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Introduction 

 

 

 

 Graffiti is a widespread and costly problem faced in the process of maintaining public 

monuments in a manner warranted by their significance. Monuments draw attention to 

themselves- they are particularly easy targets for street art. Monuments, particularly historic 

monuments, usually cannot be subjected to harsh or abrasive treatments or repainting to remove 

or mask graffiti, as are used, for example, in public transportation facilities. Current non-

destructive methods of 

cleaning are not always 

sufficient to remove all 

types of graffiti from all 

substrates without 

causing further damage 

(figure 1.)  

Graffiti is 

typically generated with 

cheap, easily available, 

highly visible materials. 
Figure 1. White spray paint on limestone remains visible after chemical 
treatment. 
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There are many substances employed by graffitists, but spray paint is the most prevalent. Spray 

paint, which fits all three of the ideal graffiti criteria, has proven the most difficult to remove in 

many situations. This is especially true for masonry, where the use of harsh chemicals may have 

the unintentional added effect of discoloring the stone. Chemical treatments may also increase the 

damage done by water and the freeze/thaw cycle. Fort its users, spray paint has the advantages of 

easy control and quick application regardless of the finish of the stone.1 Once they have set into 

the substrate, spray paints are difficult to remove for those concerned with maintenance, even 

with the application of strong solvents. Acrylic spray paints in particular dry extremely fast, 

minimizing the chance of detection while still fresh. 

Although centuries old, dating at least to the Roman era, graffiti first appeared in the 

national conscience in the 1960s. Many civic protests occurred in the parks or plazas adjacent to 

government buildings. One method protestors used to express their grievances was marking 

public buildings with peace signs, simple sayings, or politically charged rhetoric, the latter of 

which quickly wrought the ire of authorities. This practice evolved into a movement among youth 

in New York City which composed mural-like pieces on buildings, highways, and train cars using 

spray paint. These “street artists” gained recognition from newspapers and critics, bringing a 

public awareness if not acquiescence.  

Architectural conservationists have struggled to keep pace with these ever-changing 

practices. Traditional means of graffiti removal are not always effective or appropriate for historic 

materials. Solvents may not always be successful, as the root of the problem lies in the 

insolubility of the graffiti material. In the case of limestone, solvent application is typically 

limited to non-acidic chemical cleaners, as limestone is soluble in acid (marble and sandstone are 

                                                      
1 Maurice J. Whitford, Getting Rid of Graffiti: A practical guide to graffiti removal and anti-graffiti 
protection (New York: Van Nostrand Reinhold, Inc., 1992), 18. 
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also vulnerable).2 Alkaline solvents such as potassium hydroxide and sodium hydroxide are often 

employed, though they run the risk of leaving harmful salt residues.3 Additionally, effective 

solvents and poultices may discolor stone or leave tide marks (figure 2.) Sandblasting is generally 

discredited as too abrasive for delicate 

monuments. Black walnut shells are 

now in common use as low-pressure 

blasting media for cleaning, as are 

other low-pressure microabrasives, but 

these can still damage historic 

masonry.4 Steam cleaning is similarly 

costly and can be hazardous due to 

high temperatures of operation.  

Acrylic paints are, however, composed of polymers and are subject to degradation when 

exposed to ultraviolet (UV) light. While the mechanism of degradation by light is extremely 

lengthy on its own, it has the potential to ease graffiti removal by chemical means by 

reestablishing solubility. UV-induced degradation is generally an effect which is avoided as much 

as possible, although some polymers have been designed to degrade over a certain period of time, 

such as in degradable packaging. 

Ultraviolet light falls between x-ray and visible light on the electromagnetic spectrum and 

is generally considered to be the range between the wavelengths of 100 nm and 400 nm. UV light 

is further broken in three categories, UV-A (400-315 nm,) UV-B (315-280 nm,) and UV-C (280-

100 nm.) The fading of paints left exposed to the sun for extended periods of time is visible to the 
                                                      

2 James R. Clifton and McClure Godette, “Performance Tests for Graffiti Removers,” ASTM Special 
Publication: Cleaning Stone and Masonry 935 (1986): 15. 
3 Colin Burns, David Jefferson, Graham Lott, and Chris Wood. Stone. English Heritage Practical Building 
Conservation. Ed. Bill Martin and Chris Wood (London: Ashgate Publishing Limited, 2012), 206. 
4 Deborah Slaton and Kyle C. Normandin, “Masonry Cleaning Techniques: Overview of Current Practice 
and Technique,” Journal of Architectural Conservation 11 no. 3 (2005): 20. 

Figure 2. This limestone has been discolored by treatment with a 
commercial paint stripper. 
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eye. The sun emits in all three UV ranges, but typically most of the UV-C is absorbed by the 

atmosphere.  

 UV and IR Lasers, particularly Q-switched Nd:YAG lasers, which emit in the near-

infrared range have been used to clean stone since the late 1970s. This technique is most effective 

for cleaning dark-colored materials from the surface of light stone, as dirt is dislodged and 

vaporized by absorbing the energy of the laser. Care must be taken to control the energy dose so 

as not to discolor the stone. Lasers are useful for cleaning delicate monuments but are often very 

time consuming.5 

 As a material which has historically been widely used as a cladding for public buildings, 

limestone is fairly porous. Consisting almost entirely of calcium carbonate (CaC03) as the 

mineral calcite, limestone appears a warm off-

white unless mineral impurities exist in high 

enough quantities to produce color. For example, 

a subtype of limestone called dolomite can be 

tinted yellow or gray because it contains 

magnesium (CaMg(CO3)2).6 Since limestone is 

abundant in the United States (and thus 

inexpensive,) it has consistently been a common 

material for buildings, monuments, and other 

structures (figure 3.) 

Indiana Limestone, found in abundance 

from the area between Bloomington and Bedford 

in the south-central part of the state, has been 

                                                      
5 Burns, Jefferson, Lott, and Wood 208-9. 
6 Nicola Ashurst, Cleaning Historic Buildings. Vol. I: Substrates, Soiling and Investigations (London: 
Donhead Publishing Ltd., 1994), 97-99. 

Figure 3. The Wilder Brigade Monument, the 
tallest monument at Chickamauga and 
Chattanooga National Military Park, is constructed 
of limestone. 
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quarried, milled, carved and used extensively since 1827 and has accounted for the highest 

volume of limestone sold in the United States. Indiana limestone is characteristically easy to work 

with, finely grained, moderately porous, relatively soft, and thick. It contains a very high calcium 

carbonate content, usually over 95%.7 The remaining portion is composed of quartz, alumina, and 

iron (III) oxide. It is of medium density.8 

This purpose of this study was to test the potential effectiveness of ultraviolet light as a 

tool for architectural conservation. Therefore, light exposure was combined with the application 

of a commonly used solvent. Limestone samples spray-painted with red acrylic paint were 

exposed to a 300 W or 80 W UV light source for different lengths of time. Acetone was then 

applied to the samples the test paint removal. The independent variable was exposure time, the 

aim being to observe differences in color and ease of removal with solvent. 

Since the interest is in the visual appearance of monuments, the Munsell Color System 

was used to evaluate color change in the samples. The Munsell System measures hue, value, and 

chroma. The hue represents color from five principle colors (red, yellow, green, blue, and purple) 

and five intermediate colors each broken into ten steps. Value measures the lightness on the scale 

of 0 to 10. The lower the value, the darker, or closer to black the color is. Chroma gauges the 

difference of a color from the neutral color (gray) of the same value. The higher the chroma, the 

more saturated the color is. Chroma commonly goes up to 12 but may be as high as 30 for 

fluorescent colors. The notation for Munsell colors is Hue Value/Chroma, for example 5R 3/10 is 

step five of hue red, with a value of 5 and chroma of 10.9 

This thesis examines the problem of graffiti removal from a practical perspective. The 

graffiti material-red acrylic paint- was chosen for its frequency of use as well as difficulty of 

removal. The substrate, limestone, was chosen also chosen for its extremely widespread use in the 
                                                      

7 John B. Patton and Donald D. Carr, The Salem Limestone in the Indiana Building-Stone District 
(Bloomington, In: State of Indiana, 1982), 10. 
8 Ibid. 27. 
9 Munsell Color, “Munsell Color,” http://munsell.com/, accessed 1 April 2013. 
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construction of monuments. The object of the study was to determine the feasibility of ultraviolet 

light treatment as a graffiti removal tool. Therefore, the scope of the study was limited to the 

visually detectible effects of ultraviolet light treatment and solvent application, without an 

intensive chemical analysis. 

  



 

Theoretical Background 

 

 

 

 Acrylic paints were introduced onto the market in the 1950s and quickly became popular 

for their fast-drying and environmentally friendly characteristics. Today, acrylic paints are the 

most commonly utilized paints for both indoor and outdoor applications. Acrylics are composed 

of acrylic acid (CH2 = CHCO2H) or its derivatives in monomers (single molecules) or polymers, 

a large molecular chain consisting of many monomers. Like all paints, acrylics are composed of a 

pigment, a binder, and a solvent. They are usually manufactured with ethyl acrylate, butyl 

acrylate, methyl methacrylate, and styrene monomers.10 

Polymers are classified by their atom composition, which includes the way the atoms are 

held together, the size and shape of the monomers and side groups, and how the molecules are 

arranged relative to each other.11 Acrylic polymers, like most polymers used in coatings, have a 

relatively large molecule size and controllable molecular weight. Polymers are also distinguished 

by their glass transition temperature (𝑇𝑔), the temperature at which the polymer begins to melt 

from a solid state to a liquid state. Above 𝑇𝑔, a material will flow, i.e. the polymer chains have 

more freedom of movement, or become rubbery in the case of a cross-linked polymer material 

                                                      
10 David Teegarden, Polymer Chemistry: Introduction to and Indispensable Science (Arlington, VA: 
National Science Teachers Association Press, 2004), 128. 
11 The Conservation Unit of the Museums and Galleries Commission, Science for Conservators: 
Conservation Teaching Series. (New York: Routledge, A Division of Routledge, Chapman and Hall, Inc., 
1992), 3: 40. 
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𝑇𝑔 is typically close to room temperature for common coatings and lowers over exposure time.12 

Polymer chains with larger side groups tend to be more stable because they afford a higher degree 

of plasticity by keeping nearby polymers farther away. This also increases solubility.13 

Acrylic paints, also known as latexes, are formed through a process called emulsion 

polymerization. Monomers are suspended in aqueous solution with a surfactant, a portmanteau of 

“surface active agents,” usually a detergent or soap, a plasticizer to lower   𝑇𝑔 , and a water-soluble 

initiator. The mixture is conducted above  𝑇𝑔, allowing the ingredients to flow together. The 

monomers, which have a low solubility, slowly migrate into surfactant aggregates. This forms an 

emulsion, a colloidal (evenly dispersed) suspension of one liquid in another liquid.14 The 

emulsion is ready for use without additional purification or isolation processes. The water 

evaporates when the latex is spread in a thin layer, causing the particles to coalesce and the paint 

to dry.15 

As the paint dries, the plasticizer slowly evaporates and   𝑇𝑔 rises, causing the coating to 

return to a solid state. The longer the drying time, the longer the molecules have to even out and 

the glossier the end finish. Acrylics are generally amorphous, meaning the molecules are not in 

any particular order. The dispersion shrinks and becomes a film as the polymers form covalent 

bonds with each other by the conversion of double bonds, a process called crosslinking.16  

As the crosslinking process advances, the polymer becomes progressively more difficult 

for solvents to separate the longer networks of polymers. This greatly decreases the solubility of 

the coating, as it becomes impossible to break up the polymer without cleaving a chemical 

                                                      
12 C.V. Horie, Materials for Conservation Organic consolidants, adhesives and coatings (Oxford: Reed 
Educational and Professional Publishing Ltd., 1996), 15-19. 
13 The Conservation Unit of the Museums and Galleries Commission 116. 
14 Teegarden 95. 
15 Ibid. 128. 
16 The Conservation Unit of the Museums and Galleries Commission 40-1. 
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bond.17 Thus, paints which have a long time to set are more difficult to remove. The initial drying 

takes several days, depending on molecular size, though it can take significantly longer for the 

film to develop its final mechanical properties.18 Crosslinking can continue to occur during the 

degradation process, rendering the polymer coating more insoluble. Excessive crosslinking can 

cause brittleness. Eventually the polymer’s viscosity undergoes a rapid increase and the polymer 

becomes elastic and completely insoluble.19 

Degradation of polymers is the breaking of bonds holding the main chain of monomers 

together. This breakage, called homolysis, leaves both portions of the polymer with the same 

chemical makeup, with less monomers and the creation of a free radical. A free radical is an 

unpaired valence election. The presence of an unpaired electron makes a molecule particularly 

reactive. Once free radicals are formed, they may propagate down a polymer chain, severing 

further bonds and breaking the polymer into shorter segments or monomers.20 Polymers exposed 

to ultraviolet light are vulnerable to random degradation by light (photodegradation) and from the 

effects of oxygen catalyzed by light (photo-oxidation.) The degradation process increases with 

temperature over   𝑇𝑔, as increased molecular mobility increases the fraction of photons 

absorbed.21 

A photochemical mechanism starts with the absorption of photons of UV light. 

Absorption occurs in carbonyl groups (C=O) or additive chromophore groups, which give 

molecules color. Different chromophore groups absorb different wavelengths of light, 

corresponding to specific photon energies, depending on their chemical makeup. If there is 

enough energy absorbed from the light, the energy causes an excited state in the molecule that 
                                                      

17 Horie 12. 
18 Paul M. Whitmore and Val Colaluca, “The Natural and Accelerated Aging of An Artists’ Acrylic Paint 
Medium,” Studies in Conservation 40, no. 1 (1995): 56. 
19 Charles E. Carraher Jr. Seymour/Carraher’s Polymer Chemistry, 6th ed. (New York: Basel, 2003), 561. 
20 Ian C. McNeill, “Fundamental Aspects of Polymer Degradation,” in Polymers in Conservation, ed. N.S. 
Allen, M. Edge, and C.V. Horie (Bath: Bookcraft. 1992), 21. 
21 Wolfram Schnabel, Polymer Degradation: Principles and Practical Applications (New York: MacMillan 
Publishing Co., Inc. 1981), 112. 
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absorbed it which then causes bonds between monomers to be severed by energy transfer. 

Ultraviolet light has the shortest wavelength and highest energy on the light spectrum as energy is 

inversely proportional to wavelength:  

𝐸 =
ℎ𝑐
𝜆

 

where h is Planck’s constant, c is the speed of light and λ is wavelength. Thus UV light has the 

potential to sever certain chemical bonds (particularly C-C and C-O) visible and infrared light 

have insufficient energy to break. Carbonyl groups and conjugated C=C bonds are subject to 

degradation when exposed to wavelengths lower than 300 nm. Poly(methyl methacrylate) absorbs 

both 285 nm and 295 nm up to nearly 350 nm.22 As bonds break, highly reactive free radicals are 

formed. This begins chain scission, the breaking of polymer chains in a self-propagating reaction. 

Even low rates of scission can drastically change the physical properties of a material.23 

Reactions may also be initiated by photoionization, where a photon ejects an electron from a 

molecule; this occurs only rarely at incident wavelengths above 250 nm.24 

The intensity (power per unit area) of the incident light is related to the speed of 

degradation so far as the more intense the light, the more photons are present, thus having the 

potential to instigate more reactions. The intensity of light reaching the polymer is dependent on 

the intensity of the source, the distance of the polymer from the source, and the characteristics of 

the source itself. The incident intensity also correlates inversely with the concentration of 

chromophore groups within the polymer.25 Intensity can be calculated using: 

𝐼 = 𝐼0𝑒−𝜇𝑥 

where I is the incident intensity, 𝐼0 is the intensity at the source, μ is the attenuation coefficient of 

the receiving material, and x is the distance traveled by the light. Increasing the initial intensity or 
                                                      

22 Ibid. 97-8. 
23 D. Feldman, “Polymer Weathering: Photo-Oxidation,” Journal of Polymers and the Environment 10, no. 
4 (2002): 167. 
24Schnabel 106. 
25 Ibid. 98-9. 
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decreasing the distance from the source would thus increase the rate of photodegradation in a 

polymer. 

As the polymers degrade, their molecular mass decreases, causing a weakening of the 

continuity of the material which can ultimately lead to delamination. Eventually a point is 

reached where the polymer once again becomes more soluble and tensile strength decreases. The 

crosslinking process competes with chain scission. If the ratio of cross-linking to chain scission is 

less than two, the coating will become partially insoluble. If the ratio exceeds two, cross-linking 

will cease to take place since two units are needed to form once crosslink.26 Crosslinking 

typically predominates in polymers with tertiary hydrogens, hydrogens bonded to carbons bonded 

to three other carbons. These include polymethylacrylate and poly(butyl acrylate.) Chain scission 

dominates if there are no tertiary hydrogens (polyethyl acrylate, poly(methyl methacrylate).)27 

Degradation can cause a wide-range of significant changes in the mechanical properties 

of a polymer. These include fragility, changes in volume, discoloration, reduction in tensile 

strength, elongation, chalkiness, stiffness, and acidity. A loss of gloss can occur due to a surface 

roughens caused by the loss of binder.28 Crosslinking increases surface brittleness and 

occurrences of crazing.29 Degradation effects begin at the surface and then penetrate through the 

coating. Coatings have a high level of exposure to the environment, as they are applied in thin 

layers and have a high surface area-to-volume ration. It is important to note the first signs of 

degradation are not visible, as they are changes in molecular weight.30  

Oxidative degradation, the reaction of oxygen with free radicals, affects all polymers and 

functions alongside other types of polymer degradation and can be photo-induced. Oxidative 

                                                      
26 Horie 38. 
27 McNeill 27-8. 
28 M. Bilz, L.R. Dean, and D.W. Grattan, “Polymer Degradation in Conservation,” Papers presented at 
the… meeting 33 no. 2 (1992): 656. 
29 Feldman 167. 
30 O. Chiantore and Lazzari, M., “Photo-oxidative stability of Paraloid acrylic protective polymers,” 
Polymer 42 (2001): 25. 
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reactions produce free radicals as well, causing chain reactions, also called autoxidations.31 

Photo-oxidation occurs when light energy catalyzes an excited state in oxygen. These reactions 

attack main or side chain C=O or C=C bonds (both present in acrylic acids) or tertiary hydrogen 

atoms to form peroxides and hydroperoxides. Peroxides can be broken down by light, heat, or 

other catalysts, which make the reactions self-propagating. Hydroperoxides can photo-degrade 

further at wavelengths under 300 nm into ketones and alcohols or cause additional crosslinking. 

Still, acrylics are considered moderately stable under photo-oxidation.32 

Oxidation increases the brittleness of a material by crosslinking with C-C or C-H bonds, 

usually in impurities within polymers. Impurities may be incorporated chemically in the main 

chain or side groups or may be present without being chemical bonded to the main polymer. 

Oxidation can also cause yellow or brown discoloration.33 Photooxidation can also form carbonyl 

groups which act as chromophore. These groups are then themselves susceptible to degradation 

by UV exposure.34 Other oxidation products, including acids, ketones, aldehydes, and peroxides 

can render the now-smaller polymers more polar.35 Oxidation can be increased by exposure to the 

UV portion of the spectrum. Free radicals, like those formed in photodegradation, react 

preferentially with molecular oxygen (O2), in which there are two unpaired electrons in the 

ground state. Oxidation greatly increases the process’ quantum yield, or the percentage of 

incident photons which cause reactions. It should be noted chain reaction initiations may occur 

through additional processes such as hydrogen abstraction, where hydrogen is appropriated from 

the substrate by a free radical.36 

                                                      
31 Schnabel 17. 
32 Horie 34. 
33 The Conservation Unit of the Museums and Galleries Commission 101-2. 
34 Schnabel 113-4. 
35 David W. Gratten, “Degradation Rates for Some Historic Polymers and the Potential of Various 
Conservation Measures for Minimizing Oxidative Degradation,” Saving the twentieth century: the 
conservation of modern materials; proceedings of a conference symposium (1993): 351. 
36 Schnabel 113-5. 
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There are several basic types of additives used to prevent degradation by screening or 

absorbing ultraviolet rays, preventing the formation of free radicals, or preventing the oxidation 

process. UV absorbers, or UVAs, filter UV wavelengths of approximately 290 to 380 nm, 

protecting against color change in the coating. UVAs convert ultraviolet light into energy, usually 

heat. Antioxidants, a type of scavenger, react with oxygen molecule containing free radicals to 

create stable products. Hindered amine light stabilizers, or HALS, are the most commonly used 

antioxidant, reacting with peroxide groups to form extremely stable nitroxyl radicals.37 HALS are 

particularly effective in protecting against cracking and loss of gloss.38 Quenchers operate after 

light has been absorbed by chromophore, transferring energy to the quencher before it can break a 

bond.39 Many stabilizers operate by more than one of these mechanisms for maximum effect. 

Pigments generally act as UV-screeners or absorbers, slowing photodegradation by absorbing 

energy which would otherwise catalyze degradation. However, some pigments, such as titanium 

dioxide, can facilitate degradation by forming free radicals. 

Paints are colored by pigments, solid particles in suspension which determine the 

wavelength of light absorbed. Unpigmented polymers are clear or have a slight yellow tint.40 Red 

pigments reflect approximately as much light as they scatter.41 Pigments for red paints usually 

consist of synthetic iron oxides with diameters of 0.2-1 μm. Small pigments such as these can 

penetrate into surface materials, making removal difficult. Synthetic pigments are manufactured 

at a certain size to ensure their refractive index and thus their optical properties.42 

                                                      
37 E. René de la Rie, “Stability and Function of Coatings Used in Conservation,” in Polymers in 
Conservation, ed. N.S. Allen M. Edge, and C.V. Horie (Bath: Bookcraft) 1992), 70. 
38 Suzana M. Cakić, Ivan S. Ristić, Jašo M. Vladislav, Jakov V. Stamenković, and Dragan T. Stjiljković., 
“IR-change and colour changes of long-oil air drying alkyd paints as a result of UV irradiation,” Progress 
in Organic Coatings 73 no. 4 (2012): 401. 
39 Schnabel 117-120. 
40 Horie 26-7. 
41 Ruth Johnson-Feller, Color Science in the Examination of Museum Objects: Nondestructive Procedures 
(Los Angeles: The Getty Conservation Institute, 2001), 58. 
42 Ibid. 60.  
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Limestone is a sedimentary stone composed chiefly of calcium carbonate (CaCO3). Since 

limestones are formed through a periodic accumulation of broken maritime shells and skeletons, 

they have distinctly visible layers. Limestone also forms vertical breaks, called jointing, during 

formation, which determines the size at which the stone may be quarried.43 Limestone is both 

porous and permeable. The color of limestone depends on the concentration of iron and other 

minerals.44 Indiana Limestone is both acid and alkali-sensitive, limiting the types of solvents 

which can be applied without harming the stone.45  

Acetone is a simple ketone with the formula (CH3)2CO, commonly used as a solvent. 

Ketones contain a carbonyl group, C=O, bonded to two additional carbon groups, written as 

RC=OR'. Ketones have been used as additives to give polymers a certain predictable lifetime, as 

they are highly photodegradable. Usually a very small fraction of ketones within a substance, less 

than one percent, can cause degradation in a matter of weeks.46 Acetone evaporates very quickly, 

which means it has poor retention after application, however it also leaves behind little residue, 

which keeps it in favor as a solvent. 

  

                                                      
43 Burns, Jefferson, Lott, and Wood 30-1. 
44 Ibid. 39-40. 
45 Martin Weaver, “Preservation Brief 38: Removing Graffiti from Historic Masonry,” (Washington, DC: 
Preservation Assistance Division, National Park Service, U.S. Department of the Interior, 1994), n.p. 
46Schnabel 123-4. 



 

Literature Review 

 

 

 

The literature related to ultraviolet photodegradation of acrylic polymers is spread 

over a number of applications. There are two general categories, literature concerned with 

the practical removal of graffiti written by preservation professionals, and articles 

regarding the physical processes involved in polymer degradation written by chemists. 

Extensive literature exists concerning polymer degradation, but only studies which 

included a color analysis or discuss the application to architectural conservation, 

limestone, acrylic polymer coatings, or UV effects on pigments, at least as major 

comparative factors, are included in this review. 

 Preservation literature has sometimes noted the negative effects of ultraviolet light 

on coating materials as well as the effects of substrates on removal difficulty, but has 

seldom paid a significant amount of attention to it. Preservation Brief 38 of the National 

Park Service’s series was written to discuss removing graffiti from historic masonry and 

is usually the first source consulted by preservationists on the subject. The brief 

recognized the consequences of time in making graffiti more difficult to remove as well 

as the usefulness of identifying the material used before attempting removal. It also 
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detailed the differences in removal effectiveness caused by differences in material or 

finish. The brief went on to cover various removal methods and protective coatings in 

detail. The only mention of ultraviolet light noted it can turn coatings yellow.47 

 More science-based, C.V. Horie’s Materials for Conservation discussed 

photolytic deterioration, noting polymers used in conservation are particularly susceptible 

to it. Horie also covered oxidation and the effects of pigments and substrates. Both 

crosslinking and chain scission were explained in some detail. Acrylic resins were 

examined separately, including their ultraviolet stability.48 Polymers In Conservation, 

which Horie edited with N.S. Allen and M. Edge, gave a more in depth treatment of the 

mechanisms of photodegradation.49 The even more comprehensive three-volume work 

from The Conservation Unit of the Museums and Galleries Commission, Science For 

Conservators, gave a detailed, somewhat technical, treatment of polymers, the 

polymerization process, oxidation, and photodegradation. The focus was on polymers as 

adhesives, but the authors pointed out there exists considerable overlap with coatings, 

which did receive a small section specific to their qualities.50 Giorgio Torraca in 

Solubility and Solvents for Conservation Problems presented useful explanations of 

oxidation and crosslinking reactions.51 

Deborah Slaton’s and Kyle C. Normandin’s 2005 article for the Journal of 

Architectural Conservation entitled “Masonry Cleaning Techniques” explained the 

process of determining a treatment as well as an overview of the available options. The 
                                                      

47 Weaver n.p. 
48 Horie 15-19. 
49 McNeill 14-31.  
50 The Conservation Unit of the Museums and Galleries Commission, 3: 40-160. 
51Giorgio Torraca, Solubility and Solvents for Conservation Problems (Rome: ICCROM, 1990), 3-49. 
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authors broke the treatments into four categories: water, abrasive, laser, and chemical. 

The discussion of lasers was brief and focused on their time-consuming nature. This is 

characteristic of the continuing view of lasers as an emerging technology for cleaning 

historic masonry.52 

A comparative study by Clifton and Godette (1986) investigated the effectiveness 

of common graffiti treatments in both the removal of graffiti and the visual appearance of 

masonry substrates. The scope was extensive, covering forty-nine graffiti materials, 

including thirty-six aerosol paints, on red clay brick, Indiana Limestone, Briar Hill 

sandstone, and aluminum. A color-difference meter was used to determine color 

retention, making the standard straightforward: ninety (out of one hundred) for regular 

buildings and ninety-eight, to level at which the change is visible to the naked eye, for 

culturally important surfaces. Of the substrates tested, limestone was the most susceptible 

to change. None of the tested removers were judged to be adequate for sensitive 

structures, that is, none reached color retention of ninety-eight.53 

 Laser removal techniques have wide application because, in addition to being 

very effective and clean, control of wavelength allows for the removal of layers of a 

certain depth to a highly accurate degree. Gómez, Costella, et. al. (2005) studied the 

difference between ultraviolet and infrared lasers in removing acrylic and styrenic spray 

paints from construction materials. Besides concern for the visual graffiti removal, the 

team also examined the effect of treatment on the substrate at the microscopic level. The 

mechanism by which lasers clean depends on the wavelength, duration of pulses, and the 

                                                      
52 Slaton and Normandin 7-31. 
53 Clifton and Godette 14-24. 
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substrate being treated. The authors hypothesized a thermal mechanism to be in action for 

the infrared laser and a photochemical mechanism to be active for the ultraviolet light. 

 Two of the substrates tested were masonry: marble and concrete. Infrared 

Nd:YAG laser radiation at 1064 nm was found to require a lesser number of pulses for 

cleaning, but the ultraviolet cleaning by a XeCl excimer laser at 308 nm left less residue 

behind. IR radiation left black or dark grey staining when cleaning marble and concrete 

and in some cases removed embellish varnishes on marble. The UV treatment left no 

deposits at all. Also of note, removal of pink pigment without varnish removal was not 

achieved by IR pulses but was completed by UV pulses. Still, the team concluded both IR 

and UV lasers had potential application in graffiti removal due to their efficiency and 

easy controllability.54 

Chemical studies on acrylic paints did not appear in great quantity until the 1990s. 

However, Rasti and Scott (1980,) in a study on pigments and photo-oxidation in linseed 

oil-based paints, found vermilion (HgS) pigment experienced faster oxidation compared 

to other pigments and non-pigmented oil. Of the pigments tested, light red (Fe2O3) 

showed the highest rate of prevention of photo-oxidation. Vermilion and light red 

showed, respectively, the two highest levels of dicarboxylic acid formation under UV 

light. The same was true under diffuse daylight, though at a much slower rate. However, 

the red pigments were far more affected by the longer wavelengths of daylight than the 

lead white (PbCO3Pb(OH)2), verdigris (green-Cu(OCOCH3)2), and non-pigmented 

samples. Vermilion responded to changes in wavelength up to 330 nm. The authors 

                                                      
54 C. Gómez, A. Costella, I. García-Moreno, and R. Sastre, “Comparative study between IR and UV laser 
radiation applied to the removal of graffitis on urban buildings,” Applied surface science 252 no. 8 (2006): 
2782-2793. 
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concluded the wavelength of incident light did not affect the degradation products but did 

affect the rate of degradation.55 

Ultraviolet light is often used in accelerated aging tests for commercial paint products. 

While helpful, these tests can be limited as a measure of durability because they accelerate certain 

mechanisms more than others.56 However, the approximation of real conditions is of less concern 

here than the effect of the high doses of UV light. Whitmore and Colaluca (1992) conducted 

testing on the durability of a commercial acrylic artists’ paint containing ethyl acrylate and 

methyl methacrylate. The paint was applied to glass slides and exposed to fluorescent light at 315 

nm (UV-B), 350 nm (UV-A), and daylight. The paint reached its highest level of strength and 

ductility after fifty days, during which time it also yellowed slightly, characteristic of this class of 

paints. The UV-B light caused the solubility of the paint to increase, consistent with photo-

oxidation by chain scission. Tensile strength was also consistent, decreasing rapidly when the 

molecular weight of the polymers dropped too low to overlap cohesively. The process under the 

UV-A light was similar but slower.57 

Whitmore and Colaluca subsequently developed their study further (1995,) observing 

Liquitex, a non-pigmented acrylic gloss medium containing ethyl acrylate, methyl methacrylate, 

and ethyl methacrylate. They estimated one hour under the UV-A lamp was equal to a year of 

exposure conditions from display in a museum. While exposed to UV-B, the Liquitex showed an 

initial yellowing loss of solubility, accounted for by the continued crosslinking of the film, 

followed by the opposite trend. After thirty days, the film had lost eight percent of its weight. 

Tensile strength decreased after thirty days. Glass transition temperature rose 4°C. UV-A light 

caused similar effects at a much slower rate, unobservable for two hundred days. 

                                                      
55 Faramarz Rasti and Garald Scott, “The Effects of Some Common Pigments on the Photo-Oxidation of 
Linseed Oil-Based Paint Media,” Studies in Conservation 25 no. 4 (1980): 145-56. 
56 The Conservation Unit of the Museums and Galleries Commission 106. 
57 Paul Whitmore and Val Colaluca, “Natural and Accelerated Aging of An Artists’ Acrylic Paint 
Medium,” Papers presented at the… meeting 33 no. 2 (1992): 652-3. 
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The authors noted residues of polymer reactions or impurities can act as catalysts for 

discoloration. They further hypothesized chromophore, or the process by which chromophore are 

created, can facilitate crosslinking during discoloration, causing a loss in solubility not accounted 

for by regular crosslinking alone. A second hypothesis explained the lessened ductility and 

amplified hardness produced by UV exposure, attributing it to the corresponding increase in 

polarity. Third, an association between photo-oxidation and flexibility, hardness, and glass 

transition temperature was suggested. Finally, hue shifts under UV lights were explained as 

different reactions by chromophore of different lengths, i.e. shorter chromophore are 

preferentially bleached and additional crosslinking is encouraged in longer chromophore. 58 

Melo, Bracci, et. al (1999) studied acrylic resins as stone conservation coatings 

through the use of artificial weathering. Under λ > 220nm at 35 𝑚𝑊 𝑐𝑚2⁄  the coatings 

showed a reduction in brightness and a fast yellowing followed by a gradual change back 

to the original color due to loss of the top layers. Chain scission was determined to be the 

dominant mechanism for ethyl methacrylate-methyl acrylate co-polymer coatings, while 

polymethacrylate (PMA) was subject to crosslinking. The methacrylate polymers with 

larger ester groups degraded faster while copolymers showed greater stability. The team 

hypothesized a polymer would disappear completely from a surface given enough time.59 

The susceptibility of acrylic copolymers to photodegradation was collaborated in a later 

study by Lazzari, Scalarone, Malucelli, and Chiantore (2011). This study also utilized 

infrared spectroscopy and noted a moderate decrease in the carbonyl esther absorptions 

around 1730 cm−1 along with a broadening of the C=O band at 1780 cm−1 and the 

emergence of a broad hydroxyl absorption between 3500 and 3100 cm−1. The oxidation 

                                                      
58 Whitmore and Colaluca (1995): 51-64. 
59 M.J. Melo, S. Bracci, M. Camaiti, O. Chiantore, and F. Piacenti, “Photodegradation of acrylic resins used 
in the conservation of stone,” Polymer Degradation and Stability 66 (1999):23-30. 
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methods proposed by the authors for acrylic copolymers operated by attack on the tertiary 

hydrogen by molecular oxygen to facilitate scission or attack on a primary hydrogen by 

hydroxide, causing crosslinking.60 

Christensen, Dilks, Egerton, and Temperley (1999-2000) undertook a multipart 

study on the photodegradation of paint. Part I looked at carbon dioxide emission of 

titanium dioxide-pigmented acrylic-emulsion paint as a measure of degradation progress. 

It was found degradation rates varied by pigment. The rate of carbon dioxide production 

was not dependent on film thickness above 200 μm.61 Part II studied the effects of 

wavelength on photodegradation. The pigmented paints were affected by significantly 

longer wavelengths than unpigmented film, where the exact effects differed with the 

structure of the pigment. The rate of photodegradation was determined to be proportional 

to the square root of the intensity of incident light, which the authors explained as due to 

the concentration and recombination of free radicals during the breakdown process.62 

Studies of non-pigmented transparent protective acrylic resins, which are favored 

as protective coatings in conservation due to their water repellence and stability, make up 

another significant subset of research. Chiantore, Trossarelli, and Lazzari (2000) 

investigated the degradation mechanisms in a number of acrylic coatings: PMA, poly 

(PEA), poly(ethyl methacrylate) (PEMA), and poly(n-butyl methacrylate) (PBMA). 

Under λ< 295 nm, they found chain scission dominated in polymers with longer side 
                                                      

60 M. Lazzari, D. Scalarone, G. Malucelli, and O. Chiantore, “Durability of acrylic films from commercial 
aqueous dispersion: Glass transition temperature and tensile behavior as indexes of photooxidative 
degradation,” Progress in Organic Coatings 70 (2011): 116-121. 
61 P.A. Christensen, A. Dilks, T.A. Egerton, and J. Temperley, “Infrared spectroscopic evaluation of the 
photodegradation of paint Part I: The UV degradation of acrylic films pigmented with titanium dioxide,” 
Journal of Materials Science 34 (1999): 5689-5700. 
62 P.A. Christensen, A. Dilks, T.A. Egerton, and J. Temperley, “Infrared spectroscopic evaluation of the 
photodegradation of paint Part II: The effect of UV intensity & wavelength on the degradation of acrylic 
films pigmented with titanium dioxide,” Journal of Materials Science 35 (2000): 5353-5358. 
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groups, i.e. PBMA. Acrylates proved more prone to oxidation than methacrylates. The 

mobility of the polymer chains, or the 𝑇𝑔, which was thought to facilitate cross-linking, 

did not necessarily correlate with the process.  

FT-IR spectroscopy showed several changes characteristic of degradation, 

including gradual increase of new absorptions in the carbonyl with a peak at 1793 cm−1. 

Hydroxyl groups were detected from broad absorptions around 3400 and 3230 cm−1. Six 

different schemes were proposed to account for the results. In the mechanism for the 

initial oxidation reaction, molecular oxygen bonds with a free electron on the tertiary 

carbon in the main chain, resulting in the loss of a side group and the formation of a new 

carbonyl group on the main chain. Additional schemes explain the formation of acidic 

degradation products such as ketone, alcohols, and peroxides.63 

Chiantore and Lazzari (2001) examined Paraloid B66, B67, B72 and B82 under a 

Xenon lamp producing UV light at less than 295 nm. Paraloids are clear acrylic resins 

used as consolidants and protective treatments. No visible discoloration was observed 

after 2500 hours at 765 𝑊 𝑚2⁄  in, in a change from previous testing where Paraloid B72, 

a co-polymer of methyl acrylate and ethyl methacrylate, yellowed quickly. Spathis, 

Karagiannidou, and Magoula (2003) took an interest in acrylic polymer as pigment-

carriers for stone consolidants. Paraloid B-72 was confirmed to be protected significantly 

against photodegradation by titanium dioxide white pigment, with the hypothesis the 

pigment acted as a UV absorber. FT-IR showed an increased in absorption through the 

                                                      
63 O. Chiantore, L. Trossarelli, and M. Lazzari, “Photooxidative degradation of acrylic and methacrylic 
polymers,” Polymer 41 (2000): 1657–1668. 
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hydroxyl region between 3600 and 3100 cm−1 as well as a decrease in C-H stretching 

absorptions.64 

Casadio and Toliono (2004) investigated the penetration of conservation 

treatments below the surface of masonry, including two acrylic copolymers: Paraloid B-

72 and partially fluorinated TFEMA/MA (2,2,2 

trifluoroethylmethacrylate/methylacrylate.) The substrates were native to Italy: Yellow 

Angera dolostone, Noto calcareous stone, and Candoglia marble. Angera stone, a 

carbonate stone like limestone, showed an intermediate level of absorption compared to 

the other types of stone. Paraloid B-72 reached only 2 mm into the Angera stone and 

showed a tendency to form a film. TFEMA/MA infiltrated further into the stone. The 

authors hypothesized less energy is required to break polymer chains when attached to 

stone, as maximum degradation took place at lower temperatures than when the polymers 

were isolated.65 

Chin, Nguyen, Byrd, and Martin (2004) examined the reciprocity law, which is 

the idea that the total amount of energy exposure is the determinant factor in a sample’s 

characteristics, not the time or intensity of light exposure. The team used an 

acrylicmelamine polymer, a nonpigmented, non-UV stabilized acrylic-melamine coating. 

Exposure lasted 1000 hours exposed to UV light at 290 to 450 nm. The authors used FT-

IR spectroscopy to follow degradation, following C-O stretching in the crosslinks at 1085 

                                                      
64 Chiantore and Lazzari 17-27. 
65 Francesca Casadio and Lucia Toniolo, “Polymer Treatments for Stone Conservation: Methods for 
Evaluating Penetration Depth,” Journal of the American Institute for Conservation 43 no. 1 (2004): 3-24. 
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cm−1 to monitor chain scission and C=O stretching at 1670 cm−1 for photooxidation.  

The experiment supported the validity of the law for this type of polymer.66 

Favaro, Mendicji, Ossola, et. al (2006) looked at Paraloid B67 (isobutyl 

methacrylate) and B72 as protective coatings for conservation, using acetone to test 

solubility. B72, applied to marble, was found to be less soluble when exposed to UV light 

for longer periods of time, up to 65% insoluble after 1500 hours at an intensity of 0.35 

W m2⁄ . The authors hypothesized the slow rate of degradation was due to the thickness of 

the minimally permeable film, which caused the under-layers to be deprived of oxygen, 

ensuring the dominance of chain scission and terminal bond formation over oxidation. 

The observations on the stone were considerably larger changes than observed on the 

coatings when applied to glass slides and petri dishes, where only five or six percent of 

the polymer was rendered insoluble. As a protective coating, B72 prevented the marble 

from undergoing a change in appearance after 2000 hours of exposure while B67 did not, 

presumably having undergone less crosslinking. 

In the case of Paraloid B72, FT-IR spectroscopy showed an increase in absorption 

in the OH region between 3600 and 3100 cm−1 after 100 hours and a gradual broadening 

of the C-O bands between 1700 and 1630 cm−1 after 300 hours. In Paraloid B67 the OH 

stretching continued to 2700 cm−1. Also detected was a lowered absorption intensity for 

C=O at 1730 cm−1. Both readings were interpreted as evidence of chain scission 

competing with another process but were not definite in determining a mechanism. The 

photooxidation schemes for Paraloid B-72 proposed the cleavage of bonds on the sites of 

                                                      
66 Joannie Chin, Tinh Nguyen, Eric Byrd, and Jonathan Martin, “Validation of the Reciprocity Law for 
Coating Photodegradation,” JCT Research 2, No. 7 (2005): 499-509. 
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tertiary hydrogens for methacrylate, creating a ring, and secondary hydrogens for 

ethylmethylacralate, creating a new carbon-carbon double bond.67 

Macarie and Ilia (2007) considered the effects of size and distribution of 

pigments, including a cadmium sulfoselenide red, in UV-cured acrylic coatings. As 

expected, they found the polymerization rate of the coatings decreased with the addition 

of pigments. They also found smaller pigments, less than 5 μm, maintained brightness 

better than larger pigment particles because they create a more standardized surface.68 

Hu, Li, Gao, and Zhao (2009) tested acrylic polyurethane coatings in artificial 

weathering conditions, including light, heat, and water. At 0.55 W m2⁄  under a 340 nm 

(UV-A) fluorescent light source, the team found coatings lost thickness and gloss. The 

yellowness index increased up to forty-two days due to formation of corresponding 

chromophores during photo-oxidation. A decrease in yellowness followed, which was 

attributed to a loss of surface layers. The spectroscopy results after Xenon lamp exposure 

at 65 W m2⁄  gave evidence of degradation by the same method, but the process was 

about 1.3 times faster under the fluorescent. These findings did not correlate with the 

physical property changes, where the shorter-wavelength Xenon lamp-treated samples 

saw greater loss of thickness and gloss.69 

Doménech-Carbó, Silva, Aura-Castro, et. al (2011) also studied the behavior of 

artists’ paints under intense simulated daylight, including a Naphthol red. Exposure of 

                                                      
67 M.R. Favaro. Mendicji, F. Ossola, U. Russo, S. Simon, P. Tomasin, and P.A. Vigato, “Evaluation of 
polymers for conservation treatments of outdoor exposed monuments. Part I: Photo-oxitive weathering,” 
Polymer Degradation and Stability 91 (2006): 3083-3096. 
68 L. Macarie and G. Ilia. Influence of pigment properties on UV-curing efficiency. Applied Polymer 
Science 104 (2007): 247-252. 
69 Jianwen Hu, Xiaogang Li, Jin Gao, and Quanlin Zhao, “Ageing behavior of acrylic polyurethane varnish 
coating in artificial weathering environments,” Progress in Organic Coatings 65 (2009): 504-509. 
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800 hours caused a negative shifted in hue and chroma. The rate of changed depended on 

the light sensitivity of the pigment, with inorganic pigments experiencing less color 

change.70 

Pintus and Schreiner (2011) analyzed the degradation products of sixteen 

combinations of pigment with acrylic binders. It was concluded pigments increased the 

reactivity of the binders and made alterations more pronounced in spectrometric analysis, 

with each pigment causing characteristic reactions. 71 Pinuts, Wei, and Schreiner (2012) 

went on to study commercial artists’ acrylics by color, including a set of cadmium reds. 

They found the changes under UV exposure were largely the same across six different 

brands. A visible color and opacity change was observed after thirty-one days under 

wavelengths of 295 to 800 nm at an intensity of 910 W m2⁄ . The samples were also 

observed to be more brittle. These changes had increased further after the final exposure 

time of eighty-three days. The red paints proved to be more stable than their blue and 

green counterparts, though infrared spectroscopy showed an increase in absorption in the 

carbonyl region at 1788 cm−1. The reds also showed the least color change, shifting 

slightly towards green and blue.72 

Zhang, Hinder, et. al (2011) also studied the effects of pigments on degradation in 

polyester-melamine coil coatings. The tested red coating was 23% iron oxide by weight, 

with 1% titanium dioxide added. The degree of roughness in coating surfaces, as 

                                                      
70 María Teresa Doménech-Carbó, Miguel F. Silva, Elvira Aura-Castro, Laura Fuster-López, Stephan 
Krӧner, et. al., “Study of behaviour on simulated daylight ageing of artists’ acrylic and poly(vinyl acetate) 
paint films,” Analytical Chemistry for Cultural Heritage 399 (2011): 2921-2937. 
71 Valentina Pintus and Manfred Schreiner, “Characterization and identification of acrylic binding media: 
influence of UV light on the ageing process,” Anal Bioanal Chem 399 (2011): 2961-2976. 
72 Valentina Pintus, Shuya Wei, and Manfred Schreiner, “UV ageing studies: evaluation of lightfastness 
declarations of commercial acrylic paints,” Anal Bioanal Chem 402 (2012): 1567-1584. 
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observed with a scanning electron microscope, was greater when the pigment particle 

size was larger. After two years of natural weathering, the surface of all the coatings had 

become much rougher, but those with smaller pigment particles were rougher yet. The 

red coatings showed the least change in color, less than 1%, but middling gloss retention 

at 37%. Overall, the red coating was judged to have degraded the least due to the stability 

of the iron oxide pigment. The team also noted visual change did not always correlate 

with the level of chemical degradation.73 

Titanium Dioxide (TiO2), a common white pigment, has been well documented as 

a photo-catalyst under UV and visible light, speeding the oxidation process in addition to 

its operation as a UV absorber. Quagliarini, Bondioli, et. al (2012) found a thirty percent 

difference in color of red dye rhodamine B on travertine after twenty-six hours under 

UV-A, as determined by a spectrometer. As treatment time increase, the difference 

between TiO2 treated and non-treated samples decreased. No visible color change of the 

limestone substrate was detected. TiO2 is also hydrophilic, creating a water film over the 

surface of the substrate, potentially damaging for a porous stone like limetstone, but no 

increase in absorption was detected. TiO2 is currently being developed as a clear 

protective, self-cleaning coating (in anatase nanocrystal form.)74 

Overall, the studies found shorter wavelengths caused faster degradation. The 

particular wavelengths of incident light which caused degradation in the coatings 

depended on the color and structure of the pigments. Pigments clearly affected the 

                                                      
73 W.R. Zhang, S.J. Hinder, R. Smith, C. Lowe, and J.F. Watts, “An investigation of the effect of pigment 
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Biggio 31 

process, usually slowing degradation, but the exact results varied. Overall, red pigments 

tended to be most resistant to degradation. Other environmental conditions such as 

moisture and temperature were usually included in studies concurrently with light, 

making the role of ultraviolet radiation difficult to quantify exactly. A lack of consistent 

reporting methods also makes comparison between studies difficult, as variables such as 

total energy exposure could not be ascertained from given information. 

  



 

Experimental Procedure 

 

 

 

 The experimental procedures for this project were designed to test the effect of 

ultraviolet light on the ability of a solvent to remove paint from stone. The procedure 

took into consideration the characteristics of acrylic paint, a common spray paint, and the 

limestone substrate, a common stone found in historic structures which can be easily 

damaged. The tests were also based on previously reported experiments and results 

described in Chapter 3. Principally, the wavelengths of light had to be short enough to 

cause degradation, particularly less than 300 nm. The exposure time was as long as 

practicable under existing constraints. 

 Indiana limestone quarried in Bedford, Indiana was used as the stone substrate. 

Three samples of limestone were used to test porosity. The samples were weighed and 

immersed in water for three days. The samples were then weighed again and the change 

in weight determined. The absorption by weight percentage was then calculated.  
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 A preliminary 

experiment was carried out 

in which a limestone 

sample 5 in. x 3 in. painted 

with Krylon 

indoor/outdoor gloss 

cherry red spray paint (see 

Appendix A.) The sample 

was exposed to a 4W ultraviolet light at 365 nm for three weeks and one day at a distance 

of 4.25 in. from the source (Figure 4.) The sample was compared with a control which 

had not been treated. A commercial paint stripper, Back to Nature Multi-Strip, was 

applied to both samples for additional comparison (see Appendix B.) The stripper was 

found to discolor the limestone and so was discounted from further use.  

 Two principle experiments were carried out exposing painted limestone samples 

to ultraviolet light. All samples were cut in blocks of 5 in. x 3 in. x 1 in. using a circular 

saw with a masonry blade. Each sample was polished using a belt sander. Samples for 

both tests were painted using the same method, a high pressure: a low volume paint 

sprayer used to apply the paint in a single stripe across the samples at 80 psi from a 

distance of one foot.  The paint used was Valspar Signature Satin (see Appendix B.) The 

samples were allowed to set for one month. 

Figure 4. Preliminary experimental setup. 
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 Twenty-seven (27) samples were exposed to a two-lamp 40 W ultraviolet bench 

light emitting UV-C light at 254 nm. Each sample was numbered in pencil. Half of the 

surface of each sample was covered with aluminum foil, also marked with pencil. The 

samples were then laid out in three rows of nine. The four foot bench light was suspended 

five inches above 

the samples (figure 

5.) The system was 

curtained off with a 

dark cloth to 

prevent exposure to 

ambient light. The 

first group of 

samples (numbered 

101-109) was left under the light for two weeks and then removed. The second group 

(201-209) was exposed for four weeks and the third group (303-309) for six weeks. The 

two sides of each sample were compared for color change. The Munsell Book of Color: 

Gloss Collection was used for visual color comparison. 

 An additional eight samples were exposed to UV-B and UV-A radiation from a 

300 W lamp using a 295 nm high-pass filter. The lamp was a Newport model SP66902-

4000 and the filter Edmund Optics Inc. 46-418. Each of two (2) samples were exposed 

for one, two, three, and four days. Each sample was placed under the light and the extent 

of the beam outlined in pencil. Half the sample was then covered with aluminum foil and 

Figure 5. Bench lamp with samples. 
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marked with pencil 

(figure 6.) The treated 

and untreated 

portions were 

compared using 

Munsell color 

swatches. 

 Samples 10, 

207, 308, and 24 

were analyzed using a 

PerkinElmer 

Spectrum100 FT-IR spectrometer. Spectrometers measure radiation intensity as a 

function of wavelength. Particular atoms and molecules interact with light in 

characteristic ways due to the energy in their electron clouds. That energy responds to 

specific wavelengths of light, producing a distinctive set of emission lines and allowing 

for the determination of the makeup of the tested substance. Materials for analysis were 

obtained by scraping the surface of the samples with a pocket knife. The Spectrum 

software plotted the transmittance results for samples versus wavenumber for the UV-

treated and untreated paint from each side of both samples as well as the plain limestone 

and a reference sample of paint dried on a glass slide. The readings were analyzed for 

changes in the wavenumbers of the peaks, particularly in the carbonyl region. The 

difference between treated and untreated sides and the separation of paint from limestone 

were obtained by subtraction. 

Figure 6. 300W Lamp. 
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 Eleven samples were coated with Titanium Dioxide (TiO2, ) a photocatalyst. The 

TiO2 was mixed with distilled water and applied to the surface of the samples using a 

paintbrush. The coating was applied as thinly as possible to avoid clumping, which would 

block the light. Seven samples (21-27) were placed under the bench lamp for two weeks. 

One sample each was placed under the 300 W source for one, two, three, and four days in 

the same procedure as the samples without the TiO2 coating (samples 11-14.) Following 

exposure, the samples were scrubbed with water and a soft-bristle brush to remove the 

TiO2. 

All samples were treated with acetone, a common solvent for paint. Paper sponges 

were soaked in undiluted acetone and swiped back and forth across the top of the 

samples, covering both UV-treated and untreated portions. The results were observed and 

photographed, and then the top half of each sample was scrubbed with acetone until no 

more paint could be removed. Thus each sample was effectively broken into four 

quadrants,  each quadrant underwent a different treatment, on received neither UV- light, 

one acetone, one received UV-light but not acetone, one received acetone but not UV 

light, and one received both UV-light and acetone treatment. Each sample was 

photographed and then the top half was scrubbed with acetone to further observe 

removal. Samples 103, 104, 203 204, 303, and 304 were additionally treated with a 

nonionic detergent and scrubbed with a soft-bristle brush. The sample groups were 

visually compared for removal level.  



 

Results 

 

 

 

The samples tested for absorption yielded the following results: 

Table 1: Limestone Absorption 
Sample Original 

Weight (lb) 
Final 

Weight (lb) 
Δ (lb) Absorption 

(weight %) 
1 1.2 1.4 0.2 14 
3 1.4 1.4 0.0 0.0 
4 1.9 2.0 0.1 5.0 

Avg. 1.5 1.6 0.1 6.3 
 

Indiana Limestone has an average absorption by weight of 5.4% and a typical 

range of 2.8-8.6%.75 This sample of Bedford Limestone has an average slightly more 

porous than normal at 6.3%, but not outside the usual range. 

In the preliminary experiment, no visible change in color was detected in the 

exposed sample when compared to a second unexposed sample. There was also no 

different detected in paint removal between the two samples when the commercial paint 

stripper was applied. Both stone samples were discolored by the use of a commercial 

paint stripper used to remove the paint. 

                                                      
75 Patton and Carr 27. 
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The original paint color 

matched the Munsell rating 5R 

3/10. Of the nine samples 

exposed to the 300 W light, 

eight showed no visible change 

in color. The ninth sample 

(10,) exposed for four days, 

showed a negative shift in 

chroma, towards purple. There 

was also no visible difference 

in paint removal between the 

treated and untreated sides 

using acetone in the first eight 

samples. Sample 10 showed a 

greater amount of paint 

removal on the untreated side 

when scrubbed with acetone (fig. 7.) Upon closer examination, it was unclear if the 

perceived difference was due to inherent discoloration of the stone. 

The bench light yielded varied results (table 2.) The first group (101-109,) 

exposed for only two weeks showed no color change from 5R 3/10. The second group 

(201-209,) exposed for four weeks, showed a change in six of the nine samples. The 

samples exhibiting a change were those which sat in the center of the row under the 

middle of the bench light, samples 202-207, while end samples 201, 208, and 209, did not 

Figure 7. Sample 10 after two swipes with acetone. The right side was 
exposed to UV-radiation and saw a negative shift in hue and chroma. 

Figure 8. Sample 207 with Munsell swatches. The treated section, on 
the right, showed a decrease in hue and chroma.  
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show a visible change. The 

changes were composed of a 

negative change in hue, 

meaning a color shift towards 

purple (fig 8.) Three samples 

also showed a small negative 

chroma change, denoting a 

desaturation, or shift towards 

grey. The chroma, however, still remained relatively high. No value change was detected 

in any sample. The third group showed results similar to the second group, with eight 

samples out of nine showing change. Eight samples underwent a negative change in hue 

and four exhibited a negative shift in chroma (fig. 9.) Again, no sample displayed a value 

modification. 301, another end sample, did not undergo color change. 

  

Figure 9. Sample 306 with Munsell swatches. The right side underwent 
UV radiation. 
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Table 2: Color Change Summary 
Sample Exposure 

(days) 
Intensity 
(W/m2) 

Unexposed 
Color 

Exposed 
Color 

Hue 
Change 

Chroma 
Change 

02 1 65800 5R 3/10 5R 3/10 0 0 
03 1 65800 5R 3/10 5R 3/10 0 0 
04 1 65800 5R 3/10 5R 3/10 0 0 
05 2 65800 5R 3/10 5R 3/10 0 0 
06 2 65800 5R 3/10 5R 3/10 0 0 
07 3 65800 5R 3/10 5R 3/10 0 0 
08 3 65800 5R 3/10 5R 3/10 0 0 
09 4 65800 5R 3/10 5R 3/10 0 0 
10 4 65800 5R 3/10 2.5 3/10 -2.5 0 
101 14 57.4 5R 3/10 5R 3/10 0 0 
102 14 57.4 5R 3/10 5R 3/10 0 0 
103 14 57.4 5R 3/10 5R 3/10 0 0 
104 14 57.4 5R 3/10 5R 3/10 0 0 
105 14 57.4 5R 3/10 5R 3/10 0 0 
106 14 57.4 5R 3/10 5R 3/10 0 0 
107 14 57.4 5R 3/10 5R 3/10 0 0 
108 14 57.4 5R 3/10 5R 3/10 0 0 
109 14 57.4 5R 3/10 5R 3/10 0 0 
201 28 57.4 5R 3/10 5R 3/10 0 0 
202 28 57.4 5R 3/10 2.5R 3/10 -2.5 0 
203 28 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
204 28 57.4 5R 3/10 2.5R 3/10 -2.5 0 
205 28 57.4 5R 3/10 2.5R 3/10 -2.5 0 
206 28 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
207 28 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
208 28 57.4 5R 3/10 5R 3/10 0 0 
209 28 57.4 5R 3/10 5R 3/10 0 0 
301 42 57.4 5R 3/10 5R 3/10 0 0 
302 42 57.4 5R 3/10 2.5R 3/10 -2.5 0 
303 42 57.4 5R 3/10 2.5R 3/10 -2.5 0 
304 42 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
305 42 57.4 5R 3/8 2.5R 3/8 -2.5 -2 
306 42 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
307 42 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
308 42 57.4 5R 3/10 2.5R 3/10 -2.5 0 
309 42 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
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The acetone 

testing showed a clear 

but subtle hierarchy 

between the 100, 200, 

and 300 groups, 

where much less paint overall was removed from the 100 samples than from the groups 

which were exposed to UV radiation for a longer period of time or to the more intense 

Figure 11. Sample 108 after 
two swipes with acetone. 
The treated side, on the 
right, displayed stronger 
horizontal lines along the 
path of the wipes. 

Figure 10. Comparison of four samples groups after scrubbing with acetone. Clockwise from upper left, 
samples 10, 107, 306, and 202. 
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source (fig 10.) However, the differences did not necessarily entail a difference between 

the treated and untreated portions of any individual sample. The change between the 200s 

and 300s levels was not as pronounced, but the 300 samples retained smaller specks of 

paint than the 200s, which 

were left with larger 

clusters of paint. Also 

evident was the formation 

of a dark horizontal line 

during removal with 

acetone, indicating some of 

the paint may be migrating 

during removal. After the 

initial two wipes with 

acetone, samples 108, 203, 

304, 305, and 307 showed 

slightly greater paint 

removal on the UV-

exposed side (figs 11, 12, 

and 13.) After rubbing with 

acetone, samples 204, 209, and 305 appeared to have a difference between sides (figs. 14, 

15, and 16.) 209 showed larger clumping of paint on the unexposed side, as opposed to 

the smaller specks of paint remaining on the treated side. 

Figure 12. Sample 203 after two swipes with acetone. More paint was 
removed from the treated side, on the right. 

Figure 13. Sample 307 after two swipes with acetone. The right portion of 
the sample underwent UV radiation. 
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The samples 

coated with TiO2 and 

placed under the 300W 

lamp did not yield any 

visible color changes 

between the treated and 

untreated sides after 

rinsing with water. Those 

samples placed under the 

bench lamp for two weeks 

showed varied color 

change results (table 3.) 

Four samples showed a 

negative shift in hue and 

two samples showed a 

negative change in 

chroma. Of note, 

scrubbing with water was 

unable to remove all the 

TiO2 from the surface of 

the samples. 

  

Figure 14. Sample 204 after scrubbing with acetone. 

Figure 15. Sample 209 after scrubbing with acetone. The left (unexposed) 
side maintained large patches of paint while the right (exposed) side 
retained paint in the pores of the stone. 

Figure 16. Sample 305 after 
scrubbing with acetone. 
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Table 3: TiO2 Color Change Summary 
Sample Exposure 

(days) 
Intensity 
(W/m2) 

Unexposed 
Color 

Treated 
Color 

Hue 
Change 

Chroma 
Change 

11 1 65800 5R 3/10 5R 3/10 0 0 
12 2 65800 5R 3/10 5R 3/10 0 0 
13 3 65800 5R 3/10 5R 3/10 0 0 
14 4 65800 5R 3/10 5R 3/10 0 0 
21 14 57.4 2.5R 3/8 2.5R 3/8 0 0 
22 14 57.4 2.5R 3/8 2.5R 3/8 0 0 
23 14 57.4 5R 3/10 2.5R 3/8 -2.5 -2 
24 14 57.4 5R 3/10 2.5R 3/10 -2.5 0 
25 14 57.4 5R 3/10 5R 3/8 0 -2 
26 14 57.4 2.5R 3/8 5R 3/8 -2.5 0 
27 14 57.4 2.5R 3/8 5R 3/8 -2.5 0 

 

When paint removal 

with acetone was 

attempted, the samples 

coated with TiO2 and 

exposed to the 300W lamp 

showed a greater amount of 

overall removal (fig. 17.) 

There was no apparent 

difference between the 

exposed and unexposed 

sides. All the paint on the 

flat surface of the stone 

was removed; the paint left 

behind was in the pits and 

crevices. The visual effect 

Figure 17. Titania treated samples exposed to the 300W source. Clockwise 
from top left, samples 11, 12, 14, and 13. 

Figure 18. Sample 24 after scrubbing with acetone. 
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was a lightning of value, or 

a shift towards white which 

made the paint appear pink. 

Of the samples exposed to 

the bench light, 24 and 27 

showed greater paint 

removal on the exposed 

side after two swipes (fig. 

18.) 27 showed an irregular 

pattern of stripes of more 

and less removal (fig. 19.) 

A greater level of paint 

removal on the treated 

versus the untreated side 

was observed in four of the 

six samples treated with 

nonionic detergent, samples 103, 203, 204, and 304. 204 showed the most dramatic difference 

(fig 20.) 

A number of general problems emerged when analyzing the final samples. Some 

samples seemed to retain evidence of saw marks, possibly influencing the pattern of paint 

remaining on the stone after treatment with acetone. Several samples also had inherent 

color differences which were aggravated by the application of acetone. Washing with 

water and acetone tended to remove the pencil markings denoting the area of treatment, 

Figure 19. Sample 27 after scrubbing with acetone. The scrubbing left two 
almost vertical stripes of nearly paint-free area. The UV exposed side is on 
the left 

Figure 20. Sample 204 after treatment with acetone (top) and nonionic 
detergent (bottom.) 
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making the area problematic to distinguish. The difficulty in removing the TiO2 from 

treated samples also made the true paint color difficult to distinguish. 

The IR spectrometer analysis gave some confirmation of a chemical change in the 

treated paint samples. The transmittance spectra showed strong peaks characteristic of 

calcium carbonate (the limestone) as well as evidence of a kaolin substance, used as an 

extender in paints, most likely the silica indicated in the MSDS (fig. 22.) In sample 10, a 

shift in the carbonyl band from 1728.10 cm−1 ± 0.20 in the untreated portion to 1726.00 

cm−1 ± 0.20 was observed (fig. 21.) The spectrum of the paint was obtained by 

subtracting the spectrum of the limestone from the spectrum of the samples (fig. 23.) The 

reference paint sample had the band at 1728.10 cm−1 ± 0.20 (fig. 24.)  

The lowering of wavenumber of a molecular group, as observed in the carbonyl 

region, generally denotes a weakening of the bond. The change is also an indication the 

carbonyl groups have changed environment, meaning the substances to which they are 

bonded have changed, as occurs in degradation. A closer examination of the stretching 

reveals an asymmetrical shape compared to the reference paint sample as well as multiple 

peaks (figs. 26 and 27.) These peaks represent carbonyl groups in different environments, 

or stages of reaction. The untreated side of samples 10 did not experience a shift in the 

carbonyl stretching (fig. 25,) retaining the characteristics of the original paint.  
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Figure 21. IR spectrum for sample 10. 
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Figure 22. IR spectrum of limestone substrate. 
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Figure 23. Sample 10 spectrum for the UV-exposed side with the limestone spectrum subtracted, leaving the 
exposed paint only. 
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Figure 24. IR spectrum of the paint reference sample. 
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Figure 25. The IR spectrum for the untreated side of sample 10 closely matched the original paint sample. 
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Figures 26 and 27: The carbonyl stretch from the treated side of sample 10 (top) and the reference paint 
sample (bottom.) Note the difference in shape and increase in the number of peaks. 
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To aid further analysis, the intensities, photon energies, and total energies 

absorbed were calculated for each source and set of samples. The 300 W light source had 

a circular spread with diameter of 3 in., and so was calculated to have an intensity of: 

𝐼 =
𝑃
𝐴

=
300 𝑊

𝜋(0.0381 m2)
= 65784.17 𝑊 𝑚2�  

The bench lamp reached an area of 15𝑓𝑡2 and had an intensity of: 

𝐼 =
𝑃
𝐴

=
2(40 𝑊)

1.3935 𝑚2 = 57.4075 𝑊 𝑚2�  

The intensity calculations were then used to calculate the total amount of energy 

absorbed per unit area over the length of exposure. For the 300 W source at one day, the 

total energy was: 

𝐸 = �65784.17 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 1 𝑑𝑎𝑦� = 5.684 𝑥 109 𝐽 𝑚2�  

For the same source over two days: 

𝐸 = �65784.17 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 2 𝑑𝑎𝑦𝑠� = 1.137 𝑥 1010 𝐽 𝑚2�  

For three days: 

𝐸 = �65784.17 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 3 𝑑𝑎𝑦𝑠� = 1.705 𝑥 1010 𝐽 𝑚2�  

For four days: 

𝐸 = �65784.17 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥 
60𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 4 𝑑𝑎𝑦𝑠�2.274 𝑥 1010 𝐽 𝑚2�  

For the bench lamp over two weeks, the total energy exposure was: 

𝐸 = �57.4075 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 14 𝑑𝑎𝑦𝑠� = 6.944 𝑥 107 𝐽 𝑚2�  
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For the same source for four weeks: 

𝐸 = �57.4075 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 28 𝑑𝑎𝑦𝑠� = 1.389 𝑥 108 𝐽 𝑚2�  

For six weeks: 

𝐸 = �57.4075 𝑊 𝑚2� � �
60 𝑠
𝑚𝑖𝑛

𝑥
60 𝑚𝑖𝑛
ℎ𝑟

𝑥
24 ℎ𝑟𝑠
𝑑𝑎𝑦

𝑥 42 𝑑𝑎𝑦𝑠� = 2.083 𝑥 108 𝐽 𝑚2�  

Finally, the photon energy for the 300W source at the minimum wavelength of 295nm, 

representing the maximum possible energy, was: 

𝐸 =
ℎ𝑐
𝜆

=
(6.63 𝑥 10−34 𝐽𝑠)(3.0 𝑥 108 𝑚 𝑠2� )

295 𝑥 10−9 𝑚
= 6.74 𝑥 10−19 𝐽 

For the bench lamp at 254, the photon energy was: 

𝐸 =
(6.63 𝑥 10−34 𝐽𝑠)(3.0 𝑥 108 𝑚 𝑠2� )

254 𝑥 10−9 𝑚
= 7.83 𝑥 10−19 𝐽 

  



 

Conclusion 

 

 

 

 None of the samples showed a dramatic difference in color or solvent removal 

due to UV treatment. However, the subtle differences do allow for some useful 

deductions. The results must also be qualified by the recognition that the samples used in 

this study were small and could be housed in laboratories for extended periods of time. 

Most monuments must practically remain outdoors and accessible to the public, making 

this kind of treatment difficult considering the required equipment. However, use may 

still be possible in some cases and there may be additional applications with other 

cultural resources.  

The samples exposed to the bench lamp exhibited more color change than those 

exposed to the 300 W source. The higher-wattage lamp emitted a greater number of 

Joules/second, that is, more energy. The difference in the total amount of energy 

absorbed by samples under this source was significantly larger than under the bench 

lamp, two orders of magnitude. According to the reciprocity law, all of these samples 

should have shown a greater change than any of the samples under the bench light since 

they were subject to more energy. However, the observed results were opposite, with 
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more samples showing greater change after being exposed to less energy under the bench 

lamp. 

The light emitted by the 300 W source had a minimum wavelength of 295 nm. 

The lack of color change seen in samples 02 through 09 under the 300 W could be 

because the wavelength was too long, causing the incident photons to be of insufficient 

energy to catalyze photodegradation. Carbonyl groups, for example, undergo degradation 

only by wavelengths up to 300 nm. If more of the individual photons emitted by the 300 

W source had enough energy (short enough wavelength) to break the chemical bonds in 

the paint more bonds would be broken and the degradation process would occur faster. 

Although the visual results were scant, the spectrometer analysis did yield evidence of 

degradation. It is possible the duration of exposure was insufficient for the degradation 

reactions to be numerous enough to cause a macroscopic change in the majority of the 

samples.  

The color changes detected under the lower-power light could be explained by the 

shorter wavelength of the incident light. The groups under the bench light for a 

considerably greater length of time than those samples exposed to the higher intensity 

light at a shorter wavelength, but at a level on intensity three orders lower. The energy 

absorbed was therefore two orders of magnitude lower than even the one day samples of 

the higher-power source, but the individual photons had more energy. The greater color 

change and amount of paint removal facilitated by treatment with acetone in the groups 

exposed for longer periods of time was promising evidence of the progression of the 

treatment. On the other hand, the lack of an extreme change between these two groups, 

the 200s and 300s, might be an indication of a slowing of the mechanism. 
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Generally, the ease of paint removal with acetone seemed to extend across an 

entire sample, with the differences between the UV-exposed and unexposed sides being 

minimal, perhaps because of the spread of chain scission. The use of titanium dioxide 

yielded significantly greater results in acetone removal. However, it is unclear if these 

results were from the titanium dioxide alone or in combination with light, since no 

difference relative to conditions of exposure were observed. The titanium dioxide did not 

appear to discolor the stone in any way, suggesting its usefulness in this application. 

The use of other solvent could potentially yield altered results, as evidenced by 

the differences observed with nonionic detergent. The acetone showed a moderate level 

of paint removal but did not completely uncover the stone in any location. In addition, 

solvent was applied only at the end of the exposure period, with no action take to remove 

the top layers. Previous studies indicated the occurrence protection of the lower layers of 

paint by the degraded, but still present, outer layers. This could also help account for the 

tendency of the paint to remain in the pores of the stone when saturated in solvent. 

There are a number of additional variables which affect degradation which were 

not considered in this project and should be considered in further study. Limestone is a 

relatively porous substrate, absorbing the medium and making removal by solvent 

particularly difficult. Different types of stone (and different finishes) might show clearing 

differences in paint removal. The characteristics of the acrylic paint itself are also 

important, particularly the pigment. Red is traditionally the most difficult color to 

remove, so other colors should be considered. Different acrylic polymers also respond 

differently to ultraviolet light, so the specific component polymers could also change the 



Biggio 58 

behavior of the coating. Factors such as temperature and humidity also alter the process 

by compounding types of degradation. 

The subject of ultraviolet light as a treatment in the aid of paint or other graffiti 

removal warrants further study, particularly considering the lack of discoloration or other 

damage to the relatively sensitive limestone during testing. A comparison with the 

methods and intensities used in laser treatment might yield useful insight in this area. The 

increase in paint removal for the samples exposed for a longer period of time was 

promising if small. The effect of titanium dioxide was perhaps the most unexplainable 

portion with the most dramatic results, calling for further exploration. The means 

available to conservators today for cases of graffiti or substance removal remain 

insufficient, and this technique offers the possibility of filling one of the gaps for a 

common problem. 

  



 

Glossary 
 
 
 

Acrylic: monomers or polymers composed of acrylic acid or its derivatives 
 
Amorphous solid: a solid in which the atoms or molecules have no order over any 

appreciable length 
 
Carbonyl: a functional group comprised of a carbon atom double bonded to an oxygen 

atom (C=O); may be part of a larger functional group 
 
Chain scission: the breaking of polymer chains in a self-propagating reaction 
 
Chromophore: the part of a molecule responsible for its color 
 
Colloid: a combination of one substance evenly dispersed in another substance at the 

microscopic level 
 
Copolymer: a polymer composed of two or more different monomers 
 
Crosslinking: the process in polymers where individual polymers form multiple covalent 

bonds with additional polymers at each end, creating and interconnected network 
 
Depolymerization: polymer degradation processes in which the products have essentially 

the same composition but a smaller number of monomers 
 
Emulsion: a colloidal suspension of one liquid in another liquid 
 
Excimer: a complex of excited and ground state chemically identical chromophores 
 
Free radical: an unpaired valance electron in a molecule or atom 
 
Functional Group: specific chemical structures within a molecule; the sites of chemical 

reactions 
 
Glass transition temperature (𝑇𝑔): the temperature at which a polymer changes from a 

glassy state to a rubbery state 
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Gloss: a shiny surface, opposite to matte, measured by the amount of reflected light 
 
Hemolysis: a chemical bond dissociation in a molecule generating two free radicals
 
Homopolymer: a polymer consisting of a single repeating monomer 
 
Hydroxyl: a functional groups consisting of an oxygen atom bonded to a hydrogen atom 

(OH) 
 
Molecular Oxygen: O2, two oxygen atoms bonded together 
 
Monomer: the individual unit making up a polymer 
 
nm: the abbreviation for nanometer, or 10−9m 
 
Oxidation: an oxidation-reduction (redox) reaction; a reaction where the oxidation state 

of atoms is changed 
 
Photocatalyst: a substance which catalyzes photooxidation by speeding the formation of 

free radicals, usually in the form of hydroxyl (OH) radicals 
 
Photolysis: a chemical reaction in which a chemical compound is broken down by 

photons 
 
Polymer: a large molecular chain consisting of many identical units (monomers) 
 
Polymerization: the process of monomers reacting together to build a polymer 
 
Primary Hydrogen: a hydrogen atom bonded to a carbon atom which is bonded to only 

one other carbon atom 
 
Quantum Yield: the number of times a specific event occurs per photon absorbed 
 
Surfactant: from surface active agent, a compound with a non-polar body and a polar 

head composed of a large negative and a small positive ion; lowers the surface 
tension of a liquid 

 
Tertiary Hydrogen: a hydrogen atom bonded to a carbon atom which is bonded to three 

other carbon atoms 
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Appendices 
 

Appendix A: Krylon Indoor/Outdoor Paint Material Safety Data Sheet 
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