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a b s t r a c t 

Acrylic paints became popular among artists in the late 50′ s. Some of the main conservation issues of 

these paints are inherent to their composition characteristics, for instance, their high sensitivity to water 

and a wide range of polar solvents. This makes difficult to stablish an accurate and respectful cleaning 

treatment for this kind of artworks. As reported on previous studies, the application of pH and conduc- 

tivity adjusted solutions using accurate methods, such as confined on chemical gels, improved this kind 

of procedures. 

The aim of this work is to extend a previous study where the effect of water based cleaning treat- 

ments was tested on Liquitex acrylic paint mock-ups, and deepen on evaluating the alterations both on 

the surface and in the bulk of the paint film. In this paper, six acrylic commercial paints of two widely 

used paint brands, Titan Arts – Acrílico extrafino (Spain) and Hyplar Acrylic Colors® (USA), were selected 

to compare the effect of the cleaning treatment on their surface and binder matrix. Samples were pre- 

pared using Mylar sheets and left to dry in a dark and dust-free environment for three years. Adjusted 

water solutions were applied both using cotton swab and cryogels for comparison. Paints were char- 

acterized using Fourier Transform Infrared spectroscopy (FT-IR), pyrolysis - gas chromatography - mass 

spectrometry (Py–GC–MS), Thermogravimetric Analysis (TGA) and Atomic Force Microscope (AFM). 

All the samples showed different reaction to cleaning according to their different composition. This 

study revealed that those paint films where most surface alterations are observed after cleaning, are not 

those that suffer greater changes in the binder matrix. 

Moreover, a set of samples was aged under accelerated conditions (solar radiation under controlled 

temperature and humidity). The accelerated ageing was carried out under isochronous sampling up to 

a maximum of 1426 h. This tests revealed certain degradation processes such as chain scission of the 

binder that coincide with those alterations observed in several mock-ups after application of the cleaning 

treatment. 

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

Acrylic paints have been widely used by contemporary artists 

ince they were first introduced in 1927 as acrylic organic sol- 

ent solutions [1] . At the beginning they were developed as house 

aints, until late 1940s when the first acrylic solution artist paints 

ere marketed under the name of Magna [2] . Many artists such as 

othko, De Kooning or Kenneth Noland used these paints for their 

rtworks. Acrylic emulsion paints were introduced in 1953 by Rohn 
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nd Haas facilitating the handling of the paint since they were wa- 

er soluble. Thus, they quickly became the most popular medium 

mong artists. Since then, numerous formulations have been incor- 

orated into the market. To date, paint makers have constantly var- 

ed the paint formulations in order to improve their performance. 

Acrylic emulsion paint is a mixture of dyes or pigments dis- 

ersed on an acrylic binder, together with a large amount of ad- 

itives such as, emulsifiers, biocides, buffers and fillers [3] , which 

ry through coalescence. The binder used in these paints is an 

crylic copolymer made out of a hard acrylate such as methyl 

ethacrylate (MMA) and a softer acrylate such as ethyl acrylate 

EA) or n–butyl acrylate (nBA). Ethyl acrylate (EA) was employed 

s soft monomer in the earlier formulations, EA/MMA copolimer. 
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owever, since the end of the 1980s many of the resin formula- 

ions have changed to a poly (n–butyl acrylate/methyl methacry- 

ate) copolymer, p(nBA/MMA) [4 , 5] . According to other studies, nBA 

s more flexible than EA, thus reducing the need to add large 

mount of plasticizers to the paint formulation [5 , 6] . In conse- 

uence, the resulting film formed by butyl acrylate copolymers 

ends to be slightly tougher and more hydrophobic than ethyl acry- 

ate copolymers, which makes them more stable to outdoor condi- 

ions [3] . These paints contain an amount of stabilizing additives, 

ach providing its function and contributing to the complexity of 

uch a multi-component system. For instance, non-ionic PEO-based 

urfactants, which are the most abundant type detected on acrylic 

mulsion paints [4] . 

The film formation process starts with the paint in liquid form, 

here the acrylic polymer droplets are suspended within the wa- 

er phase. During evaporation of the water phase, the polymer par- 

icles meld to form a ‘honeycomb’ network, finally forming a con- 

inuous film. The film formation degree can vary depending on 

 number of factors: ambient conditions during drying, the glass 

ransition temperature (Tg) of the paint film, the minimum film 

ormation temperature (MFFT), the modulus of elasticity and vis- 

osity of the resin, as well as the type of additives that are present

all of which can affect the porosity of the final film [4] . 

Surfactants can be distributed quite unevenly across the paint 

lm after drying. Long chain surfactants (20–40 PEO units), which 

re more hydrophilic, tend to move away from the acrylic polymer 

eading to the formation of local concentrations at the film-air in- 

erface and film-substrate interface. On the other hand, the more 

ydrophobic surfactants (short chain, less than 20 units of PEO) 

an be dissolved in the acrylic binder and remain trapped between 

olymer particles, concentrated in pockets creating hydrophilic do- 

ains, or localised on the surface of un-coalesced polymer par- 

icles [4] . It is also important to point out that surfactant distri- 

ution is not static. After drying, surfactants continue to relocate 

hrough the paint both exuding to the surface and resorbing inside 

he film. These movements depend on several factors, such as the 

lm formation conditions, the mobility of the polymer itself or the 

nfluence of external factors such as temperature and humidity [7] . 

A previous publication summarized some of the most relevant 

utcomes regarding the behavior of acrylic emulsion paints [4] . 

mong others, some studies revealed that p(EA/MMA) based films 

ad major amounts of surface surfactant regardless of pigment in 

omparison to p(nBA/MMA) paints [8] , pointing out that the quan- 

ities of PEO surfactants in these paints may partially depend on 

he binder emulsion type. The water sensitivity of PEO-based sur- 

actants which can be easily removed from paint surfaces has also 

een widely demonstrated both using water immersion and by 

echanical action. Moreover, the exudation process of surfactants 

s ongoing, since even after removing some additives after clean- 

ng, new surfactants have been detected on the surface. 

Accelerated aging studies revealed that thermal ageing provoke 

he resorption of surface surfactants back into the bulk of the paint 

lm and re-exude at a faster rate upon storage in ambient con- 

itions [4] . At the same time, a wider study published by Ortiz- 

errero et al. [9] , confirmed that the pigment type, copolymer 

inder and additives that are present of the paint play a crucial 

ole in the aging tendency of the surface. This study, based on ac- 

elerated aging mock-ups, proved that there is a decrease in ther- 

al stability of the paint, linked to the aging of the binder, which 

s attributed to the chain scission of the polymer and is brand 

ependent. While Titan and Liquitex paint brands (p(nBA/MMA 

inder) samples showed a chain scission of the polymer after ag- 

ng, the binder remained almost unaltered for the Hyplar paint 

EA/MMA binder) sample, indicating that, under the same cur- 

ng conditions, p(EA-MMA) copolymer may be more stable than 

(nBA-MMA) in terms of crosslinking binder. 
291
The pigment type also influences the surfactant migration de- 

ree, for instance, synthetic organic and iron based pigments 

ontain more amount of dispersant on their composition, unlike 

admium-based colours, which show less presence of additives on 

heir surface [10] . 

The multiple components of the paint can be heterogeneously 

istributed along the dried film, leading to variable physical prop- 

rties and of course determining their aging tendency. The most 

elevant issues that affect the preservation of the acrylic paint 

re directly linked to its composition: the different origin of the 

olorants (organic and inorganic), the usually low glass transition 

emperature of the acrylic resin, which results in films that are soft 

t room temperature, the migration to the surface of hydrophilic 

dditives, i.e. surfactants, [11] which make acrylic paint films prone 

o attract airborne dust and sensitive to water and organic solvents. 

ater sensitivity of other type of contemporary paints such as oil 

aints, was also analyzed on previous studies [12] . Those investi- 

ations indicate that water sensitivity of the film may be related to 

everal factors such as a low degree of crosslinking of the medium 

r the type of pigment. 

All these aspects should necessarily be considered when rais- 

ng the cleaning of these type of paint surfaces, aspects that have 

een widely discussed on previous studies [3-5 , 13] . Thus, the high 

welling capacity [8] of these films and the potential solubilization 

f additives in the bulk of the film, and their migration to the sur- 

ace [4 , 14] , makes it difficult for conservators and restores, to treat 

hem without provoking changes in the physic-chemical and me- 

hanical properties of the film [15] . 

Some authors explored the amount of water extractable ma- 

erial that is present on acrylic paints in order to determine 

heir water-sensitivity during cleaning. For instance, Learner et al. 

16] determined that after immersing the acrylic mock-ups for 24 h 

n water, organic pigment containing paints are those that suf- 

er greater weight losses, concluding that may be due to several 

actors such as, the pigment solubility itself, the greater medium 

water soluble) content needed to strengthen the tint the mixture, 

ore amount of pigment dispersants, as well as the particle size. 

Several strategies have been recently developed to tackle the 

leaning of water-sensitive artworks. Water solutions with con- 

rolled pH and conductivity, have not proven to remove the risk of 

hanges in the acrylic film [17 , 18] . Nevertheless, previous studies 

onfirmed that the use of cleaning solutions imbibed in gelled sys- 

ems instead of using the cotton swab is one of the most success- 

ul strategies to achieve highly effective and non-invasive cleaning 

13 , 18-19] . However, given the number of variables that determine 

he behavior of these paints and the influence of the internal struc- 

ure of the material (coalescence degree), it is necessary to study 

nd compare the effects caused by these treatments at both the 

urface and internal levels. 

A wide range of analysis techniques has been applied to as- 

ess the efficacy and side effects of the different cleaning strate- 

ies, mainly to study the surface affections of the films [20] . For in-

tance, ATR-FTIR is usually employed to verify the surfactant pres- 

nce/absence on the paint surface [3 , 8 , 10 , 17 , 21-24] , as well as to

dentify any organic residue of either the cleaning system [13] . 

canning Electron Microscopy (SEM) and Atomic Force Microscopy 

AFM) are usually employed to detect morphological changes on 

he paint surface after cleaning [25–27] . Pyrolysis Gas Chromatog- 

aphy Mass Spectrometry (Py–GC–MS) is used to characterize the 

rganic components by identifying monomer units and thermal 

egradation products of the paint [9 , 28-30] . Other methods, such 

s High Performance Liquid Chromatography/Mass spectrometry 

HPLC/ MS) or Electrospray Ionisation Mass Spectrometry (ESI–MS) 

ave also been used to identify water extractable materials and 

nilateral Nuclear Magnetic Resonance (NMR) to monitor the rate 

f water penetration into acrylic paint films during cleaning [31] . 
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hermogravimetric techniques, on the other hand, have been used 

ess frequently to assess the cleaning treatment. In the studies in 

hich this technique has been used, the results served to identify 

he loss of weight of the volatile and soluble components [16] . 

esearch aim 

The aim of this work is to extend our initial study on the use of

VA-based cryogels [13] to the surfaces of paints exhibiting differ- 

nt composition dependent aging behaviour, as pointed out in our 

revious work [9] . Titan and Hyplar brand paintings were chosen 

ince they have different com position and showed different aging 

endency. The main objective is to study how the type of binder 

nd the origin of the pigment affect in terms of selecting the clean- 

ng method and if therefore, we can affirm that cryogels with con- 

ned solutions are safe for any acrylic emulsion film, despite its 

rand and formulation. To do that, changes at the surface level and 

nside the paint matrix were analysed, to verify the real side effects 

f the methods under study. For this purpose, same colours (red, 

lue and green) used in our previous work were selected for com- 

arison. The mockups were naturally aged under indoor and dust 

ree conditions for up to three years. 

Moreover, a set of phthalocyanine green samples of both brands 

ere aged under accelerated conditions in order to observe the 

ifferent aging behaviour of each brand by means of ATR-FTIR. 

reen organic colour was selected according to bibliography and 

revious studies which have proven its instability [28] . The acrylic 

aint characterization as well as the assessment of the effect of 

he aqueous cleaning were carried out by means of Py–GC–MS, 

TR-FTIR and TGA. Thermogravimetric analysis provides interest- 

ng results from which novel conclusions can be drawn regarding 

hanges at the internal level of the paint. In this case, not only the 

uantity of volatile and soluble organic compounds were identi- 

ed, but also the formation of a new thermal degradation step of 

he paint was identified after cleaning treatment of some samples. 

he surface of the paint film was also assessed with Atomic Force 

icroscopy (AFM). 

aterials and methods 

ample preparation and aging 

aterials 

Glacial acetic acid (99.8–100.5%), sodium hydroxide ( ≥97.0%), 

mmonium hydroxide solution (33%) and citric acid (99.5%) were 

ll supplied by Sigma Aldrich. Poly(vinyl alcohol) (PVA) (HD 99 + % 

ith Mw 

= 146-186,0 0 0, and HD 89% with Mw 

= 89-124,0 0 0) was

sed for the synthesis of the PVA-based cryogels. Acrylic paint 

ock-ups were prepared using Dark Ultramarine Blue (PB 29), Ph- 

halocyanine Titan Dark Green (PG 7) and Cadmium Red Light 

PR 108) paints from Titan and Ultramarine Blue (PB 29), Phthalo 

reen (PG 7) and Naphthol Red (PR 112) from Hyplar®. 

crylic paint film mock-ups 

Acrylic paints were applied on Mylar® sheets using a paint 

pplicator (Baker Universal Applicator from Neurtek). The average 

hickness of films is 150 μm. Samples were then left to dry in a 

ark and dust-free environment for three years. Tests were carried 

ut after one year and after three years of drying ( Table 1 ). 

ccelerated ageing 

A set of 19 phthalocyanine green mock-ups of both Titan and 

yplar brands were aged under accelerated conditions. The age- 

ng procedure consisted in exposing the reference paint films 

1 × 2 cm) to artificial solar radiation under controlled tempera- 

ure, humidity and irradiance conditions, as reported in a previous 
292
ork [20] . A Solarbox 1500e RH equipment (Neurtek Instruments, 

pain) was used, with a Xenon Lamp, which provided radiation 

ith wavelengths between 300 and 800 nm and a nominal irra- 

iance of 600 W m-2 . The camera was equipped with an indoor 

10 nm UV filter and set to a black panel temperature of 55 °C 

nd 50% humidity. The accelerated ageing was carried out under 

sochronous sampling up to a maximum of 1426 h. 

leaning tests 

A pH5 buffered water solution was prepared using Acetic acid 

nd NaOH according to bibliography [32] . The selected aqueous 

leaning solution was loaded in the Nanorestore Gels ® Peggy that 

ase provided by CSGI. These PVA-based hydrogels are used to 

erform the cleaning treatment under controlled conditions of wa- 

er release. The gels were charged with the pH5 water buffer by 

mmersion for 12 h, as described elsewhere [13] . The hydrogels 

ere applied on the paint surfaces for 30 s. Each application was 

epeated twice, with a 24-hours interval between applications. 

As a comparative reference method, cotton swabs, soaked in the 

ame cleaning solution, were also used in soil removal tests. Cotton 

wabs were gently rolled for 10 s over the paint film, three times. 

nalytical techniques 

nfrared spectroscopy 

The characterization of pristine and soiled acrylic paint films, 

efore and after cleaning tests, was performed with Attenuated To- 

al Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) 

sing a Thermo Nicolet Nexus 870 FTIR spectrometer equipped 

ith a Golden Gate diamond cell. Data were collected with an MCT 

etector with a sampling area of 150 μm2 . The spectra were ob- 

ained from 128 scans with 2 cm−1 of optical resolution over the 

ange of 40 0 0–650 cm−1 . 

yrolysis - gas chromatography - mass spectrometry 

Pyrolysis - gas chromatography - mass spectrometry was car- 

ied out on dried pristine acrylic paints (10–20 μg) using an 

ntegrated system composed of a micro-furnace pyrolyser (5250 

yrolyser, CDS Analytical, United States) and gas chromatograph 

quipped with a mass spectrometer (5975C GC/MSD System with 

riple-Axis Detector, Agilent Technologies, USA) and a ZB-WAX 

30 m x 0.25 mm x 0.25 μm) capillary column. Pyrolysis was per- 

ormed at 600 °C [33–34] . The pyrolyser interface and injector 

ere set at 300 °C. The gas chromatography column temperature 

rogram used is the following: initial temperature 40 °C, hold for 

 min, followed by an increase of 12 °C/min up to 250 °C, hold for

0 min. The helium gas (99,999%) flow was set at 1.7 mL ·min−1 

ith a pressure of 13.7 psi. Mass spectra were recorded under 

lectron impact ionization (EI) at 70 eV energy, in the range from 

0 to 550 m/z , source temperature of 230 °C and quadruple at 

50 °C. Analyzed micro-samples were weighed using a Sartorius 

E2 10−7 g micro-balance (Sartorius Stedim Biotech, Germany). 

tomic force microscope 

Atomic force microscope (AFM) images were acquired using 

 Dimension ICON Scanning Probe Microscope equipped with a 

anoScope V controller (Bruker). Tapping mode was employed us- 

ng an integrated silicon tip/cantilever having a nominal resonance 

requency of 320 kHz and a spring constant value of 42 Nm−1 . 

cans were performed at a scan rate of 1 Hz and a resolution of 

12 lines. Through the reflection of a laser of the cantilever into a 

plit photodiode detector, the oscillation amplitude output voltage 

ifferences were measured from the interaction of the cantilever 

ith the surface of the samples, during the rastering of the probe 
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Table 1 

Identification and description of paint mock-ups. 

ID. Sample Paint brand Pigment 

TI 29 Titan Arts – Acrílico extrafino (Spain) Ultramarine Blue (PB 29) 

TI 108 Titan Arts – Acrílico extrafino (Spain) Cadmium Red (PR 108) 

TI 7 Titan Arts – Acrílico extrafino (Spain) Phthalocyanine green (PG 7) 

HY 29 Hyplar Acrylic Colors® (USA) Ultramarine Blue (PB 29) 

HY 112 Hyplar Acrylic Colors® (USA) Naphthol Red (PR 112) 

HY 7 Hyplar Acrylic Colors® (USA) Phthalo Green (PG 7) 

Fig. 1. Py–GC identification of Hyplar phthalocyanine green paint (a) and Titan phthalocyanine green paint (b). 
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cross the surface of the paint with the aid of a piezoelectric z- 

canner. Images of 10 × 10 μm2 areas were collected in height, 

mplitude and phase mode using NanoScope 8.15 software. Due to 

he soft nature of the samples, the tapping amplitude error images 

ave the most useful information, showing changes in the topog- 

aphy of the samples. 

hermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is an analytical technique 

sed to determine a material’s thermal stability and its fraction of 

olatile components by monitoring the weight change that occurs 

s a sample is heated at a constant rate. This technique can analyse 

aterials that exhibit either mass loss or gain due to decomposi- 

ion, oxidation or loss of volatiles (such as moisture) [35] . 

The thermal behavior of the investigated acrylic paint films was 

tudied by means of thermogravimetry (TGA-DTG), using a SDT 

600 (TA Instruments) apparatus. Sample masses ranging from 5 

o 10 mg were heated from 20 to 500 °C with a heating rate of

0 °C/min under nitrogen atmosphere. 

esults and discussion 

haracterization of acrylic paints 

Acrylic paint binders were characterized by means of Py–

C–MS see Fig. 1 a and b. Results for Titan acrylic samples 

howed the presence of nBA-MMA polymer while for Hyplar paint 

ock-ups EA-MMA co-polymer was detected. Most characteristic 

eaks found in Titan are those related to the monomers methyl 

ethacrylate (MMA) at RT 3.79 ( m/z 39, 41, 69, 100) and n–butyl 

crylate at 6.18 ( m/z 55, 56, 73). Moreover, dimers (nBA-MMA, m/z 

12 at 14.69 rt; nBA-nBA, m/z 127 at rt 16.98), and trimers (nBA- 

BA-MMA, m/z 195 at 21.07 rt ; nBA-nBA-MMA, m/z 195 at 21.48 

t; nBA-MMA-nBA m/z 228 at 23.26 rt and nBA-nBA-nBA m/z 181 

t 24.46 rt ) derived from the pyrolysis products of both monomers 

ere detected [33] . 
293
Hyplar® paint, however, revealed the presence of a different 

opolymer whose main peaks correspond to MMA and ethyl acry- 

ate (EA), which was identified at RT 3.63 min ( m/z 27, 55 and 

6) ( Fig. 1 ). Ethyl methacrylate (EMA) at RT 4.33 min ( m/z 39,

1 and 69) was observed as a pyrolysis product of EA. In addi- 

ion to the peaks of the polymer monomers, the pyrogram of the 

crylic binder is also characterized by the formation of sesquimers, 

immers and trimers at higher RTs: EA-MMA sesquimer, EA-MMA 

imer, EA sesquimer, EA-EA dimer, two isomers of EA-EA-MMA 

rimer and EA-EA-EA trimer [20] . 

Paint additives were also detected in all the samples. As pub- 

ished on previous studies, the presence of non-ionic PEO type sur- 

actant was identified in both brands according to the detection 

f P–tert-octylphenol [9] . This compound is associated to the py- 

olysis products of the alkylaryl poly(ethoxylated) type surfactant 

octylphenyl PEO). 

Methacrylic acid and acrylic acid were also detected in both 

rands, attributed to peaks with m/z 86 and 72 respectively. These 

cids are used in the polymerization process to increase the me- 

hanical stability of the acrylic binder and reduce the surfactant 

ontent [33] . 

Py–GC–MS results are consistent with those obtained by ATR- 

TIR. As shown in figure Fig. 2 , Titan samples show an intense 

bsorption band at 1730 cm−1 (carbonyl stretching). The less in- 

ense peaks at 2982 cm−1 and 2952 cm−1 (CH stretching), and the 

ignals at 1446 cm−1 and 1381 cm−1 (CH bending) are consistent 

ith the presence of an acrylic binder [20] . However, nBA/MMA 

edium shows two peaks at 2960 and 2877 cm−1 and a shoulder 

t 2940 cm−1 . 

In Hyplar samples two peaks characteristic of acrylic resins 

ere identified: a strong and sharp absorption at 1725 cm-1 that 

orresponds to the carbonyl (-C = O) stretching vibration, fol- 

owed by a strong absorption at 1150 cm-1 , which is related to 

he stretching vibration of the ester groups (-C-C( = O)-O-) [26] . The 

bsorption band at 2954 cm-1 followed by a shoulder at 2912 and 

880 cm-1 is attributed to C–H bond stretching vibrations of EA- 

MA [36] . 
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Fig. 2. Pristine Hyplar (a) and pristine Titan (b) paint mock-ups: phthalocyanine green, Ultramarine blue and Naphthol and Cadmium red. ATR-FTIR of pristine acrylic paint 

mock-ups. Identification of co-polymer signals inside boxes and PEO-type surfactant signals marked with arrows in (c) Hyplar (d) and Titan acrylic paints. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Table 2 

Weigh loss percentages in the different ranges of temperature of each 

acrylic paint mock-up before and after (W) swab cleaning. 

0–200 °C 20 0–30 0 °C 300–450 °C Residue 

TI 29 2433 3,46 51,73 42.3 

TI 29 W 1,79 5,24 50,12 42.2 

TI 7 0,58 4012 60,60 30.4 

TI 7 W 1,19 2,87 72,53 22.8 

TI 108 3,11 2,12 41,78 51.5 

TI 108 W 3,45 2,62 43,30 52.3 

HY 29 1,50 1,78 47,44 48.2 

HY29 W 1,12 1,79 45,60 50.4 

HY 7 5,21 2,13 62,64 30 

HY 7 W 2,32 2,07 64,44 31.2 

HY 112 0,94 9,44 63,57 18 

HY112 W 0,42 8,68 56,01 26.5 
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Both acrylic polymers contain two main absorption bands in 

he area of 900–1250 cm-1 that correspond to C–O stretching/C–C 

keletal vibrations. The first is a peak of medium intensity at about 

239 cm-1 and the second one is a stronger and broader peak be- 

ween 1150 cm-1 and 1180 cm-1 . In this latter region the p(EA- 

MA) acrylic resin produces a doublet peak at 1178 and 1162 cm-1 , 

hereas the p(nBA-MMA) acrylic produces a single peak centered 

t 1170 cm-1 , with a shoulder at about 1153 cm-1 [36] . In the blue

amples, the signals at 3690 cm−1 , 3620 cm−1 and 970 cm−1 cor- 

espond to the inorganic ultramarine blue pigment in association 

ith kaolinite [37] , while, in green samples, signals at 1389 cm−1 , 

305 cm−1 , 1211 cm−1 , 1155 cm−1 and 930 cm−1 are characteristic 

f the phthalocyanine dye [34 , 38] . As expected, the characteristic 

R absorptions of Titan Cadmium Red, are not detected in the in- 

estigated spectral range [39] . Furthermore, in the case of Hyplar 

ed samples, the presence of signals at 1554, 1538; 1473–1457 cm-1 

ould be attributed to the organic Naphthol red pigment. 

In the case of Titan paints, the intense absorption bands at 1110 

m−1 (O–C–O stretching), and less intense peaks at 2880 cm−1 (CH 

tretching), 1511 cm−1 (C = C ring stretching), and 1349 cm−1 (CH 

ending) revealed the presence of a nonionic alkylphenol ethoxy- 

ate surfactant (PEO type surfactant) [37] . 

The mass composition of the acrylic films was analyzed using 

hermogravimetric analysis (TGA). As depicted in Fig. 3 , there are 

ainly three main degradation steps bellow 400 °C correspond- 

ng to the degradation of the different materials that conform the 

aint film, which has also been confirmed in other studies [40] . 

ll the samples depict a first minimum slope that bears to the loss 

f water ( < 0.25%). Between 80 and 280 °C, there is slight curve 

hat corresponds to the degradation of the additives present in the 

aint film (around 6%). Above 280 and bellow 400 °C the acrylic 

olymer degrades, and it is at these temperatures where the most 

emarkable differences between the tested samples were observed, 

orresponding both to the binder as well as to other organic mate- 

ials. Thus, inorganic pigment based acrylic samples show a weight 

oss percentage of around 47–58% while organic pigment based 

crylic samples show a weight loss of around 60–80%. These dif- 

erences stand for the distinct degradation temperature of the pig- 

ents, being the temperature for the organic pigments lower than 

or the inorganic ones [41] . Moreover, when comparing samples 

f the same pigment and colour but different brand, iTitan paints 

howed a higher organic material content than Hyplar paints (see 

able 2 ), which may correspond to a greater amount of disper- 

ants in the paint mixture. As expected, cadmium red Titan sam- 

les show the highest inorganic residue percentage, corresponding 

o the pigment itself and other inorganic additives, as well as to 

he lower dispersant content of cadmium based colours [16] . 
294
he effect of the cleaning on paint mock-ups. Chemical evaluation of 

he surface 

According to previous works, cleaning acrylic paints with cryo- 

els is safer than using cotton swab [13] . Those studies showed 

hat, samples treated with cryogels maintain the initial surfactant 

ontent on the surface after cleaning. However, considering all the 

ifferent scenarios that could be faced by a conservator when tack- 

ing this kind of cleaning procedures, the aforementioned clean- 

ng tests have been wider applied in order to check their feasibil- 

ty when dealing with different brands and diverse compositions. 

n this case, samples left to dry for one and three years were al- 

ernatively tested. Furthermore, the paint surfaces were also anal- 

sed 1 week after applying the treatment in order to observe the 

id-short term potential effects of the cleaning treatment after full 

vaporation of the aqueous cleaning solution. 

Therefore, the same cleaning methodology used in previous 

tudies was applied for comparison [13] . A pH 5 aqueous buffer 

as prepared and charged into the cryogels as described else- 

here. The same application protocol was strictly followed in all 

ases in order to obtain comparable results. To this aim, cryogels 

ere applied and peeled off from the surface after 30 secs. Swabs, 

sed as comparative reference cleaning method, were soaked on 

he same cleaning solutions as the cryogels and gently rolled three 

imes, for 10 s each. 

ATR-FTIR was the technique of choice to follow up on the pres- 

nce or absence of absorption bands corresponding to the various 

aterials present in the paint layer before and after applying the 

leaning treatment. The ATR-FTIR spectra shown in Fig. 2 could be 

onsidered as representative of the whole surface since the small 
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Fig. 3. TGA-DTG of Titan inorganic blue (a) and organic green (b) pristine acrylic paint mock-ups. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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rregularities in the surfactant surface concentrations did not af- 

ect the qualitative evaluation of the results. As shown in Fig. 2 , 

ne year old Titan pristine untreated paint samples present a great 

mount of surfactant on the surfaces and as it can be observed 

n the swab cleaned samples, the bands ascribed to these addi- 

ives: 2880 cm−1 (CH stretching), 1349 cm−1 (CH bending) and at 

110 cm−1 (O–C–O stretching), nearly disappear after the cleaning 

rocedure Fig. 4 . On the contrary, cryogel effect on surfactant re- 

oval is not consistent in all the samples. As it can be observed 

n Fig. 4 , the application of gel cleaning on both inorganic red 

nd inorganic blue Titan samples almost completely remove sur- 

ace surfactants whiles surfactant signals are still detected on Ti- 

an phthalocyanine organic green mock-ups, Further follow up FTIR 

nalysis were performed on the same area of the cleaned surfaces 

ne week after treatment, in order to observe surface behavior in 

he mid-short term after cleaning. Most of the surfaces remained 

naltered one week after cleaning. Red and blue paints, did not 

how any surface change one week after either gel or swab clean- 

ng treatments. However, results of the green mock-up surfaces re- 

ealed the absence of surfactant signal one week after gel cleaning 
295
 Fig. 4 d). Slight differences are observed by ATR-FTIR if comparing 

oth methods. Although proven that gels incorporate less moisture 

han swab cleaning and do not subtract as much surfactant [13] , it 

as observed that on those samples where additives remain on the 

urface after treatment, they disappear within the following days 

 Fig. 4 d), which can be due to the resorption into the bulk of the

lm or their complete evaporation. 

One year old Hyplar pains show less or none surfactant content 

n the film surface. This also demonstrates that paintś chemistry 

epends on the initial formulation. Therefore, since it was not pos- 

ible to check the effect of cleaning on surfactant removal, Hyplar 

ock-ups were naturally aged for a longer period and tested af- 

er three years, under the same conditions. As shown in Fig. 5 a, 

 years old Hyplar samples did show the presence of surfactants 

n the surface. In this case, both swab and cryogel cleaning re- 

ulted in instantaneous removal of surfactants, regardless of the 

olour. However, ATR-FTIR analysis of the treated area one week 

fter cleaning, revealed the renewed presence of surfactant on the 

urface of Hyplar red and green mock-ups, unlike in blue colour. 

herefore, we could consider that organic colour paints in either 
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Fig. 4. ATR-FTIR of Titan blue (a) Titan red (b) and Titan phthalocyanine green acrylic paint mock-up surfaces (c). Comparison between pristine (dark blue in (a), red in (b) 

and green line in (c) respectively), cryogel cleaning (light blue line), and swab cleaning (grey line) methods. (d) Surfactant detection on pristine Titan green sample (green 

line) after cleaning with cryogel (light blue line) and one week after treatment (dark blue line). (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

Fig. 5. (a) ATR-FTIR identification of migration and disappearance of surfactant bands on the surface of Hyplar red acrylic paint after 1 year of natural aging (red line); after 

3 years of natural aging (orange line); after swab cleaning on the 3 years old mock-up (light pink): 1 week after swab cleaning on the 3 years old mock-up (deep pink). (b) 

Red pigment traces on the cotton swab after treatment. (c) Green pigment traces on the cotton swab after treatment. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. ATR-FTIR of artificially aged Titan (a) and Hyplar (b) phthalocyanine green acrylic paint mock-ups. From lighter green to darker green 24 h, 192 h, 360 h and 456 h 

aged samples. Identification of surfactant signals that appear progressively while aging. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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f the two studied brands undergo higher additive movements 

migration and resorption) as a result of aqueous cleaning proce- 

ures. The movement of these additives can be ascribed to a higher 

mount of soluble materials, particle size and dispersant content 

hat is needed to formulate organic pigment colours [16] . 

On the other hand, Hyplar paints showed and overall higher 

ensitivity to colour removal despite of the colour, with special- 

ffects on green and red samples. As shown in Fig. 5 b and c, pig-

ent traces were detected in swab cleaning, under the same test- 

ng conditions as those used for the Titan mock-ups, showing that 

his brand is less stable against the aqueous cleaning treatment, in 

erms of pigment extraction. 

Finally, mock-ups of organic phthalocyanine green colour of 

oth brands were aged under artificial accelerated conditions in 

rder to observe changes on the surface composition. The selec- 

ion was made based on previous results that revealed that this 

rganic pigment was the most unstable. Therefore, two sets of 19 

hthalocyanine green mock-ups of both brands were prepared and 

rtificially aged in a Solarbox as described elsewhere [20] . Results 

emonstrated that surfactant migration on Titan paints is faster 

han on Hyplar paints ( Fig. 6 ), which is consistent with the results

bserved after natural aging. Thus, while on Titan mock-ups the 

rst surfactant signals are detected between the first 24 and 48 h 

equivalent to around 1 year of natural aging), on Hyplar paints, 

EO signals are not detectable until past 360 h of accelerated ag- 

ng (equivalent to around 7 years of natural aging) [9] . Taking into 

ccount that samples were subjected to identical aging conditions, 
297
he faster migration of additives may be caused by other factors 

uch the length of the surfactant chain or the polymer binder com- 

osition [7] . Along with this, TGA revealed that Titan mock-ups 

ave more organic material than Hyplar, which may correspond to 

 greater amount of dispersants that might migrate faster to the 

urface during aging. 

he effect of aqueous cleaning. Identification of binder changes 

ccording to the thermal stability 

Thermogravimetric Analysis were also run in order to under- 

tand in a more thorough way the composition of the acrylic paint 

nd the changes that they may undergo after aqueous cleaning, 

egardless of the application method. To do that, both pristine 

nd swab cleaned samples were tested for comparison. All TGA- 

TG curves show a similar shape with the main slope starting at 

00 °C, which corresponds to the onset degradation temperature 

f the acrylic binder. Moreover, there is always an increase in the 

ntensity of the TGA peak in the range of 300–450 °C, that helps 

dentifying the binder. 

DTG-TGA offered a tool to monitor the presence/absence of the 

ater soluble components of the paint in the range of 0–200 °C 

 Fig. 7 ) before and after cleaning. In the specific case of the or-

anic green pigment samples, the DTG curve depicts a remarkable 

ouble slope that correspond to the presence of the thermally de- 

raded pigment and binder. As shown on Fig. 8 , while no double 
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Fig. 7. TGA-DTG curves of Hyplar green acrylic paints before (a) and after (b) swab cleaning. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 8. TGA-DTG curves of Titan blue acrylic paint mock-ups. Formation of a new peak at around 230–260 °C in pristine sample (a) and after swab cleaning (b). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 3 

Maximum degradation temperature (Tmax) of the acrylic co-polymers before and 

after swab cleaning. 

TI_29 TI_7 TI_108 HY_29 HY_7 HY_112 

Tmax pristine 376.43 380.71 383.71 379.80 389.77 359.68 

Tmax water 371.1 372.21 376.5 375.1 380 360.70 
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lope in the 300–450 °C range can be observed for inorganic sam- 

les. 

Samples cleaned with cotton swab were tested, to assess the 

ffect of water on the thermal stability of the paint binder. In pris- 

ine samples the curve at 300–450 °C is sharp and high, while in 

wab cleaned samples, there is a notorious decrease in height and 

n increase in width. This is explained by the degradation of the 

olymer chain and the scission of PAA monomers. This is also ac- 

ompanied by a decrease in the maximum degradation tempera- 

ure (Tmax) of the co-polymer. This figure indicates the highest 

emperature at which the material completely degrades, thus in- 

erpreting that materials with lower Tmax are thermally less sta- 

le. As shown in table 3 , the Tmax of Titan binder decreases more

han the Tmax of Hyplar binder, leading to think that the bulk 

inder in this case is more prone to suffer chain-scission after wa- 

er treatment, which in turn decreases the thermal stability of the 

aint. These results are consistent with the study of L. Ortiz et al. 

9] , where p(nBA/MMA) acrylic paints showed greater binder chain 

cission after artificial aging. 
298
Termogravimetric analysis also depicts the formation of a new 

GA curve at around 240–260 °C, after cleaning TI_29 and HY_112 

aint samples ( Fig. 8 ). The curve is more pronounced after swab 

leaning on both colours and therefore does not correspond to the 

ature of the pigments and neither to the paint brand. Therefore, 

he main factor may correspond to the formation of new com- 

onents coming from chain-scissions, thus interpreting that these 

aints are more prone to degrade in the presence of water. Or- 

anic green paints of the two brands show no significant changes 

n its TGA-DTG curve after swab cleaning, concluding that despite 

eing the samples with greater additive movement, they prove to 

e more stable in terms of binder composition. 

In this sense, TGA analysis reaffirms he fact that the side- 

ffects of applying water based cleaning treatments on acrylic 

aint films should be integrally assessed (bulk and surface), since 

hose colours that show biggest chemical surface changes (Titan 

crylic mock-ups) do not coincide with those that suffer the most 

oticeable bulk binder alterations (TI_29 and HY_112). 

he effect of aqueous cleaning on surface roughness 

Previous studies [13 , 42] concluded that swab cleaning causes 

igger changes to the morphology of the paint surface, in com- 

arison to gel cleaning systems. Therefore, AFM was used to eval- 

ate the roughness changes in both Titan and Hyplar pristine sam- 

les before and after swab and cryogel cleaning on one year old 

aturally aged samples. Images show remarkable morphological 
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Fig. 9. AFM amplitude images of Titan blue (TI_29) pristine and swab cleaned (a-b); Titan red (TI_108) pristine and swab cleaned (c,d); Hyplar blue (HY_29) pristine and 

swab cleaned (e-f); Hyplar red (HY_108) pristine and swab cleaned (g-h). (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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ifferences of the surface of the samples ( Fig. 9 ). Regardless of 

he brand, pristine samples of same pigment color show simi- 

ar appearance. All the results confirmed the extraction of com- 

onents from the paint surface, formation of pinholes and rough- 

ess changes after application of both cleaning methods. The ma- 
299
erials removed from the surface of each sample may differ from 

urfactants to pigments ( Fig. 5 ). The root mean square roughness 

Rq) value obtained as a calculation of the deviation of the rough- 

ess profile, represents the average roughness of the sample. Those 

alues were obtained using the Nanoscope Analysis Software. The 
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Table 4 

Profile rounghness (Rq) of the unsoiled acrylic paint mock-ups before cleaning 

treatment (Rq pristine), after cleaning with the cryogel (Rq gel) and after swab 

cleaning treatment (Rq swab). 

TI_29 TI_7 TI_108 HY_29 HY_7 HY_112 

Rq pristine (nm) 107 104 109 278 63.2 134 

Rq gel (nm) 224 117 129 274 87.2 252 

Rq Swab (nm) 229 146 407 273 103 192 
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R

q of the Titan mock-ups increased in the three colors after swab 

olling (ie. Rq of Titan blue, cleaned sample = 229 nm; Rq of Titan

lue, pristine sample = 107 nm), which can be interpreted as the 

emoval of materials from the surface after treatment. The biggest 

hanges are detected on red Titan surface and the smallest changes 

ere detected on green samples. In general terms, slighter changes 

ere observed on Hyplar brand samples (see Table 4 ). 

These results are consistent with the surfactant removal from 

he one year old Titan paint samples identified by means of ATR- 

TIR, presumably due to the higher amount of organic soluble ma- 

erial content present on the surface of the most altered mock- 

ps. In general terms, inorganic pigment paint colors suffer greater 

oughness changes than organic ones, which can be influenced by 

he bigger particle size. 

onclusions 

In this work the analysis by ATR-FTIR, Py-GC-MS nad TGA- 

TG of six commercial paints from two different acrylic commer- 

ial brands proved that the existence of differences regarding the 

opolymers used as binders resulted in a different behavior of the 

urfactants present within the films. Titan paints contain a poly n–

utyl acrylate/methyl methacrylate copolymer while Hyplar paints 

re composed of ethyl acrylate/methyl methacrylate. 

This way, Titan samples show an early migration of surfactants 

o the surface (in less than one year) but, this phenomenon is not 

bserved on Hyplar samples until the third year of natural aging. 

ccelerated aged samples showed a progressive and unequal mi- 

ration of surfactants but also depicted the earlier migration of ad- 

itives in Titan samples. 

On the other hand, when it comes to cleaning methods both 

rands in all tested colors showed similar sensitivity to swab 

leaning in terms of surfactant removal.. Overall, the use of cryo- 

els for cleaning proved to be more respectful than swab cleaning. 

evertheless, some surfacant removal was still observed on Hyplar 

amples. iand on the inorganic colors (blue and red) of the Titan 

aints. On the contrary, the organic (green) acrylic paints seemed 

o be more resistant. 

In general terms, the organic colour paints of both brands seem 

o undergo higher degree of additive migration to the surface and 

esorption into the bulk of the film, during and after application of 

he cleaning treatment. 

With respect to pigment removal, Titan paints showed an over- 

ll higher stability, while Hyplar organic red and green samples left 

races of color on the cotton after swab cleaning. AFM confirmed 

hat in all the cases swab causes bigger changes in the roughness 

f the paint surface than cryogel, mainly due to the mechanical 

ction. Rq results also revealed higher roughness changes on inor- 

anic colors, presumably due to the pigment particle size. 

Therefore, we can conclude that it is no possible to define a 

ommon cleaning system for all the acrylic brands and pigments. 

n general terms, cryogels show more respectful cleaning results 

ompared to cotton swab. However, Hyplar organic colours for in- 

tance have demonstrated a considerable sensitivity towards colour 

emoval while Titan inorganic colours showed higher sensitivity to 
300
urfactant removal. These aspects should need further research in 

rder to find a more suitable cleaning system for these cases. 

Finally, TGA-DTG provided the most remarkable results forthis 

tudy. The results depict the formation of a pronounce peak at 

30–260 °C after swab cleaning onTitan blue and Hyplar red acrylic 

aints, which may correspond to the degradation or chain-scission 

f the polymer used as binder. This suggests that these two col- 

rs are those that suffer the biggest bulk changes. Moreover, ther- 

ogravimetric analysis confirmed major decreases of the degrada- 

ion temperature of the Titan acrylic paint binder after the applica- 

ion of a water based cleaning treatment, which may correspond to 

he chain scission of the monomers. Thus, paints that suffer bigger 

hanges on their surface after treatment, are not necessarily those 

hat have undergone major changes on the bulk of the paint film. 

eading us to conclude that in some cases, such as Hyplar blue 

nd titan red acrylic paint films, the stability of the paint surfaces 

oes not always guarantee an innocuous effects of water based or 

el cleaning systems, since bulk changes can lead to diminish the 

hermal stability of the paint film. Therefore, although preliminary 

nalysis leads us to think that the gel method causes less change 

n the paint binder, further analysis would be needed to confirm 

his hypothesis by means of TGA-DSC. 
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