogen [8], but it is classified as reproductive toxicant
and targets organs like kidneys, liver, and the central nervous system. Due to its solubility
in lipids, absorption through dermal exposure is as likely as inhalation and equally harmful.
A recent field assessment of road marking crews’ exposure to toluene has shown that the
permissible concentrations were not exceeded [9].

Other common solvents, either esters or ketones, generally are somewhat more polar
and are capable of better forming hydrogen bonding. Hence, while their capability of dis-
solving acrylic resin is not affected, they are somewhat less likely to penetrate surface
cracks and adhere to oily asphalt. Their evaporation rates depend on the carbon chain length
and functionality, so selection of appropriate blends to achieve paint dry-through without
skin formation is quite easy. Generally, ester solvents are considered in the industry as
better, due to their lower toxicity and good affinity for resins.

Acetone, with an exceptionally high evaporation rate and high solubility parameters is
barely suitable for road marking paints, because excessively fast drying of the paint would
prevent good adhesion, particularly when road surface temperatures are high. However,
acetone has miniscule toxicity and its ozone formation potential is so low that it is consid-
ered in the United States an ‘exempt solvent’, not counted as VOC [10].

Table 1. Properties of selected solvents commonly used for road marking paints

Density  Evaporation Boiling Hansen solubility parameters®

Name

[g/cm?] rate® point [°C] 5d 3p 3H
Toluene 0.87 200 110 18.0 1.4 1.4
1-methoxypropan-2-yl acetate 0.97 33 146 15.6 5.6 9.8
Butyl acetate 0.88 100 126 15.8 3.7 6.3
Methyl isobutyl ketone 0.80 166 116 15.3 6.1 4.1
Methyl ethyl ketone 0.81 390 80 16.0 9.0 5.1
Acetone 0.79 560 56 15.5 10.4 7.0

(a) Relative to n-butyl acetate, assumed as 100. (b) Hansen solubility parameters are given in the units of
MPa': §d denotes dispersive forced, 8p — dipolar intermolecular forces, and H — hydrogen bonding.

Y Y Y OO

Acetone Methyl ethyl ketone Methyl isobutyl ketone Toluene
(0] (0] (0]
g g~ Aol
Ethyl acetate Butyl acetate 1-methoxypropan-2-yl acetate

Fig. 1. Chemical structures of common solvents
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Properties of volatiles present in waterborne road marking paints are given in Table 2:
water is the main solvent. Water, with its slow evaporation, would normally translate to
very slowly drying paints; fortuitously, modern waterborne paints employ another drying
and curing mechanism, which permits for their exceptionally quick drying [3]. The same
mechanism allows for application of films reaching even 1200 um without unacceptable
slowing of drying [1].

Amongst the volatiles, one must list ammonium hydroxide, which is the base neces-
sary to keep the paints stable before application, decomposes to ammonia, which quickly
evaporates upon application, causing drop in pH and thus paint drying and curing. Ammo-
nia is an irritant, so several commercial ammonia-free binders have been devised; unfortu-
nately, these binders do not permit yet to achieve the desired quick drying of applied road
marking. A small amount of ethyl alcohol is added to the paint as a processing aid and also
to augment freeze-thaw stability.

Another volatile, albeit evaporating extremely slowly, is Texanol®, a C12 hydroxyes-
ters mixture that acts as coalescent. Chemical structure of Texanol® is provided in Fig. 2;
the ratio of the two esters is not disclosed by either the original manufacturer (Eastman
Chemical, of Kingsport, Tennessee, U. S. A.) or numerous makers of generics.

Table 2. Properties of volatile materials used for waterborne road marking paints

Name Density Evaporation Boiling Hansen solubility parameters®
[g/cm?] rate® point [°C] 3d 3p oH
Ammonium hydroxide 0.73 n/a 37 n/a n/a n/a
Ethanol 0.79 165 78 15.8 8.8 194
Texanol® 0.95 0.002 255 7.4 3.0 4.8
Water 1.00 30 100 7.6 7.8 20.7

(a) Relative to n-butyl acetate, assumed as 100. (b) Hansen solubility parameters are given in the units of
MPa'2: 8d denotes dispersive forced, 5p — dipolar intermolecular forces, and 8H — hydrogen bonding.

ortgh

Fig. 2. Chemical structure of Texanol®

1.1.5. Glass beads

Glass beads are used as reflective elements and are inalienable component of road
marking systems. Beads of various refractive indices and sizes ranging in diameter from
about 100 um to 2 mm are commonly used. Incorporation of anti-skid particles in glass
beads packages assures proper skid resistance, necessary for safety during wet conditions.

The selection of glass beads is critical to achieve the optimum performance of the ap-
plied systems as they not only provide retroreflectivity, but also protect the paints from
abrasion caused by the vehicular traffic. Appropriate embedment of glass beads is neces-
sary to achieve retroreflectivity [11], so the application crews must adjust the beads flow to
obtain the best results. Mismatch between glass surface coating and the road marking paint
can lead to significant lowering of beads-paint adhesion, causing premature failures.

High-performance glass beads can furnish very high retroreflection, which can exceed
1000 mecd/m?/1x while the required initial minimum is only 200 mcd/m?/1x. Numerous re-
ports demonstrate positive impression from people who drive on roads with high retrore-
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flectivity of the horizontal markings [12][13], even though some reports show no direct
correlation between retroreflectivity and road safety [14]. Definitely, elderly drivers bene-
fits from higher retroreflection [15]. It is also very likely that the improved aesthetics asso-
ciated with clear and well-marked roads would lead to increased safety [16][17].

1.2. Tropospheric ozone

Ozone, a tri-molecular allotrope of oxygen, is naturally occurring and forms in the
atmosphere during lightning. Majority of ozone is found in the lower stratosphere, where it
plays critical role in absorption of ultraviolet rays and thus protection of life on Earth.
However, ozone is also present in the troposphere. Some of it is a result of natural atmos-
pheric mixing, but majority has been reported to be formed as a result of photolytic decom-
position of nitrogen oxide (NO,), according to a general scheme shown in eq. 1 [18].

(Step) Reaction Reaction rate
(1) NO, L NO + O K,
2) 0-+0, —= O, k,
3) NO +0, —=NO,+0, K

(1

In eq. 1, steps (1) and (2) lead to ozone generation, while step (3) accounts for ozone
depletion. Hence, equilibrium shown in eq. 2 forms.

0)- e @

Ozone is one of the key components of smog. It is a severe respiratory system irritant;
its negative effects on human health are well-documented [19] and numerous premature
deaths are attributed to its presence at the ground level [20]. Concerning is the fact that
higher concentration of ozone in cities lead to prolonged and repeated exposure of people
who are already exposed to a plethora of other pollutants, which might exaggerate its harm-
fulness. Even though Poland does not suffer from tropospheric ozone pollution as extreme
as, for example, Northern Italy, the concentrations are still sufficiently high to cause dam-
age to certain sensitive plants [21].

1.3. Maximum Incremental Reactivity (MIR)

All of the VOCs undergo decomposition in the atmosphere via photolytic pathways,
as was first reported by Leighton [22]. Elucidation of the mechanism and confirmation that
the VOCs affect the equilibrium shown in eq. 2 was done by Crutzen [23]. Laboratory
experiments and theoretical calculations have demonstrated very significant differences
between ozone formation that could be attributed to various VOCs, as was reported by
Carter and Atkinson [24]. The differences are caused by chemical moieties formed during
decomposition, which in can be re-introduced times into the ozone formation reactions.

VOC-influenced ozone formation depends on many factors, such as concentrations in
the above-defined equilibrium, presence of other pollutants, temperature, irradiation level,
etc. To quantify these effects, Carter defined maximum incremental reactivity as “the
amount of additional ozone formation resulting from the addition of a small amount of the
compound to the system in which ozone is formed, divided by the amount of compound
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added” and devised for California Air Quality Management District a straightforward pro-
tocol and a measurement scale [25]. The conditions used by Carter assume the worst-case
scenario of high insolation (35° North) and unlimited NO, supply. The studies were later
examined and confirmed by several researchers [26]; field measurements of pollution
plumes further confirmed the theoretical and laboratory analyses [27]. Subsequent adjust-
ments of the calculated and published MIR values were done as new data and methodolo-
gies became available [28], but the general trends remain in force.

2. Results and discussion
2.1. Methodology

The use of MIR, which are expressed in the unit of grams of potentially formed ozone
per gram of VOC made the calculations very simple and straightforward [25]. MIR values
published in California Code of Regulations, Title 17, Chapter 8, §94700 were used.

To perform the calculations, results from a query for public information to GDDKiA
were analysed [29]. The response provided the surface area that was painted and in some
cases also the specific paint: in 2014, 3 436 371 m? was marked. To obtain the mass
amount, an assumption of a typical thin-layer application of 600 g/m? (400 um) wet film
was made, yielding paints consumption of 2 061 822 kg. Amongst other necessary assump-
tions, in cases where multi-year contracts were in force, the provided amounts were divided
by the number of years to give an approximate annual usage. In some cases, where the
specific paint was not listed, solvent composition being a weighted average of other paints
was used.

The solvents compositions were taken from publically available Safety Data Sheets.
To avoid providing excessive data details that would obscure the main point of our work,
we have analysed the solvents compositions and combined them into two categories: tolu-
ene plus esters and toluene plus ketones. The solvent packages were idealised, because the
Safety Data Sheets do not list exact compositions and chromatographic analyses for posi-
tive solvents identification was beyond the scope of our work.

2.2. Solvent compositions and emissions

Composition of the volatiles from these two paints categories and alternative paints
are shown in Table 3. It should be noted that the compositions of solventborne paints are
somewhat different as used for model paints in case of our paper concentrating on Krakow
[2], because of the aforementioned approximation.

For our calculations, all of the paints were assumed to contain 24% of solvents, which
upon application evaporate to become VOCs. In case of waterborne paint, the VOC were
assumed to be 5%, with the remaining 19% being water. Considerations regarding VOC of
the coalescent were discussed elsewhere [2].

In Table 4 are listed the data obtained from GDDKIiA regarding the painted surfaces,
which we broke down based on the paints composition [29]. Aromatic-free and waterborne
paints were not listed amongst ordered by applicators. Total emitted VOCs and the calcu-
lated maximum amounts of formed tropospheric ozone based on the MIR are provided.



14 Tomasz E. Burghardt, Anton Pashkevich, Lidia Zakowska

Table 3. Idealised composition of volatiles of the analysed paints and their MIR

Solvent MIR  Toluene - ketones  Toluene - esters Esters Waterborne
Toluene 4.00 8.0% 8.0%

Methyl isobutyl ketone 3.88 8.0%

Methyl ethyl ketone 1.48 8.0%

Butyl acetate 0.83 8.0% 12.0%

Ethyl acetate 0.63 8.0% 8.0%
1-methoxypropan-2-yl acetate  1.70 4.0%

Texanol® 0.81 3.5%
Ethanol 1.53 0.5%
Ammonium hydroxide 0.00 1.0%
Water 0.00 19.0%

Table 4. Tender data from GDDKIiA: solvents compositions and emissions

Solvents package: Toluene - ketones Toluene - esters
Marking area [m?] 547 985 2 888 386
Paint amount [kg] 328 791 1733 032
Maximum ozone [kg] formed per | kg of paint 0.749 0.437
Maximum ozone [kg] formed per painted 1 m? 0.449 0.262
Total emitted VOC [kg] 78 910 415928
Total potentially formed tropospheric ozone [kg] 246 199 756 988

As shown in Table 4, the amount of potentially produced ozone very significantly ex-
ceeds the emitted VOCs in all cases, mostly because of high MIR of toluene and methyl
isobutyl ketone. The paints containing ketone solvents are meaningfully less environmen-
tally friendly as compared to those where esters are used. Fortunately for our environment,
the paints containing ketones appear to be less popular amongst applicators.

In case of paints that contain toluene and ketone solvents, up to 0.749 kg of ground-
level ozone could be formed from each kilogram of paint applied (0.449 kg per 1 m? of
painted surface). At annual use of 328 791 kg, 78 910 kg of VOCs are emitted to the at-
mosphere, which could lead to the formation of up to 246 199 kg of tropospheric ozone.
With paints where esters are used along toluene, the ozone formation potential is lower, at
0.437 kg per 1 kg of paint (0.262 kg per 1 m? of marked surface). Therefore, the annual
usage of 1 733 032 kg translates to VOC emissions of 415 928 kg and potentially up to
756 988 kg of tropospheric ozone produced.

Overall, from the annual thin-layer marking of roads administered by GDDKIiA, ap-
proximately 494 838 kg of VOCs are emitted to the atmosphere, leading to potential for-
mation of up to 1 003 187 kg of ozone.

The supply of NO, necessary for ozone formation is furnished directly at the road
marking application sites by vehicular traffic — traffic jams caused by marking activities do
increase the NO, availability. Measurements correlating vehicular traffic, nitrogen oxides
concentration, and tropospheric ozone were reported over 20 years ago [30].

Insolation in Poland (50° North) is meaningfully lower as compared to the conditions
used for obtaining MIR (35° North), which is a significant abating factor making the above
maxima unlikely to be reached in our country. Furthermore, extreme temperatures are not
frequent and meaningful part of road marking is done either after sunset or in autumn when
the insolation is nil or marginal. However, one has to remember that even if the solvents do
not decompose in the troposphere and not cause increased ozone formation, they migrate to
stratosphere, where they cause more harm to the environment.
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2.3. Environmentally-friendly alternatives

One of our goals was presenting readily available alternatives to the currently used
systems. Hence, solvent packages of a toluene-free ester-based solventborne road marking
paint and a waterborne paint were included in Table 3. We do not include a “0 VOC” paint
according to the United States rules, because such paint, despite very low impact on the
formation of tropospheric ozone [31], would be a poor alternative on our roads and could
be prohibitively expensive.

In Table 5, we are providing results for the same volumes of paints that were ordered
for road marking by GDDKIA, but assuming two readily available alternatives: Aromatic-
free ester-based solventborne paint and a waterborne paint. The savings of our natural re-
sources could be enormous, as visualised in Fig. 3, where various emissions scenarios are
compared. Assuming that only ester solvents were used (without toluene or methyl isobutyl
ketone), the amount of potentially formed ozone could be lowered by approximately 50-
71%. Limiting the emissions of VOC by 82% and lowering potential of tropospheric ozone
formation by 83-95% could be achieved if all thin-layer marking were done with a water-
borne paint.

Table 5. Emissions from alternative paints

Solvents package:

Esters Waterborne
Maximum ozone [kg] formed per 1 kg of paint 0.218 0.036
Maximum ozone [kg] formed per painted 1 m* 0.131 0.022
Total emitted VOC [kg] in case of full conversion 494 837 87 627
Total potential formed ozone [kg] in case of full conversion 449 447 74 226
Potential of lowering VOC emissions 0% -82%
Potential for lowering tropospheric ozone formation -50% —-71%  -83% —-95%

EMITTED VOC AND POTENTIALLY FORMED OZONE

(various solvent composition scenarios)

Waterborne 87627 mVOC (kg)
(alternate system) 74 226 Maximum potentially formed tropospheric ozone (kg)

494 837

(altf:r:: {SJ)Iflgem) ////////////////////% 1o 477

R

250 000 500 000 750 000 1 000 000 1250000 1500000 1 750 000
Annual emissions (kg)

Fig. 3. Emissions scenarios with various solvent packages
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3. Conclusions

This analysis of road marking paints used in Poland has demonstrated profound influ-
ence of their solvent packages on tropospheric ozone formation potential. The calculations
have shown that 2 061 823 kg of paints used for thin-layer markings of roads administered
by GDDKIiA emit to the atmosphere 494 838 kg of VOCs capable of producing up to
1 003 187 kg of tropospheric ozone. While lowering the VOC emissions would require
switch to a technology of waterborne paints, which is still a novelty in Poland, significant
potential for tropospheric ozone formation could be achieved with simple adjustments of
solvent blends within the existing technology. Solventborne paints with carefully selected
solvents could lead to lowering of the potentially formed tropospheric ozone by about 50%.
However, better choice would be the use of waterborne paints, which emit up to 79% VOCs
less and their solvents have ozone formation potential lower by 83-95%.

The results provided herein do not include paints ordered by local road authorities.
These amounts are significant, because local roads constitute about 90% of total paved
roads in Poland. In fact, an environmental analysis report has estimated the use of sol-
ventborne road marking paints in Poland in 2006 at 21 308 000 kg, with expected signifi-
cant growth [32].

In comparison with other anthropogenic emissions, such as vehicular or industrial,
pollution caused by road marking paints is insignificant. However, every little effort that
can help our environment should not be abandoned, especially if more sustainable alterna-
tives are readily available.

We have provided in this work a tool to road administrators in selecting environmen-
tally-friendly sustainable solutions and simultaneously gave information to paint formula-
tors to select materials with least impact on the health of our planet.
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Streszczenie: Rozpuszczalnikowe farby do poziomego znakowania drég s3 znacza-
cym zrédlem lotnych zwigzkéw organicznych (Volatile Organic Compounds, VOC). VOC
ulegajac rozktadowi pod wplywem promieniowania stonecznego wptywaja na powstawanie
w troposferze ozonu, ktory jest zwigzkiem chemicznym znaczgco draznigcym system odde-
chowy i1 wspdtodpowiedzialnym za powstawanie smogu. Wplyw poszczegdlnych VOC na
tworzenie ozonu troposferycznego jest nierdwny; wartosci te zostaty okreslone w maksy-
malnych przyrostowych reaktywnosciach (Maximum Incremental Reactivities, MIR). MIR
zostaty uzyte do obliczenia maksymalnego wptywu rozpuszczalnikow w farbach uzywa-
nych w Polsce do znakowania drog na tworzenie ozonu troposferycznego.

Na podstawie danych z roku 2014, ograniczajacych si¢ jedynie do droég zarzadzanych
przez Generalng Dyrekcj¢ Drog Krajowych i Autostrad (GDDKIiA), emisja VOC z farb
uzywanych do znakowania drog dotyczyta ilosci okoto 494 838 kg, co mogto prowadzi¢ do
produkcji okoto 1 003 187 kg ozonu.

Jezeli wykorzystywane bytyby farby bez rozpuszczalnikow aromatycznych, oparte na
estrach, jak to ma miejsce w Europie Zachodniej, emisje VOC nie ulegltaby zmianie, ale
potencjal formowania ozonu zostatby ograniczony o 50-70%. Jednakze, z punktu widzenia
ochrony srodowiska, najlepszym rozwigzaniem bytoby wykorzystywanie farb wodnych,
wedle wymagan skandynawskich — wowczas mozliwa bytaby eliminacja do 82% emitowa-
nych VOC i ograniczenie do 95% powstatego ozonu troposferycznego.

Stowa kluczowe: znakowanie drog, farby wodo-rozpuszczalne, farby rozpuszczalni-
kowe, ozon troposferyczny, VOC, bezpieczenstwo drog, MIR, ochrona srodowiska.



