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a b s t r a c t 

The mechanism, the effectiveness, and the potential damage during limewash removal from wall painting 

models were evaluated for agar gels and water-based pads constituted by Arbocel TM BWW 40 cellulosic 

fibre. Cleaning materials in different formulations were compared: pure and with additives (ethylene- 

diaminetetraacetic acid, EDTA, and ammonium citrate tribasic, TAC) in different percentages (2% and 

3%). The cleaning action was evaluated on laboratory model samples, prepared with hematite a fresco 

and an egg-based tempera with limewash overlayers. Calcium and iron extracted by cleaning materials 

were quantified by inductively coupled plasma-mass spectrometry (ICP-MS). The potential damage to 

the hematite painting layers was also studied by electron paramagnetic resonance (EPR) spectroscopy. A 

visual observation of the limewash detachment induced by the overall cleaning was also performed. Re- 

sults suggest that limewash removal mainly occurs by aqueous solution release from the cleaning system, 

with subsequent layer wetting, probable layer swelling, weakening and complete or partial detachment. 

A stronger limewash adhesion on the hydrophilic fresco surface than on tempera, was observed. None of 

the used cleaning materials resulted harmful to the integrity of the hematite layer underneath the lime- 

wash. A small damage in terms of extracted iron was detected in the cleaning systems after direct contact 

with fresco and tempera hematite layers; a “protective” effect by the tempera layer was observed for the 

pigment, due to the organic binder and triggered by the hydrophobic content of the egg-based medium. 

Cleaning materials with additives are more harmful than pure materials, with a greater coordinating 

ability for EDTA than for TAC, which increases with chelator percentage. Data suggest a more efficient 

backward transportation of aqueous solutions containing calcium and iron ions towards gels with respect 

to cellulose, due to their smallest pore size. All these results lead to operative suggestions: for fresco 

painting layers, pure gel allows both a good limewash removal and a lack of damage on the hematite 

layers. Instead, for tempera layers a good limewash removal and a negligible damage on the pigment was 

shown by gel, both pure and additivated with TAC, and pure cellulose. Therefore, the present study allows 

to identify proper characterization methods for evaluating effectiveness and damage in limewash removal 

and to give useful suggestions for the planning of repeated cleaning operations on a real polychrome 

object. 

© 2021 Elsevier Masson SAS. All rights reserved. 
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. Introduction 

Cleaning an artwork surface requires highly effective method- 

logies, which are respectful of the artefact itself and its con- 

tituent materials [1–3] . The cleaning of mural paintings is a good 
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are directly in contact with the cleaning pads. 
xample of how particularly delicate this process is, as they gen- 

rally consist of a complex inorganic/organic matrix requiring the 

leaning plan to be tailored to the specific conservation issues. The 

emoval of soil, deposits and inorganic salts, having different wa- 

er solubilities and often mixed with organic residues, is a typi- 

al example of such procedures [4] . Another example is the re- 

oval of layers applied on purpose during past works, such as lime 

hitewash or tempera overpaints, that can even reach thickness in 

he mm range. In these cases, the cleaning procedure very often 

stablishes to firstly reduce the layer total thickness by mechan- 

cal methods (blades, sponges, brushes), usually after weakening 

f the layer cohesion with some chemicals to minimize the me- 

hanical impact over the substrate. Then the cleaning is completed 

y applying a chemical pad directly onto the cleared painted sur- 

ace. During these operations, the selectivity is of the utmost im- 

ortance, to ensure that the chosen chemicals are effective at re- 

oving the applied layer without damaging the underlying painted 

nes. Selectivity requirements are usually very high because the 

hitewash or the overpaints are often similar in composition to 

he painted layer (e.g., calcite, casein or other organic binders, 

ypsum, pigments, calcium oxalate or other decay by-products). 

 difficult issue is represented by painted substrate covered by a 

hitewash layer; for instance, this implies calcium and iron in the 

ame stratigraphy, few hundreds μm or less distant, and in a semi- 

orous system permeable to the used solutions. Both effectiveness 

nd damage issues may be well assessed making use of model 

amples designed on purpose, since real samples are not enough 

omogeneous for such studies. Moreover, the Model Samples ap- 

roach is planned to represent an overall conservation issue, thus 

t has already been used to study specific cleaning issues of wall 

aintings [ 3 , 5 ], marble surfaces [6] and stuccoworks [7] . 

The selectivity issue is strongly related to the nature of the 

hemical pad directly applied onto the original surface. Cellulose 

ulp mixed with water and various chemicals is extensively used 

y conservators as liquid reservoir and absorbent pad for both 

tone substrates [8–10] and painted plasters [11] . Pure water or its 

ixture with polar solvents, such as ethanol and acetone, is nor- 

ally used. Non-polar solvents are also used in the practice, with 

he addition of surfactants [11] . However, cellulose pulp pads do 

ot effectively retain the solvents, since their release to the ab- 

orbing substrate is a quite fast kinetic mechanism, with limited 

ontrol on the liquid diffusion [12] . 

To overcome this drawback, conservators are more and more 

aking use of gels, both synthetic and natural, in the attempt to 

mprove cleaning performances. Synthetic gels include networks 

ormed by both a single type of polymer and semi-interpenetrating 

olymers showing optimal mechanical properties and retentive- 

ess [13–16] . On the other hand, natural polysaccharide gels 

re highly effective, versatile, low-cost, and gentle on the art- 

orks [ 6 , 17–20 ]. Among natural polymers, agar gels are currently 

he most used material by Italian restorers for removing soiling 

17] and metal stains from artwork surfaces [ 18 , 21–25 ]. 

Both cellulose and gel pads may be implemented by adding 

helating agents [ 26 , 27 ], which showed outstanding practice im- 

rovements, worth a full investigation. Chelators are already used 

n the conservation of stone materials, thanks to their effective- 

ess in removing newly formed calcium compounds, such as black 

rusts mainly composed of gypsum and calcite, and white calcite 

hin layers or encrustations [3] . Agar gels with ethylenediaminete- 

raacetic acid (EDTA) and ammonium citrate tribasic (TAC) were 

sed for the removal of brochantite stains from the marble base 

f the bronze statue portraying Napoleon by Antonio Canova, lo- 

ated in the Brera Gallery courtyard, Milan (Italy) [28] . On the 

ther hand, the use of EDTA and citrate has been only recently re- 

orted for the removal of layers containing calcium salts on wall 

aintings [3] . 
167 
For what concerns the selective removal of lime whitewash 

hereinafter “limewash”), there is no agreement on which clean- 

ng technique best preserves the coloured underpaintings [29] , nor 

 systematic comparison has been investigated yet between cel- 

ulose pads and gels, evaluating their action mechanism, benefits, 

nd limits. Thus, the present paper will study the cleaning mecha- 

ism of agar gels and cellulose pulp pads and will compare them 

n terms of: 

a) the effectiveness of limewash removal from painting layers 

based on hematite, applied with different techniques ( a fresco 

and an egg-based tempera ). Hematite was chosen because it is a 

very common iron-based pigment in mural paintings; moreover 

iron forms stables complexes with the used chelating agents. A 

fresco and a tempera layers were chosen in order to evaluate 

the protecting action of the different binders with respect to 

the chelating species; 

b) the damage on the hematite painting layers underlying the 

limewash (first step of limewash removal); 

c) the potential damage on hematite painting layers when they 

are directly contacted with the cleaning pads (second step of 

improving limewash removal). 

These objectives were achieved by comparing the cleaning ac- 

ion of different formulations of agar gels and cellulose pulp, both 

ure and with additives (EDTA and TAC) in different percentages 

2% and 3%). Cleaning was performed on laboratory model samples 

nder well-controlled and reproducible conditions. 

For the evaluation of limewash removal, different techniques 

ere used: colorimetric measurements fail, since the mean colour 

ifference in painting layers is not high enough; on the other hand, 

yperspectral imaging techniques gave different results according 

o the used analysis methods [29] . In the present paper, both the 

ffectiveness of limewash removal and the potential damage to 

ematite painting layers were evaluated in cleaning materials as 

xtracted calcium and iron, respectively. Metal concentration was 

uantified by inductively coupled plasma-mass spectrometry (ICP- 

S). This analytical method allows to obtain quantitative data, use- 

ul to compare some aspects of the effectiveness and the damage 

ssues; it was successfully used for the systematic comparison of 

ifferent agar gel formulations in the removal of brochantite stains 

rom marble surfaces [ 6 , 28 ]. A visual observation of the limewash

etachment induced by the overall cleaning was also performed, 

hich is the usual type of empirical evaluation made by conserva- 

ors, in the attempt to link the scientific analytical approach to the 

ractical one. The potential damage to the hematite painting lay- 

rs was also evaluated by electron paramagnetic resonance (EPR) 

pectroscopy. 

. Research aims 

The present paper deals with the cleaning of mural paintings, 

specially with the removal of layers applied on purpose during 

ast works, such as limewash. In these issues, the selectivity is of 

he utmost importance, to ensure that the chosen chemicals are ef- 

ective at removing the applied layer without damaging the under- 

ying painted ones. Thus, the present paper will study the cleaning 

echanism of agar gels and cellulose pulp pads, comparing: 

a) the effectiveness of limewash removal from painting layers 

based on hematite, applied with different techniques ( a fresco 

and a tempera ); 

b) the damage on the hematite painting layers underlying the 

limewash; 

c) the potential damage on hematite painting layers when they 
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These objectives were achieved by comparing the cleaning ac- 

ion of different formulations of agar gels and cellulose pulp on 

aboratory model samples under well-controlled and reproducible 

onditions. 

. Materials and methods 

.1. Materials 

River sand (granulometry 0.2 mm) and lime putty (CTS, CH) 

ere used to plaster terracotta tiles supports. Hematite (Dolci Col- 

ri srl, Italy), magnesian lime putty (La Banca della Calce s.r.l., 

taly), whole milk and ammonium oxalate (Bresciani srl., Italy) 

ere used for limewash preparation. AgarArt powder, Arbocel TM 

WW 40 powdered cellulose, EDTA tetrasodium and triammonium 

itrate (CTS, CH) were used for surface cleaning. HNO 3 (70%, Carlo 

rba, Italy) and H 2 SO 4 (95-98 %, Sigma Aldrich, Italy), both for 

nalysis grade, were used for cleaning material dissolution. Com- 

ercial 10 0 0 mg/L standards from Fluka (TraceCERT) for iron and 

rom Merck (CertiPUR) for calcium were used for ICP-MS calibra- 

ion. Ultrapure water, produced by a Sartorius Arium Mini System, 

as used when necessary. 

.2. Model sample preparation 

Three types of model samples, fresco, tempera and limewash, 

ere prepared as follows: eight terracotta tiles (8 × 10 cm) were 

oated with 1 cm thick lime plaster (lime putty/quartz sand 1:3 

/w). All of them were fully painted with hematite, but four of 

hese were painted a fresco ( Fig. 1 a) and the remaining four were

ainted a tempera ( Fig. 1 b). Eventually, limewash was applied over 

he half of the hematite painted surfaces ( Fig. 1 c and 1 d). 

.2.1. Model samples with hematite 

As regards the red painted surfaces, hematite was milled, 

ashed 3 times in ultrapure water, decanted and mixed with the 

edia as follows. For fresco model samples, hematite was dis- 

ersed in ultrapure water, then was applied on the intonachino 

ith three parallel brushstrokes in order to get the most homoge- 

eous layer possible. For tempera model samples, egg-based binder 

as prepared accordingly to the medieval tradition reported in the 

iterature [30] . Then, the pigment was added (1/1 v/v). Once ready, 

empera model samples were aged for 60 days at 26 °C and R.H. 64 

, then for 20 days at 40 °C and 64 % R.H. Painting film thickness

esulted 150 ± 30 μm for both fresco and tempera , as estimated by 

EM images ( section 3.3 ). 
ig. 1.. Fresco (a) and tempera (b) hematite layers, with limewash (c and d, respec- 

ively). Total size of each tile 8 × 10 cm. 

T

1

168 
.2.2. Limewash on model samples 

Limewash was prepared as follows: magnesian lime putty (40% 

/w), whole milk (10% w/w), and ammonium oxalate (3% w/w) 

ere dispersed in ultrapure water. The oxalate salt and the milk 

ere added to induce the presence of calcium oxalate in the fi- 

al layer and to reproduce a common real limewash, where very 

ften calcium oxalates are formed due to the degradative oxida- 

ion of organic additives and treatments or to the metabolic activ- 

ty of microorganisms [31] . The mixture was allowed to set for 5 

ays, during which regular stirring assured a uniform dispersion. 

hen, limewash was applied by means of an airbrush perpendicu- 

arly used over the models laying horizontally and at a constant 

istance (around 80-90 cm). Limewash was sprayed twice for 7 

econds at a working pressure of 4 bars, with a 20-min interval 

etween the two sprayings. At the end of the application, lime- 

ash looked flat, uniform and sound. Model samples were kept in 

ir (temperature = 7-12 °C; R.H. = 55-80%) for 6 months, allowing 

hem to reach complete carbonation. 

Limewash thickness resulted to be 208 ± 50 μm, as estimated 

y SEM images ( section 3.3 ). 

.3. Model sample characterization 

The photographic images were performed using a Canon EOS 

300D DSLR with 18-55mm lens, 18-megapixel APS-C size sensor 

nd the DIGIC 4 + image processor. 

Scanning electron microscopy (SEM) images allowed to estimate 

he layer thickness as the average of 20 observations. Cross-section 

mages were taken from the central area of the model samples on 

 JEOL 5910LV microscope (IXRF Systems). Images were acquired in 

ackscattered mode, using a beam current of 1–3 × 10 –7 A. 

Infrared spectra were recorded using a Jasco 4100 Fourier 

ransform Infrared spectrophotometer, in attenuated total re- 

ectance mode (FTIR-ATR, spectral range 40 0 0 and 600 cm 

−1 , reso- 

ution 4 cm 

−1 ). Powders were collected by means of a scalpel from 

he centre of the models, in an area not interested by the cleaning 

rials. 

X-ray Diffractions (XRD) were carried out on powdered sam- 

les collected as for FTIR-ATR and placed on silicon wafer (zero 

ackground). Diffractograms were recorded in the range 3 ° - 75 °
 ϑ on a Panalytical X’Pert PRO with geometry goniometer ϑ- ϑ, with 

canning velocity 0,21 °/sec, using a Cu K α radiation, a PW 3040/60 

enerator with condition 40 KV (tube) and 40 mA (current of fil- 

ment), with a solid state multi-detector X’Celerator PW3015/20 

ith a Ni filter. Analyses were carried out with 1 and ½ slits re- 

erring to Anti-scatter slit and divergence slit and Mask n ° 15. 

.4. Cleaning materials preparation and cleaning procedure 

Cleaning materials were identified with codes reported in 

able 1 . 

Agar gels were prepared dissolving 3 g of agar raw powder in 

00 ml of ultrapure water (Agar 3%). Gels were prepared both pure 
Table 1 

Cleaning materials in different formula- 

tions with related codes and pH values. 

Cleaning materials Codes pH 

Gel G 6 

Gel-EDTA 2 % GE2 12 

Gel-EDTA 3% GE3 11 

Gel-TAC 2 % GT2 7 

Gel-TAC 3 % GT3 7 

Cellulose C 7 

Cellulose-EDTA 3 % CE3 12 

Cellulose-TAC 3 % CT3 7 
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Fig. 2.. Pure agar gel on fresco (a) and pure cellulose pad on tempera (b). 
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Fig. 3.. FTIR-ATR spectra of (a) hematite with peaks of kaolinite (k), (b) tempera 

with peaks of calcite (CA) and of proteinaceous materials present in egg yolk (EY) 

and (c) fresco with peaks of calcite (CA). 
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G) and with additives (EDTA and TAC). In the latter case, additives 

ere mixed at 2% w/w (GE2 and GT2, respectively) and 3% w/w 

GE3 and GT3, respectively), with respect to the agar aqueous so- 

ution. 

Hence the mixes were heated to 95 °C, then cooled to room 

emperature. This procedure was repeated twice to get transpar- 

nt gels. The warm solutions (around 50 °C) were poured in Petri 

apsule (Ø = 115 mm) up to 0.5 cm thickness. Once cooled, pads 

ized 2.5 × 2.5 × 0.5 cm were cut to fit the area of the model 

ample to be treated. 

Cellulose pads were prepared with cellulose powder Arbocel TM 

WW40, which exhibits the highest specific surface area among 

imilar products on the market, due to its limited fibres length 

200 μm). Ultrapure water was added to achieve a cellulose:water 

.25 w/w ratio. Cellulose pads were prepared both pure (C) 

nd with additives (EDTA or TAC, 3% w/w; CE3 and CT3, re- 

pectively), in rigid plastic frames sized exactly as the cut gels 

2.5 × 2.5 × 0.5cm). The pads were prepared by filling the frames 

ith a spatula; the quantity of cellulose pulp contained in each 

rame was measured (3.75 g ± 7 %). 

Both gels and cellulose pulps were applied directly on model 

urfaces. All cleaning systems were applied horizontally ( Fig. 2 ) 

nd they were kept in contact with model samples for 60 min, 

hen they were removed. Small residues of detached limewash 

ere mechanically removed with a scalpel. Care was taken in or- 

er to carry out removal operations in a reproducible manner and 

o avoid visible damage to the underneath red layers. 

.5. Characterization of the cleaning materials 

The pH values of cleaning materials (gels and cellulose pulp) 

ere measured by paper pH indicators contacted with the surfaces 

 Table 1 ). 

Ca and Fe concentrations in the cleaning materials were deter- 

ined by ICP-MS. The metal solutions for analysis were prepared 

s follows. After contact with model samples, cleaning materials 

2.5 × 2.5 × 0.5 cm) were removed, weighed, dissolved in a sul- 

onitric (HNO 3 : H 2 SO 4 = 1:3) solution, then diluted with ultrapure 

ater. Mixed iron-calcium standard solutions were prepared and 

iluted with ultrapure water. All the samples and standard solu- 

ions were added with ultrapure nitric acid to a final concentra- 

ion of 2% w/w. Nitric acid was produced by sub-boiling distillation 

ith a DuoPUR-Milestone equipment [32] . 

Ca and Fe concentrations were determined by ICP-MS (Thermo 

lemental iCAPQ) using the kinetic energy discrimination configu- 

ation to allow iron determination. External calibration was used 

or quantification using the 43 Ca and 

56 Fe isotopes. Procedural 

lanks and control standards were also analysed during each anal- 

sis batch. Data were normalized according to each sample weight. 

ypical relative percentage standard deviations (RSD%) of the ana- 

yte concentrations were 2%. 
169 
Fe(III) was selectively characterized by EPR in cleaning mate- 

ials (agar gels and cellulose pulps) after application onto model 

amples. An aliquot of each cleaning material was inserted into 

 quartz tube (3 mm internal diameter) and pushed towards its 

ottom by a Teflon rod. EPR spectra were recorded at 123 K 

ith a Bruker EMX spectrometer working at the X-band frequency, 

quipped with a variable temperature BVT 20 0 0 unit, using a mi- 

rowave power of 5 mW, a modulation amplitude of 5.0 G, and a 

odulation frequency of 100.0 kHz. The g values were determined 

y standardization with α, α′ -diphenyl- β-picryl hydrazyl (DPPH) 

adical. Since it was not possible to compact materials at the bot- 

om of the EPR tubes, any quantitative comparison among different 

amples was avoided. 

. Results and discussion 

All model samples as prepared were characterized by FTIR-ATR 

nd XRD, to verify whether the selected materials and the prepa- 

ation procedure worked properly to mirror a real limewash. Then, 

ts removal effectiveness was estimated by quantifying the calcium 

ontent in cleaning materials (ICP-MS analyses) after a controlled 

0 min contact with the model samples and by visually inspecting 

odel samples (photographic images). Furthermore, the potential 

amage to the hematite painting layers, both a fresco and a tem- 

era , was studied through the assessment of the iron content and 

f the hosted iron centres coordination by ICP-MS and EPR spec- 

roscopy, respectively. 

.1. Characterization of model samples as prepared 

.1.1. Model samples with hematite 

The FTIR-ATR spectrum of the red pigment ( Fig. 3 a) reported 

he peaks corresponding to kaolinite, Al 2 O 3 •2SiO 2 •2H 2 O (outer 

nd inner hydroxyl ions stretching at 3688, 3650 and 3612 cm 

−1 ; 

i–O stretching bands at 1114, 1025 and 1002 cm 

−1 ; O–H defor- 

ation at 909 cm 

−1 ), present as a natural component [33] . Both 

odel samples tempera ( Fig. 3 b) and fresco ( Fig. 3 c) show the

eaks of calcium carbonate, in the mineralogic form of calcite, due 

o the support (C–O asymmetric stretching band at 1432 cm 

−1 , 

ut-of-plane bending vibration at 873 cm 

−1 and in-plane bending 

ignal at 712 cm 

−1 ), which are more intense in fresco than in tem- 

era , as expected since carbonate is the binder in fresco [ 34 , 35 ]. As

egards tempera sample ( Fig. 3 b), the characteristic peaks of pro- 

einaceous materials of the egg yolk are observable as well, in par- 

icular the shoulder assigned to the stretching of the NH amide 
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Fig. 4.. Calcium content per surface area, determined in the cleaning materials by ICP-MS after 60 min contact with limewash model samples. 
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roup (3281 cm 

−1 ), the stretching of the CH 2 group (2927 and 

851 cm 

−1 ), the peak of the ester carbonyl of triglycerides (1741 

m 

−1 ), a doublet attributable to both the carbonyl and the NH 

ending of the protein amide group (1643 and 1634 cm 

−1 ) [36] . 

.1.2. Model samples with limewash 

The FTIR-ATR peaks of calcium carbonate, in the mineralogic 

orm of calcite (1432, 873 and 712 cm 

−1 ) and of calcium oxalate 

C–O stretching vibration at 1640 and 1329 cm 

−1 , O–C–O bend- 

ng vibration at 781 cm 

−1 ) were observed in these samples [37] . 

he presence of calcium oxalate into limewash mixture has already 

een observed in several case studies [31] and it might contribute 

o the overall cohesion of the limewash. The chemical availability 

f calcium with respect to chelation is influenced by the presence 

f this compound, which is characterized by a very low water sol- 

bility compared to the other components. In fact, calcium oxalate 

as a K sp 1.38 × 10 −8 , less than one order of magnitude lower than

hat of calcium carbonate 9.33 × 10 −8 [38] . 

The presence of calcium oxalate as weddellite was confirmed 

y X-ray diffraction (XRD) analysis. 

Thus, the success in replicating a real limewash, which includes 

alcium oxalate, was proven. 

.2. Evaluation of limewash removal effectiveness 

.2.1. ICP-MS analyses of cleaning materials 

The ICP-MS analyses of the calcium content in cleaning ma- 

erials are reported in Fig. 4 . Calcium content removed by clean- 

ng materials without chelating agents is negligible. Moreover, no 

ignificant differences between fresco and tempera model samples 

oated with limewash were observed (data not shown); this result 

uggests that the calcium content is not affected by the type of 

ainting layer under the 208 μm thick limewash. 

The highest calcium removal was obtained with GE3, with a 

alcium concentration of 420 μg / cm 

2 , corresponding to the 2 

 of the calculated calcium concentration in limewash layer vol- 

me (2 × 10 4 μg / cm 

2 ), assumed as formed by calcite only. Be-

ides GE3, only GE2 showed a rather high calcium removal, fol- 

owed by cleaning materials in this order: C > GT2 ∼ GT3 ∼ CE3. 

o calcium removal was detected with G and CT3. These results 

how that cleaning materials remove a higher calcium concentra- 

ion with EDTA than with TAC and by far than pure materials, in 

greement with the calcium complex stability constants (log K f for 

DTA = 10.7 [39] ; for TAC = 3.5 [40] ) and the literature [ 3 , 28 ].
170 
oreover, calcium concentration in gel increases with the percent- 

ge of the additive, being higher with additive at 3 % than at 2 

. 

Additivated gels remove by far more calcium than correspond- 

ng cellulose. This result could be rationalized by considering the 

wo main steps of the metal removal mechanism: 1) release of the 

ater solution containing the chelating agent from the cleaning 

ad to the substrate and dissolution of the salt by chelation; 2) 

ackward transportation of the aqueous solutions containing the 

helated ions from the substrate to the pad. The second step is 

ossibly sustained by diffusion due to the concentration gradient 

28] and to the capillary suction mechanism [12] . Gels and cel- 

ulose pulps have different chemical and three-dimensional struc- 

ures as the agar gel chains are arranged in a double helix through 

ydrogen bonds [41] , while the glucose chains in cellulose pulp are 

rranged in parallel into a single fibre. The single fibres of cellu- 

ose are compacted as a function of the pressure exerted by the 

onservator, when the pad is applied; the inter-fibres cellulose pad 

orosity may depend on this pressure. On the contrary, the micro- 

orosity structure of the gel is due to the gelation mechanisms. 

e can suppose that gels have smaller pores than cellulose pulp 

nd they retain water more strongly [28] , allowing both a slower 

elease to the substrate and a more efficient backward transporta- 

ion by capillary suction [12] . 

In general, pH values are important parameters for metal com- 

lex stabilities. However, in the present case no direct correlation 

as found between calcium removal and the cleaning material pH 

alues ( Table 1 ), probably because they are higher than the thresh- 

ld values required for Ca-complex stability, being pH > 8 for EDTA 

nd > 6 for TAC, as evaluated by the pK a values of the ligands. 

After contact with limewash, no iron was detected in any clean- 

ng material. This result shows that the limewash thickness pro- 

ides an efficient barrier against the action of the tested cleaning 

gents, which are not harmful towards the painting layer underly- 

ng the limewash. 

.2.2. Overall evaluation of limewash removal 

The limewash removal after contact with the cleaning materials 

as evaluated by photographic images ( Fig. 5 ). The edges between 

he treated and the untreated areas appear quite sharp because 

mall residues of detached limewash were mechanically removed 

ith a scalpel, according to a widespread procedure [29] . 

Only a limited number of the cleaning systems showed an over- 

ll good removal effectiveness. Pure gel only was able to detach 
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Fig. 5.. Photographic images of limewash on fresco after contact with G (a); lime- 

wash on tempera after contact with GE2 (b). In both cases, mechanical removal of 

residues was made. The side of the dotted square is 2.5 cm. 
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imewash from fresco, with a modest effectiveness ( Fig. 5 a). In- 

tead, good limewash removal from tempera was obtained with 

, GE2 ( Fig. 5 b), GE3, GT3 and C, with no significant differences

mong these cases. Thus, better results for the overall removal of 

imewash were achieved on tempera than on fresco model samples. 

his result shows that limewash is more adherent on hydrophilic 

resco model samples, even if weakened by the action of clean- 

ng materials. Thus, pure gel can be proposed as a good cleaning 

aterial for the limewash removal both from fresco and tempera 

ayers, in agreement with the limewash removal from other tem- 

era layers based on malachite and cinnabar [29] . Hence, the here- 

eported results can have a general value, even if a different adhe- 

ion of limewash on underlying layers can be present in different 

odel samples and in real cases. It is also interesting to notice that 

hese results are not fully correlated with the extracted calcium 

oncentration, that was significant for pad GE2 and GE3 only. 

Accordingly, data suggest the occurrence of two different and 

ontemporary mechanisms for limewash weakening. They both 

tart with the release of a water solution from the cleaning ma- 

erial to the substrate. Then, they follow two different routes: 

1 calcium coordination and extraction from the substrate, as de- 

tected by ICP-MS [28] ; 

2 wetting, probable layer swelling, weakening and complete or 

partial detachment of limewash. This mechanism is not neces- 

sarily accompanied by calcium extraction from the substrate. 

Data suggest that limewash removal mainly occurs by the latter 

echanism. 
Fig. 6.. Iron content per surface area, determined in the cleaning mate

171 
.3. Evaluation of potential damage to hematite layers 

.3.1. ICP-MS analyses of cleaning materials 

Iron concentrations, evaluated by ICP-MS analysis, were ≤ 1.4 

g/cm 

2 in all cleaning materials, as shown in Fig. 6 and 7 . Such

 value is about the 2 × 10 −3 % of the calculated iron concentra- 

ion in the red layer (6 × 10 4 μg / cm 

2 ), assumed as formed only

y hematite. Thus, only a small iron removal from the hematite 

ainting layer was detected. However, some interesting trends can 

e further highlighted about this removal. 

Iron removal from fresco was observed only by gels with ad- 

itives, with the highest concentration extracted by GE3 (1.4 μg 

 cm 

2 ), followed by GE2 > GT3 > GT2. No iron removal was ob-

erved using pure gel and cellulose, the latter in both formulations 

ure and with additives. Instead, the removal of iron from tem- 

era layers was detected after contact with both gels and cellulose 

ulps, with maximum values after treatment with CE3 (iron con- 

entration 1.1 μg / cm 

2 ), followed by GE3 > GT3 > C ∼ CT3. No

ron removal was observed using pure gel. 

The most efficient iron removal by gels could be due to their 

eculiar chemical and three-dimensional structure, as already out- 

ined for calcium removal [12] . Moreover, gels are more harmful on 

resco model samples, while cellulose pulp pads are more harmful 

n tempera models. Structure differences between gels and pulps 

an lead to a different interaction strength with the underlying lay- 

rs, which deserves to be investigated in future activity. 

It was confirmed that cleaning materials remove a higher iron 

ontent when added with EDTA than with TAC, as previously ob- 

erved also for calcium removal. This is also in agreement with the 

ron complex stability constants (log K f for EDTA = 25.1 [39] ; for 

AC = 11.2 [40] ) and the literature [ 3 , 28 ]. It is important to no-

ice that a negligible damage was observed after contact with pure 

leaning systems on both tempera and fresco layers. 

Iron removed from fresco ( Fig. 6 ) is significantly higher than 

hat removed from tempera ( Fig. 7 ). This result is probably re- 

ated to a minor embedding of iron by the calcium-magnesium 

atrix of fresco compared to the organic matrix in tempera , which 

s more effective in protecting iron against the action of chelating 

gents. The protective effect could be triggered by the hydrophobic 

ontent of the egg based medium (lipidic fraction), which hinders 

he possibility of water to interact with the pigment particles. The 

rotective effect provided by organic binders towards metal ions 

resent in the pigment agrees with the general pigment sensitivity 

o chemical environment and different pollutants [42] . The sensi- 

ivity of pigments embedded in different media (organic and partly 
rials by ICP-MS after 60 min contact with fresco model samples. 
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Fig. 7.. Iron content per surface area, determined in the cleaning materials by ICP-MS after 60 min contact with tempera model samples. 

Fig. 8.. EPR spectra at 123 K of GT3 (a) and GE3 (b) after contact with fresco model 

samples. 
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ydrophobic/inorganic) to chelating agents is here reported for the 

rst time, to the best of our knowledge. 

No direct correlation was found between the pH values of the 

leaning materials ( Table 1 ) and the metal removal, as also re- 

orted for calcium. Such lack of correlation is probably due to the 

uantitative binding of iron by EDTA and TAC at pH higher than 2 

40] . 

.3.2. EPR characterization of cleaning materials 

In order to further evaluate the different iron coordination by 

DTA and TAC, the EPR spectra of gels and cellulose pulps were 

ecorded at 123 K after contact with fresco and tempera model 

amples. 

Since it was not possible to compact cleaning materials at the 

ottom of the EPR tubes, any quantitative comparison between dif- 

erent samples was avoided. For the same reason, spectra of cellu- 

ose pulps showed very low signal to noise ratios and no trend 

ould be observed. 

Gel spectra exhibit negligible EPR signals before contact with all 

odel samples and no change was observed even after contacting 

ith the pure gels. On the contrary, the spectra of gels with addi- 

ives show the presence of Fe(III) signals attributable to two types 

f coordination [43] : 
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i) “isolated” iron centres, coordinated by chelating agents or by 

the cleaning matrix, responsible for the isotropic sharp signal 

at g = 4.3; 

ii) “aggregated” iron centres, attributable to Fe(III) aquo-ions, re- 

sponsible for the isotropic broad signal at g = 2.0. 

The EPR spectra of gels with TAC show a very strong signal 

ssigned to “aggregated” iron centres ( Fig. 8 a), together with a 

maller signal attributed to “isolated” ones. Conversely, only the 

ignals ascribable to “isolated” iron centres were observed for gels 

ith EDTA ( Fig. 8 b). 

These results confirm that gels with additives are more effective 

han pure ones in coordinating iron and that the greater harmful- 

ess of the cleaning materials with EDTA is due to its higher coor- 

inating ability with respect to TAC. 

. Conclusion 

The present paper focusses on the mechanism of gel and cellu- 

ose pulp in wall painting cleaning, comparing their effectiveness 

nd damage effects. Model samples mirroring fresco and tempera 

ematite paints with limewash overlayers were prepared and con- 

acted with agar gels and Arbocel TM BWW 40 cellulosic pulps in 

ifferent formulations. 

Limewash removal mainly occurs by aqueous solution release 

rom the cleaning system, with subsequent layer wetting, proba- 

le layer swelling, weakening and complete or partial detachment, 

s observed by visual inspection. A stronger limewash adhesion on 

he hydrophilic fresco surface than on tempera was observed. Cal- 

ium extraction from the substrate, though in small degree, also 

ccurs. 

The action of all the cleaning materials used on limewash re- 

ulted not harmful to the integrity of the hematite layer under- 

eath. 

A small damage in terms of extracted iron was detected for 

ll the cleaning systems after direct contact with fresco and tem- 

era hematite layers. However, the organic binder of tempera dis- 

layed a greater “protective” effect for the pigment, mainly exerted 

hrough the lipidic component present in the yolk. The sensitivity 

f pigments to chelating agents when bound in different media is 

ere evidenced for the first time. 

Cleaning materials with additives extract metal ions more ef- 

ciently than pure materials, with a greater coordinating ability 
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or EDTA than for TAC, increasing with their percentage. Structure 

ifferences between gels and pulps lead to a different interaction 

trength with the underlying fresco and tempera layers, which de- 

erves to be further investigated in future research. Data suggest a 

ore efficient backward transportation of aqueous solutions con- 

aining metal ions towards gels with respect to cellulose. 

Operatively, for the cleaning of wall paintings with hematite 

nd limewash layers, a good compromise can be pursued between 

ffectiveness and potential damage. For fresco painting layers, pure 

el can be proposed as a good cleaning material, since it allows 

oth a good limewash removal and a lack of iron extraction from 

he painting layers. Cellulose pulp, both pure and additivated, also 

xtracts no iron, but it is not completely effective for limewash re- 

oval. Instead limewash removal and a negligible iron extraction 

ere observed after contact with pure gel, gel additivated with TAC 

nd pure cellulose on tempera layers. 

The investigation methods adopted in this study are of gen- 

ral interest, since they allow to evaluate effectiveness and damage 

henever procedures require layer removal and/or metal-based 

igment cleaning, thus giving useful suggestions for the planning 

f repeated cleaning operations on a real polychrome object. 
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