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Re-usable cross-linked poly(ethyl methacrylate) gels for cleaning purposes 
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A B S T R A C T   

Re-usable cross-linked poly(ethyl methacrylate) (PEMA) chemical gels featuring sustainable characteristics be
sides adjustable flexibility and organic solvent affinity were synthesized and investigated. The gels were prepared 
through the polymerization of ethyl methacrylate (EMA) using polyethylene glycol (PEG) and polyvinyl acetate 
(PVAc) as plasticizers. The modulation of the content of the plasticizers, the cross-linker and of the initiator 
accounted for the final properties of the gels. These properties were demonstrated to be unaltered through 
several solvent-soaking/drying cycles also by using different solvents, making the gels perfectly re-usable. The 
covalent gels were fully characterized by rheological measurements, thermogravimetric analysis, scanning 
electron microscopy (SEM), nitrogen physisorption analysis, and FTIR analysis. Solvent loading and retention 
capabilities were also determined. The green characteristics of the gels were evaluated in terms of environmental 
factor (E-Factor), mass intensity (MI) and reaction mass efficiency (RME). In addition, greener alternatives to 
commonly used solvents in conservation treatments were considered. The cleaning potentialities of the newly 
developed systems were ascertained through the determination of equilibrium solvent content (ESC), solvent 
release (SR) and solvent evaporation rates. Finally, the PEMA-based cross-linked gels were successfully used for 
the cleaning of Édouard Manet’s masterpiece “Portrait de M. Arnaud à cheval”.   

1. Introduction 

Traditional cleaning techniques for the restoration of paintings are 
based on the removal of unwanted contaminants by means of a combi
nation of mechanical actions and solubilization processes using organic 
solvents. Unfortunately, these procedures can considerably damage the 
artworks. Indeed, if on the one hand the mechanical removal of con
taminants may results in scratching or rasping the surfaces of works of 
art, on the other hand the low surface tensions of organic solvents 
facilitate their spreading and penetration through the layers of the 
paintings, possibly causing swelling phenomena. Not secondarily, the 
use of organic solvents may imply the release of toxic vapors in the 
environment, impacting the conservators’ health. For these reasons, 
scientific efforts have been focused on confining cleaning solutions into 
systems capable of removing the contaminants without causing any 
damage to the underlying artistic surfaces and reducing the eco- 
toxicological impact. [1–4] 

Amongst the most common methods, the use of different thickeners, 
such as cellulose ethers, polyacrylic acids, etc., capable of increasing the 

viscosities of organic solvents, offers easy and cheap ways to limit the 
undesired spread and penetration of solvents into the painted surfaces. 
However, these types of systems, normally in the form of viscous pastes, 
prepared by mixing the selected solvents with the thickeners just prior to 
applications, are tediously removed from the surfaces to be cleaned; 
requiring rinsing cycles using neat or blended solvents. 

To solve these applicability issues, some innovative ‘chemical’ gels 
(considering the nature of involved bonds) have been developed, firstly 
in the form of hydrogels, i.e. gels having affinity with water-based so
lutions. [5–9] These gels are obtained through a polymerization reac
tion, which provides visco-elastic features and a tuneable porosity with 
very high-water-retention capabilities, resulting in a decreased risk of 
swelling/leaching of the paint, and an easy applicability. The gel 
cohesion, due to the formation of cross-linked covalent bonds, accoun
ted for the minimization of residues. [10,11] Nevertheless, the use of 
organic solvents remains recommendable in some specific cases, when 
the release of solvent is strictly controlled, and the cleaning action is at 
the very interface between the supporting system and the selected sol
vent. For this reason, highly retentive polymer (chemical) gel with high 
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affinity with low/medium polar solvents were investigated. 
Recently a first approach for the preparation of a covalent gel having 

high affinity with organic solvents was proposed. In details, a poly(ethyl 
methacrylate)-based gel (“PEMA-cross-linked gel”) was proved to be 
capable of loading low/medium-polar organic solvents and tested for 
some preliminary cleaning applications [12]. Despite the novel material 
showed good cleaning properties, several characteristics required a 
significant improvement. Indeed, the PEMA- cross-linked gel is currently 
synthesized in organic solvent and cannot be dried, due to the loss of the 
mechanical properties or due to the crumbling of the polymeric struc
ture. Consequently, the PEMA-cross-linked gel must be stored in sol
vents, implying significant limitations in term of handling, safety and 
shipping regulations. In addition, the PEMA-cross-linked gel is normally 
produced using large volume of solvents and is designed for a throw
away application. This substantial waste generation is against interna
tional guidelines related to waste management stating that reducing, 
reusing, and recycling (known as “3R”) processes must be considered 
prior to waste production. [13–17] Thus, the PEMA- cross-linked gel is 
currently poorly sustainable, produced via a difficultly scalable up 
process, and have important legal and safety limitations for shipping, 
resulting as a poorly market attractive product. 

In the present work, the synthesis of the classic PEMA-cross-linked 
gel was modified, significantly upgraded, and adapted to produce re- 
usable, dryable, and more sustainable systems. In details, the new 
PEMA-cross-linked gel were prepared using polyvinyl acetate (PVAc) 
and polyethylene glycol as plasticizers, 2,2′ -Azobis(2-methylpropioni
trile) (AIBN) as radical initiator and 2-(2-methyl-acryloyloxy)ethyl 2- 
methylacrylate (EGDMA) as cross-linking agent. The modulation of 
the different ratios of the plasticizers, the initiator, and the cross-linker, 
allows tuning different characteristics of the covalent gels, such as the 
rheological properties and the solvent retention values. The sustain
ability features of the chemical gels were discussed through the deter
mination of different green metrics, including the environmental factor 
(E-Factor), the mass intensity (MI) and the reaction mass efficiency 
(RME), in line with modern environmental policies. [18–22] The new 
materials were fully characterized by scanning electron microscopy 
(SEM), thermogravimetric analysis (TGA) and N2 physisorption. A 
rheological study performed after sequential drying-swelling cycles 
highlighted the re-usability properties of the innovative chemical gels. 
The materials were also tested for the adsorption and retention of 
different solvents, aiming at verifying the applicability for cleaning 
applications, especially focusing on green solvents. Finally, for the first 
time, these new chemical gels were successfully tested and used for the 
cleaning of Édouard Manet’s painting “Portrait de M. Arnaud à cheval”. 

2. Experimental section 

2.1. Materials 

2-propanol (iPrOH, ≥99.5%), 2,2′ -Azobis(2-methylpropionitrile) 
(AIBN, purity > 98%), ethyl 2-methylprop-2-enoate (EMA, ≥ 98.5%), 2- 
(2-methyl-acryloyloxy)ethyl 2-methylacrylate (EGDMA, ≥ 99%), poly
ethylene glycol average MW ≈ 35 kDa (PEG), polyvinyl acetate average 
MW ≈ 50 kDa and MW ≈ 500 kDa (PVAc), diethyl carbonate (DEC) (≥
98.5%), benzyl alcohol (≥99.0%), and KBr (FTIR grade ≥99%, trace 
metal basis) were purchased from Sigma Aldrich (Darmstadt, Germany). 
All reagents were used without any further purification. 

2.2. Synthesis of the covalent gel 

The new PEMA-based gels were produced modifying and upgrading 
a synthesis recently reported by our group [12]. Briefly, PVAc and PEG 
were firstly dissolved in iPrOH at 55 ◦C in a round flask. Sequentially, 
EMA, AIBN and EGDMA were added under vigorous stirring. After 10′, 
the mixture was poured into 10 × 15 × 0.2 cm moulds (10 g of the 
mixture per producing gel sheets of 2 mm thick). The polymerization 

was carried out in oven at 55 ◦C for 6 h. Then, the so-obtained gels were 
firstly immersed in iPrOH for 24 h and washed several times – depending 
on the type of gel (please see “Results and discussion” section) in fresh 
iPOH for other 24 h, to remove all unreacted reagents. The complete 
removal (release) of unreacted reagents was checked by monitoring 
each washing procedure through FT-IR measurements (20 mL of iPrOH 
were used per washing cycle each 5 g of gel). Finally, the cross-linked 
gels were dried at room temperature in controlled conditions (fume 
hood). Before utilization, the gels were immersed and left equilibrating 
in the selected solvents. 

2.3. Characterization 

FTIR-ATR measurements were performed with a Thermo Nicolet 
Nexus 870 spectrometer equipped with a liquid nitrogen-cooled MCT 
detector and a single reflection diamond crystal ATR unit. The analysis 
was accomplished in absorbence mode with a spectral resolution of 4 
cm− 1 and acquiring 32 scans for each spectrum in the spectral range 
from 4000 to 650 cm− 1. 

Scanning electron microscopy (SEM) images were recorded with a 
field emission gun (FEG) Sigma scanning microscope (Carl Zeiss Mi
croscopy Deutschland GmbH, Germany), working at 10 kV and a 
working distance of 1.8 mm. Gold metallization of the cross-linked gels 
was performed with an automatic sputter coater (Agar Scientific Ltd, 
UK). SEM images were collected from small specimens of the solvent- 
loaded gels, after a preliminary drying in air for 48 h and then in a 
vacuum oven at 40 ◦C for 24 h. 

The affinities of the gels with the liquid (solvent) phases were eval
uated by determining the equilibrium solvent content percentages (ESC 
%). ESC% can be defined as follow: 

ESC% =
Ms
Mg

⋅100  

where Ms is the mass of the solvent charged in the gel and Mg is the mass 
of the gel filled with the solvent (i.e., fully swollen). ESC% were deter
mined by both gravimetric (ESCg%) and thermogravimetric (ESCt%) 
analysis. In the gravimetric analysis, Ms can be calculated as difference 
between the mass of the covalent gel at equilibrium with the solvent and 
the dry gel at room conditions (25 ◦C, 65% RH). ESCg values were 
calculated after the synthesis, the drying procedure, and the equilibra
tion (48 h) in the selected solvent (ESCg1%) as well as after a second 
drying procedure, redispersion, and re-equilibration (48 h) in the 
selected solvent (ESCg2%). 

Alternatively, ESC was determined by thermogravimetric analysis 
according to weight loss of the selected solvent. Thermogravimetric 
measurements were carried out with an SDT Q600 analyser (TA In
strument Inc., Germany) placing up to 5 mg of the gels, at equilibrium in 
the selected solvent, in aluminium crucibles. The samples were heated 
from 25 ◦C to 250 ◦C at 10 ◦C min− 1 in nitrogen atmosphere (100 
mL⋅min− 1). 

Nitrogen physisorption analysis were carried out in a Coulter SA 
3100 analyser (Beckman Coulter). Before the measurements, the sam
ples were grinded and outgassed for 1 h at 70 ◦C. Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) calculations were used 
respectively for the analyses of the Specific Surface Area (SSA) and Pore 
Size Distribution (PSD). 

Rheological analysis was carried out with a Hybrid Rheometer 
Discover HR/3 (TA Instrument, Germany) operating at a maximum axial 
force of 1 N and operating with plate-plate geometry (diameter of 20 
mm). Linear viscoelastic region - LVA - and critical oscillation strain 
were determined through oscillatory shear measurements (with shear 
strain between 10− 3% and 102% and oscillation frequency of 1 Hz). The 
frequency dependence of the storage and loss moduli (G’ and G’’) were 
determined by frequency sweep tests in the LVE (at 1% strain). To 
perform the rheological analysis, samples were cut in disks of 20 mm 
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diameter. 
Solvent release (SR) values were calculated by quickly and softly 

drying the surface of the swollen cross-linked gels, i.e. after reaching the 
equilibrium in the selected solvents, and thus placing them on filter 
sheet (Whatman®) during 15′ (simulating the typical real application 
time of a restoration procedure). The tests were carried out in closed 
Petri dishes, to limit as much as possible the evaporation of the solvents. 
SR values were gravimetrically determined as the difference between 
initial and final masses of the gels, and by sequentially normalizing the 
values by the contact surface area. The SR values were determined net of 
the amount of reference pure solvents (i.e., not charged in the gels) 
which evaporated in the same conditions in 15′. 

The evaporation rates of the solvents were determined by gravi
metric measurements of the swollen gels during 60′ operating at room 
conditions (25 ◦C, 65% RH) with no ventilation and/or aspiration. The 
residual solvent fraction (Fs) at time t was defined as: 

Fs =
Mt

Minf  

where Mt was the mass of the residual solvent at time t and Minf was the 
total amount of solvent in the fully swollen gels. As references, the 
evaporation rates of the pure solvents were also calculated, and Fs 
corrected accordingly. 

Kinetics of the uptake of solvents were determined by completely 
immersing the dried gels in the selected solvents and by gravimetrically 
measuring the gels at fixed intervals up to equilibrium. The kinetics were 
reported as Fs values in function of time. 

The green metrics selected for this study, environmental factor (E- 
factor), mass intensity (MI) and reaction mass efficiency (RME), were 
calculated according to reported equations: [23,24,25] 

E Factor =
total mass of waste (kg)

mass of product (kg)

MI =
total mass used in a process (kg)

mass of product (kg)

RME% =
mass of desired product
total mass of reagents

⋅100  

3. Results and discussion 

3.1. Synthesis and green features of the PEMA cross-linked gels 

In the present work, innovative chemical gels were designed aiming 
at producing efficient, flexible, well adaptable to the surfaces of art
works, sustainable and re-usable materials for the cleaning of artworks. 
Specifically, the gels were manufactured by modifying and upgrading a 
previously reported procedure for the preparation of the first example of 
cross-linked gel for cleaning purposes (sample “P10” in Table 1) [12]. In 
details, the gels were prepared by mixing and heating all the compo
nents, EMA, PEG, PVAc, AIBN, EGDMA, and iPrOH, until complete 
dissolution. Sequentially, the so-obtained homogeneous mixture was 
poured into moulds, cured, washed, and dried, forming thin (2 mm 

thick) sheets easily cuttable and adaptable to different shapes, 
addressing common technical needs for cleaning purposes. The reaction 
proceeded through the radical polymerization of EMA in iPrOH, forming 
a polymeric network capable of encasing different solvents. AIBN and 
EGDMA were used as radical initiator and crosslinker (to form the 3D 
structure), respectively. The plasticizers PEG and PVAc were used to 
modify the structure of the covalent gels, generating a 
semi-interpenetrating structure (semi-IPN), with flexible characteristics 
and enhanced properties for encasing solvents [12,26]. Importantly, the 
modulation of the amounts of plasticizers (PEG and PVAc), initiator 
(AIBN) and cross-linker (EGDMA) made possible the variation of 
different properties of the gels such as the solvent evaporation rate and 
the rheological properties, thus making possible the production of spe
cific chemical gels as a function of the cleaning applications. 

The ratio of the different components was finely tuned to produce 
flexible systems, adaptable to the difference type of surfaces to be 
cleaned, by optimizing and overpassing the mechanical characteristics 
of the reference gel P10. In addition, the chemical gels were designed 
aiming at introducing, differently from P10, the property of being 
resistant to a drying procedure after the polymerization and washing 
step. Indeed, as schematically shown in Fig. 1, the previously reported 
PEMA-gel P10 needed to be immersed in the selected solvent for the 
cleaning application directly after the washing procedures (of several 
cycles), since a drying procedure would make the cross-linked gel full of 
cracks and splits and not usable. As a result, P10 needed also to be 
directly disposed after usage. 

The new chemical gels were specifically designed to be resistant to 
drying process after synthesis and washing procedures. This is particu
larly relevant since it makes possible to handle solid and resistant sheets 
that can be easily stored and/or shipped, without restrictions and limi
tations due to the presence of a liquid phase. Most of chemical and 

Table 1 
Most significant PEMA-gels prepared using different amounts of reactants. Samples were labelled in function of their composition where the first P indicated the 
plasticizer PEG, the second P the plasticizer PVAc, EMA the monomer EMA, A the radical initiator AIBN and E the cross-linking agent EGDMA. The numbers indicate 
the m/m% of the components.  

Entry PEMA-gels Components (m/m%) Resistance to drying procedure 
iPrOH EMA PEG PVAc AIBN (ratio EMA:AIBN) EGDMA (ratio EMA:EGDMA) 

1 P10 - reference[12] 50 40 10 / 1:0.01 1:0.01 NO 
2 P7P7EMA35 50 35 7.5 7.5 1:0.01 1:0.01 YES 
3 P7P7EMA35–2A 50 35 7.5 7.5 1:0.02 1:0.01 YES 
4 P7P7EMA35–2AE 50 35 7.5 7.5 1:0.02 1:0.02 YES 
5 P12EMA28–2AE 60 28 12 / 1:0.02 1:0.02 YES  

Fig. 1. Schematic illustration of the utilization process of the previously re
ported chemical gel P10 and the new re-usable PEMA-cross-linked gels. 

A. Zuliani et al.                                                                                                                                                                                                                                 



Applied Materials Today 30 (2023) 101716

4

highly retentive hydrogels require to be stored in clean water, before 
using; more difficult the handling of gels which require solvent for the 
same purpose. In fact, solvents impose stricter regulations for their 
storing and/or shipping. All such restrictions are overcome if gels are in 
a solid and stable form; ready to be used just after solvent loading. 

As show in Table 1 (see Table S1 in the ESI for a complete list of 
samples), it was firstly observed that the optimum content of plasticizers 
(PEG+PVAc) ranged from 12 to 15% m/m (entries 1–5), whereas a 
higher plasticizer content made the gels too soft, and poorly resistant to 
the dying procedure, forming splits and cracks (see ESI Figure S2 for a 
picture of PEMA gel showing splits and cracks after the drying 
procedure). 

On the contrary, a lower content of plasticizers made the gels too 
rigid, causing again the formation of cracks and splits during the drying 
procedure, as in the case of P10. Additionally, it was observed that the 
use of PVAc of 50 kDa (the only one reported in Table 1) let forming 
more flexible gels compared to PVAc 500 kDa (Table S1 in the ESI), as 
the presence of longer polymer PVAc chains enforced more the PEMA 
structure. 

The resistance to the stress caused by the solvent evaporation during 
the drying procedure was particularly evident in samples containing 
both PEG and PVAc (entries 2–4), specifically in samples containing 
15% m/m of 50:50 PEG and PVAc. This behaviour is connected to the 
presence of PEG, which affinity to the PVAc chain (through interactions 
of the hydroxyl groups) and reduced steric hindrance make the final 
matrix more flexible. 

An important limit observed in P10 (entry 1) was the release of 
unreacted EMA or un-incorporated PEG and PVAc during the washing 
procedure (as observed by FTIR spectral analysis). Thus, a sequence of 
samples was prepared by increasing the amount of both the initiator, 
AIBN, and the crosslinking agent, EGDMA (entries 3–5). Remarkably, 
the increase of the employed AIBN and/or EGDMA considerably boosted 
the yields of the polymerization, diminishing the release of unreacted 
EMA or un-incorporated PEG or PVAc, making the washing procedures 
less demanding. It was observed that by doubling the amount of AIBN 
and EGDAM, the polymerization reached its maximum yield. 

The optimization of the synthetic procedure for the preparation of 
the covalent gels was also carried out considering sustainability issues 
through the calculation of the green metrics E-Factor, mass intensity 
(MI) and reaction mass efficiency (RME), as shown in Table 2 (see ESI 
Section S3 for the details of the calculation of the metrics). In general, 
the lower the E-factor and the MI and the higher the RME, the lower the 
environmental impact of the process. 

The use of a higher amounts of plasticizers (sample P7P7EMA35) 
implied three washing cycles instead of the five needed in sample P10, 

almost halving the E-Factor and MI. This was due to the presence of an 
elongated network of PEMA (favoured by the plasticizers) that facili
tated the release of unreacted materials during the washing process. 
Clearly, no variation of the efficiency of the reaction in comparison with 
that of P10, i.e. RME%, was observed. On the contrary, doubling the 
amount of radical initiator AIBN implied the necessity of only a single 
washing cycle, remarkably lowering the E-Factor and the MI of the 
synthesis, and enhancing the RME%. Indeed, the presence of more 
initiator favoured a faster reaction, limiting the presence of unreacted 
EMA or poorly encased plasticizers. This behaviour was even more 
evident in the chemical gels prepared also by doubling the amount of the 
cross-linking agent EGDMA (samples P7P7EMA35–2AE and 
P12EMA28–2AE) where higher values of RME% were observed 
(86–90%). The calculation of the green metrics demonstrated that the 
new gels were sensibly more sustainable than reference P10, by 
lowering the E-Factor and MI of almost six times and by enhancing the 
RME% to ca. 90%, i.e., with an improve of more than 35%. The E-factor 
of ca. 6 was of particular interest. In fact, according to the literature, it 
classified the environmental impact of the production process of the new 
chemical gels comparable to the one of the bulk chemical industries (the 
E-factor of industrial segments increases passing from oil refining, bulk, 
fine and pharmaceutical chemicals). This classification was considerably 
better than P10, which falls into the fine chemical sector. [24,27] 

3.2. Characterization of the PEMA cross-linked gels 

All the chemical gels showed a similar profile in IR spectra (see ESI 
Section S4 for details), as consequence of the same polymeric structure. 
The variations of the presence of different amounts of plasticizers were 
not detected. 

The gels were thus studied in terms of properties for cleaning pur
poses of artworks. In details, a PEMA-gel fits well for such purposes if it 
can gradually remove contaminants from the surfaces of artworks by 
interactions with the loaded solvent, avoiding any uncontrolled poten
tially disruptive release of it. [8,28] Adsorption and desorption tests 
were thus carried out aiming at evaluating the interaction between the 
novel chemical gels and some selected solvents. Initially, the 
cross-linked gels were investigated by means of equilibrium solvent 
content (ESC%), which indicates the ability of a gel of uptalking (i.e., 
swelling in) a solvent: the higher the ESC, the higher the amount of 
solvent loaded in the gel. As shown in Table 3, ESC% data were firstly 
investigated via a gravimetric approach (ESCg%). 

All the new chemical gels showed ESC values solvent 74–80% in DEC 
and 80–85% in benzyl alcohol, considerably higher than the amount of 
isopropanol (17–28%), due to superior affinity of the medium polar 
solvents with the PEMA structure. 

The increase of the initiator made the chemical gels more swellable 
in DEC and benzyl alcohol, as shown by higher ESCg1% values (sample 
P7P7EMA35–2A). On the contrary, an increase of the amount of cross- 
linker made the gels more cross-linked (as also observed through SEM 
images in following section) and less DEC and benzyl alcohols were 
loaded into the polymeric network, resulting in decreased ESCg1% 
values (samples P7P7EMA35–2AE and P12EMA28–2AE). Remarkably, 
the ESCg2% calculated after a second washing, drying and immersion in 
solvents procedure showed the same trends observed by analysing 

Table 2 
Green metrics values of the different samples.  

PEMA-gels E-factor MI RME% 

P10 - reference 27 28 65 
P7P7EMA35 17 18 66 
P7P7EMA35–2A 6.2 7.2 80 
P7P7EMA35–2AE 5.5 6.5 90 
P12EMA28–2AE 5.8 6.8 86  

Table 3 
ESCg% calculated from the gravimetric analysis of the samples at equilibrium with different solvents.  

PEMA-gels Solvent 
iPrOH DEC Benzyl alcohol 
ESCg1% ESCg2% ESCg1% ESCg2% ESCg1% ESCg2% 

P10 - reference 23.5 ± 0.2 28.8 ± 0.1 78.4 ± 0.1 78.5 ± 0.1 83.3 ± 0.5 85.7 ± 0.3 
P7P7EMA35 27.8 ± 0.1 33.0 ± 0.7 78.4 ± 0.1 81.6 ± 0.1 82.2 ± 0.3 86.4 ± 0.2 
P7P7EMA35–2A 19.8 ± 0.2 22.5 ± 0.7 80.0 ± 0.3 84.4 ± 0.2 85.9 ± 0.1 88.3 ± 0.3 
P7P7EMA35–2AE 18.5 ± 0.1 21.9 ± 0.8 76.0 ± 0.3 79.5 ± 0.4 82.7 ± 0.1 85.1 ± 0.1 
P12EMA28–2AE 28.8 ± 0.3 33.0 ± 0.8 75.8 ± 0.4 77.8 ± 0.02 85.2 ± 0.2 85.7 ± 0.2  

A. Zuliani et al.                                                                                                                                                                                                                                 



Applied Materials Today 30 (2023) 101716

5

ESCg1% values. 
To evaluate the long-term stability of the gels in the different sol

vents, additional ESCg% values of sample P7P7EMA35–2AE were 
investigated after two-, nine-, and forty-days swelling. Remarkably, the 
ESC values remained approximately constant during the all period (see 
ESI Figure S5), proving the good stability of the gels. 

ESC values were also calculated through additional thermogravi
metric analysis to measure the total amount of solvent dispersed in the 
gel, also including the solvent not released during the drying procedure 
(most likely adsorbed inside the polymeric structure) and therefore not 
detected in the gravimetric analysis. Importantly, when low polar sol
vent DEC was used, no relevant differences were noticed in comparison 
with the gravimetric test, demonstrating that no solvent was adsorbed 
inside the polymeric network. On the contrary, when polar solvents, 
such as iPrOH and benzyl alcohol, were used, a relevant amount of 
solvent (7–15%) was adsorbed on the polymeric structure of the cross- 
linked gel and not released during the mere gravimetric tests at room 
temperature. This behaviour rose from the interaction of the hydroxyl 
groups of the solvents and the structure of the gels, most likely through 
H-bonds formation. 

The ability of the cross-linked gels of gradually release the solvents 
was studied through solvent release (SR) tests. SR values were deter
mined by performing simulations of real-case cleaning of a highly 
porous material using commercially available filter paper as reference. 
As reported in Table 4, different SR values can be obtained, giving the 
restorers the possibility of choosing a different gel in function of the type 
of the surface they need to clean. For example, a highly sensitive surface 
will need the use of a material with low values of SR (highly retentive 
gel), and eventually multiple cleaning cycles. On the other side, the 
removal of hardly sticked materials from a chemically resistant surface 
requires the use of a chemical gel with high SR values (poorly retentive 
gel). 

SR values highlighted solvent-gels interactions like those observed in 
the ESC: a higher content of cross-linker (samples P7P7EMA35–2AE and 
P12EMA28–2AE) made the polymer network more compact, dis
favouring the release of solvent (lower SR), while increasing the mere 
amount of initiator (P7P7EMA35–2A) had no influence on the SR. 
Diminishing the amount of EMA resulted in a more compact structure 
due to the presence of more initiator and cross-linking agent. 

The cross-linked PEMA-gels were thus studied in terms of the rate of 
evaporation of solvents (Fs) [29]. These values are of primary impor
tance in cleaning applications for two reasons. Firstly, they directly in
fluence the time of interaction between the solvents and the 
contaminants to be removed. Secondarily, they are strictly related to 
safety issues. Indeed, considering that chemical gels are normally 
employed in closed environments, the release of solvents in the atmo
sphere must be controlled and limited. Evaporation rate tests were 
carried out by measuring the release of solvents at fixed intervals. As 
shown in Fig. 2, the PEMA cross-linked gels showed different behaviours 
in function of the different composition. 

The results demonstrated that the use of cross-linked chemical gels 
strongly enhanced the time of interaction between the solvents and the 
surfaces, in comparison with the use of pure solvents. According to the 
literature, the kinetics of evaporation followed a zero-order reaction, 
with the processes fully controlled by the rates of external heat and mass 

transfer. [12] Interestingly, when using iPrOH and DEC, the chemical 
PEMA gels prepared with a higher amount of both cross-linker and 
initiator (samples “2AE”) showed a remarkable lower Fs. As expected, 
also increasing the number of pores (i.e. the amount of ‘porogen’ in the 
synthesis), the Fs decreased, indicating a faster evaporation. On the 

Table 4 
SR values of the samples in different solvents.   

SR (mg cm− 2) 

Sample iPrOH DEC Benzyl alcohol 
P10 - reference 3.5 ± 0.6 21.4 ± 0.9 14.5 ± 0.7 
P7P7EMA35 3.3 ± 0.8 22.0 ± 1.2 14.3 ± 0.8 
P7P7EMA35–2A 3.0 ± 0.4 20.6 ± 2.0 14.6 ± 0.9 
P7P7EMA35–2AE 2.3 ± 0.4 15.2 ± 0.9 11.2 ± 0.2 
P12EMA28–2AE 2.7 ± 0.5 11.7 ± 1.4 10.8 ± 0.5  

Fig. 2. Solvent evaporation rate (Fs) in isopropanol, DEC, and benzyl alcohol of 
the new PEMA-gels. 
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other hand, the low surface tension of benzyl alcohol resulted in very 
low evaporation rates in all the gels. 

The morphological analysis of the PEMA-cross-linked gel was 
initially carried out through electron microscopy. In detail, SEM images 
were recorded to study the macroscopical behaviour of the gels after 
swelling in different organic solvents. Fig. 3 shows the SEM images of 
samples P7P7EMA35–2AE and P12EMA28–2AE after immersion, equi
librium and desiccation in isopropanol, DEC and benzyl alcohol. 

The SEM images showed that cross-linked PEMA gel loaded with 

iPrOH possessed a compact structure, while when loaded with DEC or 
benzyl alcohol, a sponge-like morphology with open porosities is 
evidenced. 

The presence of porous was thus deeper analysed through nitrogen 
physisorption analysis, as shown in Fig. 4. 

The analysis of the presence and nature of the porous structure of the 
different gels gave insights into the interaction solvent-gel. In accor
dance with SEM images, it was observed that DEC caused an increase of 
the total pores volume, in comparison with iPrOH and benzyl alcohol, 
due to higher affinity and higher Fs, respectively. 

In general, it was observed that all the investigated systems present a 
significant amount of mesopores (see ESI Figure S6 for the pore volume 
distribution of all the samples). Samples prepared with higher amount of 
both initiator and cross-linker showed a reduced volume of pores, due to 
the formation of a more compact structure and, except for sample 
P12EMA28–2AE, samples prepared with higher amount of porogens, 
showed a similar distribution of the sizes of pores. 

Rheological analysis was carried out in order to study the dynamic 
response of the cross-linked chemical gels in terms of oscillatory shear 
measurements [30]. Initially, strain sweep tests were carried out at a 
fixed 1 Hz frequency by increasing the oscillation amplitude, to define 
the linear viscoelastic region (LVE) and the critical oscillation strain. 
Indeed, the LVE is characterized by a linear relationship between stress 
and strain, and the rheological properties are independent from the 
strain amplitude up to the critical oscillation strain. Outside the LVE the 
relationship between stress and strain is non-linear, resulting in a 
dependence of the storage and loss moduli (G’ and G’’) from the applied 
oscillation strain. Normally, G’ is observed to deviate before G’’, and the 
critical oscillation strain is expected to decrease as the cross-linking 
density increases. After strain sweep tests, a strain of 1% was thus 

Fig. 3. SEM images of samples after swelling in solvents: A) P7P7EMA35–2AE and B) P12EMA28–2AE in iPrOH; C) P7P7EMA35–2AE and D) P12EMA28–2AE in 
DEC; E) P7P7EMA35–2AE and F)P12EMA28–2AE in benzyl alcohol. 

Fig. 4. Pore volume distribution of P7P7EMA35 after swelling in iPrOH, DEC 
and benzyl alcohol. 
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selected as optimum value to operate in the LVE, and rheological anal
ysis in frequency sweep were carried out. Most promising sample for 
cleaning applications, i.e., P7P7EMA35–2AE, was thus dried and washed 
for different cycles, aiming at simulating the reusability of the gel. The 
rheological analysis was performed after each washing and drying cycle 
(“w/d”). Fig. 5 reports G’ and G’’ values for sample P7P7EMA35–2AE 
swollen in DEC up to five w/d cycles. 

The rheological measurements firstly demonstrated that the cross- 
linked gel acted as a classic gel system, where G’>G’’ in a wide range 
of frequency. In addition, the loss tangent tan δ values (G’’/G’) indicated 
a good mechanical stability [31–33]. Finally, the comparable behaviour 
of the gels after each w/d cycles up to 5 cycles demonstrated the clear 
re-usability of the new chemical PEMA gel. 

3.3. Restoring Manet’s “Portrait de M. Arnaud à cheval” 

The P7P7EMA35–2AE system loaded with DEC was first tested at the 
lab scale and then used for the first time by conservator Barbara Ferriani, 
Milan (Italy), for the removal of aged varnish from painted surfaces 
applied in the past for restoration purposes. Testing and validation of the 
new methodology were successfully executed on the Édouard Manet’s 
masterpiece “Portrait de M. Arnaud à cheval”, which is exhibited at the 
Galleria d’Arte Moderna in Milan, Italy. The painting, dated ca. 1875, 
showed a significant alteration of colours and shades due to the oxida
tion of protective varnish layers and the accumulation of dirt. The use of 

gel allowed the efficient removal of the accumulated dirt and oxidized 
varnish layers, revealing the original Manet’s work as well as some 
posthumous brushstrokes, as shown in Fig. 6. 

4. Conclusions 

Re-usable chemical poly(ethyl methacrylate) gels for the cleaning of 
artworks, with affinities to low/medium polar solvents were described 
for the first time. The gels were designed aiming at diminishing their 
environmental impact as well as at enhancing their storing and shipping 
properties, using a truly innovative approach in the field. The sustain
able nature of the chemical PEMA gels was highlighted via the deter
mination of different green metrics, including E-factor, mass intensity 
and reaction mass efficiency. The morphological and rheological char
acterization proved the possibility of drying and reusing the novel gels, 
without losing the mechanical and rheological properties. The cleaning 
features of the PEMA gels, such as the solvent release or the equilibrium 
solvent content, can be tuned by varying the ratio of the different 
components, making them suitable for different types of surfaces to be 
cleaned. Diethyl carbonate (DEC) has proved highly compatible with 
PEMA-gel and extremely efficient for cleaning purposes. The exploita
tion of the re-usable characteristics of the new chemical gels could lead 
to many other possible applications not limited to cultural heritage 
restoration, but also to other fields such as catalysis (e.g. by developing 
novel reusable electrodes), and others. 
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