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ABSTRACT:The removal of aged varnishes from the surface of easel pagtings

networks (SIPNs), where a covalently cross-linked poly(hydroxyethykSh
acrylate), pHEMA, network is interpenetrated by linear chains of ﬁ
(vinylpyrrolidone), PVP. This chemical gel, simply loaded with water, was - =
designed to safely remove surface dirt from water-sensitive artifacts. Here,
modi ed the SIPN to cone complex cleaningids, able to remove aged

varnishes. These compleids are 5-component water-based nanostructured

Gel network

systems, where organic solvents are partially dispersed as nanosized droplets in a continuous aqueous phase, using surfac

The rheological behavior of the SIPN and the nanostructure oidthéoaded into the gel were investigated, and the

mechanical behavior of the gel was optimized by varying both the cross-linking density and the polymer concentration. Onc

loaded with the complexids, the hydrogels maintained their structural and mechanical features, while theidsomplex

showed a decrease in the size of the dispersed solvent droplets. Two challenging case studies have been selected to evaluat

applicability of the SIPN hydrogels loaded with the comiplexThe rst case study concerns the removal of a surface layer

composed by an aged brown resinous patina from a wood panel, the second case study concerns the removal of a homogene

layer of yellowed varnish from a watercolor on paper. The results show thaethertasf complexiids into gels allowed
unprecedented removal of varnishes from artifacts overcoming the limitations of traditional cleaning methods.

KEYWORDS:chemical hydrogels, semi-interpenetrated polymer networks, SAXS, rheology, cleaning, varnish removal, water

1. INTRODUCTION some organic binders) might cause mechanical stress, swelling,

Easel paintings often exhibit surface coatings meant to pre\?&ﬁodetachment of the paint layer.

damage, repair, or enhance the visual appearance of th? overcome this issue and retain the advantages of using

artifacts. However, the natural aging of these materials may 153 r-basediids, we investigated the ent of micellar
Ny S . ging may microemulsion systems into matrices, so as to achieve the
to discoloration (yellowing), which alters the origina

f paintingsH h | of q radual release of theids onto the painting surface, and
appearance of paintingsHence, the removal of aged :nyo| the cleaning action. Traditional miog systems

varnishes and coatings using organic solvents is one of {3gnteq by restorers include thickeners (e.g., poly(acrylic acid)

most common procedures in painting conservation. Howevghq cellulose eth&t5), and polysaccharide §efd (e.g.,

this involves several drawbacks, such as the toxicity of solvg@'@li agar and gellan gum), where the ning network is

the risk of swelling or leaching original components (dyapade of polymer chains interacting through noncovalent forces.

pigmentsbinders), and the redeposition of solubilized coatinggowever, some of these materials are prone to leave residues

within the pores of the artifact. on the painting surface. Moreover, the control of the cleaning
Complex uids (mainly micellar systems and micro-action is poor, asuid retention is typically inadequate for

emulsions) have been proven as a valid alternative for #gplication on highly sensitive substrates such as hydrophilic

cleaning of works of art, owing to their low toxicity and bers, soluble inks, or dyes. Alternatively, in the past few years

enhanced ectiveness as opposed to neat organic solVents.we have been proposing highly viscous polymer disper-

For instance, water-basedds were shown to be highly sion$® ?*and chemical gé€ls’®that allow controlled cleaning

e cient in the swelling, solubilization and removal of several

di erent hydrophobic coatiﬁggf However, despite their Received: January 31, 2018

versatility shown by @rent case-studiéghe use of these Accepted: May 4, 2018

aqueousuids on water-sensitive substrates (canvas, paper, andlished: May 4, 2018
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without leaving detectable dispersion/gel residues. In particutiadecyl sulfate (SDS; Signdrigh, assay >98%), 1-pentanol
the use of hydrogels based on semi-interpenetrated polyrtR@OH; Merck, assay98.5%), ethyl acetate (EA; Sigma-Aldrich,
networks (SIPNs) is advantageous because both the hydpeS reagents, assa§9.5%), propylene carbonate (PC; Sigma-
philicity and porosity of the gels can be tuned to optimize tHgdrich, assay 9998y N-dimethyldodecan-1-amine oxide (DDAO;

. S igma-Aldrich, 30% (w/w) aqueous solution), 2-butanone (MEK;
swelling response and the liquid release KineSitiANs Sigma-Aldrich, assay 99%), and butyl acetate (BuA; Sigma-Aldrich,

formed by the cross-linking polymerization of 2-hydroxyethylsay 9906) were used as received. AIBN was recrystallized twice
methacrylat®,N -methylenebis(acrylamide) (HEMA/MBA) from” methanol prior to use. Water was @uirby a Millipore

in the presence of linear PVP, are hydrogadtve in the  MilliRO-6 Milli-Q gradient system (resistivity > 18dvh).

removal of hydrosoluble dirt from water-sensitive siitfices.  2.1. Preparation of SIPNs and Loading with Complex Fluids.

In this work, we present the combination of pHEMA/PVPFor the SIPNs synthesis, 2-hydroxyethyl methacrylate (HEMA)
based SIPN hydrogels loaded with swollen micellar systerfignomer and the cross-linkdiN -methylenebis(acrylamide)
microemulsions, hereafter, natgechplex uidg, which, to (MBA) were added to a water solution containing pquvmylpyrroll-
the best of our knowledge, represents the most advanced BE-&(ZVP.)h(a‘.’era% . 1'53x 10° Da). The reaction m|>(<jturr]e was ical
cleaning technology for the removal of hydrophobic materi ed with nitrogen for 5 min to remove oxygen, and then radica

e . . . TNMtiator 2,2Azobis(2-methylpropionitrile) (AIBN) was added in a
from water-sensitive artifacts. The properties of the combingg o1 monomer/initiator molar ratio. The reaction mixture was gently

SIPN/complexuid systems are here characterized thoroughlysnicated for 30 min in pulsed mode, and then casted to molds and
A rheologlcal StUdy was carried out to optimize the e|aSt|C|ty[ﬂkiced at 60C for 4 h. After polymerization, the hydrogels were
the SIPN hydrogels by varying their composition. Both watgrlaced in containers with distilled water in order to eliminate
loaded and complewid-loaded hydrogels were investigated byionreacted HEMA (the yield of the polymerization reaction is almost
means of rheology and small angle X-ray scattering (SAXE)0). The water was renewed twice a day, for 7Taalys.SI1
accounting for possible changes in the gel or in the compl&Rorts the composition (wiw %) of the starting mixture (before
uid structure. Two complenids were selected for coe- polymerization) for the hydrogels. Thal gel composition after

ment in the pHEMA/PVP hydrogels. Thet one, named washing was determined as described Sufip®rting Information

. L d ted imables SI2 and SIBh I haped ats
EAPC is a water-basede-component system, containing 22%?;9(2@5% ?hiclkneses). an © gels were shape

sodium dodecyl sulfate (SDS), 1-pentanol (PeOH), propylenerhe complexuids EAPC (73.3%,8, 3.7% SDS, 7% PeOH, 8%
carbonate (PC), and ethyl acetate (EA). EAPC is a highia, 8% PC) or MEB (81.9%® 6.1%\,N-DDAO, 4% MEK, 4%

e ective and versatile cleanind, originally developed for the EA, 4% BuA) were loaded into SIPNs by gel immersion for at least 12
removal of synthetic polymer coatings from wall pdinfifigs. h prior to use. All the measurements and application tests were carried
The second system, named MEB, wascslgaileveloped for  out by means of fully hydrated gels if not othenNise indicated.

this investigation. It includdkN-dimethyldodecan-1-amine = 2.2. Rheology Measurements.The viscoelastic features of
oxide (DDAO) as the surfactant, and a 1:1:1 (w/w/w) mixtur yg;agme;nfshe:qtzig;’)‘gde viittLllqude\évrlnge? pIIDaTE grggr?gt?;eroffrzrg ;';\1
of 2-butanone (methyl ethyl ketone, .MEK)’ EA, and but iameter. All hydrogel samples where ctithe plate shape under a
acetate (BuA). Both, MEK and EA aeetve solvents for the

. L - . Bm gap and then equilibrated for 20 min at 25M01°C (Peltier
swelling and solubilization of several polymeric coatings. T8 perature control system). The plate was lowered to the measuring

presence of BuA, a slightly less polar molecule than MEK ajdition in the-axis force controlled mode; the maximum squeezing
EA, extends the range of materials that can be swollenfa@te was 0.7 N. This was inspected during a series of rheology
removed by the MEB cleaning system. Amine oxides ameasurements on the same sample over time. The rheological
nonionic/zwitterionic surfactants widely used in detergendighavior was determined by measuring the s@rag] the loss,
cosmetics and toiletry, and drug deﬁ%\gﬁ’y’.hey show high modu!i in an osqillation regime in t_hg linear viscoelastic region of
dispersing power toward several water-insoluble orgaﬁf’éo”ﬂf‘et('jog\s/éf‘m%"]E‘rﬁ;euzvr‘:gie;n%oélﬁ(%mﬁzsgst:;‘gga"tﬁfof
Eubstang(_as, are derma};%%grl]cally fsafte and eaS|Iyt_b|0|de|gr§§§ + 0.01°C, with a strain of 0.1%. The values of the stress
y aerobic microorgani Nese fealures are particuiarly amplitude were comed through amplitude sweep runs to ensure
relevant because they guarantee low toxicity and high eg@ all measurements were performed within the linear viscoelastic
compatibility to DDAO-based cleaning systems. Moreover, région.
acidic conditions DDAO becomes cationic, and even aroundrhe plate plate gap was set up as a function of the thickness of the
neutrality it is slightly protonated £0%)3° 3’ As a gels to maintain the normal force constantly equal to 0.5 N.
consequence, in mild pH conditions DDAO does not show a2.3. Small-Angle X-ray ScatteringSAXS measurements were
cloud point**® and can be safely used when temperaturérried out with a HECUS S3-MICRO camera (Kratky-type)
sensitive formulations cannot be employed (e.g., syste‘flgg'pped with a position-sensitive detector (OED 50M) containing
containing nonionic alkyl polyglycolether surfactants). 4 channels of width 5é. Cu K radiation of wavelength=

. - 1.542 A was provided by an ultrabrilliant point microfocus X-ray
The e cacy of the new SIPN/complesd cleaning systems source (GENIX-Fox 3D, Xenocs, Grenoble), operating at a maximum

was assessed on real case studies, where the selective remg¥aledfor 50 W (50 kv and 1 mA). The sample-to-detector distance

aged surface varr_1ishes from an easel painting and_ a drawir\g;gnzgl mm. The volume between the sample and the detector was
paper was achieved, opening new perspectives in W@t under vacuum during the measurements to minimize scattering

conservation of water-sensitive artifacts. from the air. The Kratky camera was calibrated in the small angle
region using silver behenate (58.38 Af° Scattering curves were
2 MATERIALS AND METHODS obtained in the-range between 0.01 and 0.54 assuming thatis

the scattering vectay € 4/ sin ), and 2 the scattering angle.
2-Hydroxyethyl methacrylate (HEMA; Sigma-Aldrich, assay 97%lydrogel samples were placed into a 1 mm thick demountable cell
poly(vinylpyrrolidone) (PVP; Sigma-Aldrich, avitagel.3x 1¢F having Nalopharims as windows, while liquid samples were put in 2
Da), ammonium persulfate (APS; Sigma-Aldrich, assay 98%), 2®a thick quartz capillary tubes sealed with hot-melting glue. The
azobis(2-methylpropioil#) (AIBN; Fluka, assay 98%)Y,N- temperature was set to°25and was controlled by a Peltier element,
methylene-bis(acrylamide) (MBA; Fluka, assay BSE%N,N - with an accuracy of 0. All scattering curves were corrected for the
tetramethylethylenediamine (TEMED; Fluka, a£8%), sodium empty cell contribution considering the relative transmission factor.
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For detailed information on thiéing models adopted in this study, network concentration), while the rheological behavior remains
please refer to tii@ipporting Information almost unchanged. The dependend® afn the polymer

Short SAXS measurements(fnin) were performed to check any \yejght fraction is largely discussed in the liter4tUremost
X-ray radiation damage to the hydrogel structures during t ses, the trend is described by a power law f@ctior? 44

acquisition. No change in theal SAXS curve was evidenced . . —
con rming that the radiation damage was negligible in the conditioﬁégure Ishows the variation of tGevalues at =1 Hz for

reported for this type of experiment.

2.4. FTIRA FTIR spectrometer (Thermo Nicolet Nexus 870) in
attenuated total rectance FT-infrared mode (ATR-FTIR), equipped
with a Golden Gate diamond cell, was used to investigate the presenct
of possible gel residues on the surface of easel paintings after the- 3.8
cleaning treatments. Data were collected with an MCT detector. The =
spectra were obtained from 128 scans with a 4 spectral
resolution, in the 400850 cm? range.

2.5. Scanning Electron MicroscopyA FEG-SEM IGMA (Carl
Zeiss, Germany) was used to acquire images from xerogels (freeze
dried hydrogels) using an acceleration potential of 1 kV and a working 3.0
distance of 1.4 mm.

2.6. Removal of Hydrophobic Materials Using Complex 9 ]

Fluid-Loaded SIPNsTwo case studies (early 20th century artworks) log(HEMA+PVP wt%)
were used to corm the e ciency of SIPNs loaded either with the

EAPC or MEB complexid: (i) a “varnish-baségbanel painting Figure 1 Double-logarithmic scale representation describingahe e
where two dierent types of varnishes were used (one as a binder fof the concentration of HEMA/PVP network on the value of the
pigments, and the other as a toighing layer) and (i) a varnished elastic modulus at 1 Hz. The line represents the bestg (log
watercolor on paper. The sheets of hydrogels, loaded with the comgigd Hz) = 2.36 log (Wt % HEMA+PVP) + 0.98 € 0.99601)).

uids, were used directly on the surface of the paintings. The

application (12 min) resulted in the swelling of the unwanted vamisthyHEMA/PVP hydrogels as a function of the total wt % of
layers, which were then easily removed by gentle mechanical a‘iﬁiPﬂEMA/PVP network. The power-lavof the experimental
using a slightly wet cotton swab. ata results inravalue of 2.36 0.08. According to the theor

Further information on the methods and materials used in th S S T . gto cory
present paper are reported inheporting Information escribing the behavior o_f polymers in solution, this value

suggests that the expansion of the pHEMA network occurs

3. RESULTS AND DISCUSSION through a percolation mecharfi$ihis involves rst the

) ) i _ formation of clusters composed by pHEMA oligomers and then
The physicochemical properties of chemical gels can be tuggslr connection through the whole volume of the sample with
by interpenetrating a linear polymer in the hydrogel networie formation of an inite 3D covalent network. This model,
and by changing the nature and the concentration of such lingajich relies upon a critical phenomenon of connectivity, has
polymer. Thus, a SIPN is an ideal system to control propertigsen applied to the formation of chemically cross-linked
such as hydrophilicity, stickiness or elasticity, while retainiggworké?
the starting covalent network. The linear hydrophilic polymerFigure Zshows the trend of the elastic mod@ugt = 1

PVP conveys a higher water retention capability to the origipgl), as a function of the MBA concentration, while maintaining
pHEMA network. Previous investigations by our roup,

demonstrated that the optimal systems in terms of water
retention and cleaning@acy contain 10985% (w/w) of the \
chemical network (pHEMA/MBA), 25% of PVP, an®S Sx1077
of water.

3.1. Rheology and Mechanical BehaviorThe dynamic
mechanical properties of twoedent series of pHEMA/PVP
SIPNs (se@ables SI12 and $Were investigated by frequency ] %
sweep oscillation tests to obtain information on the role of
HEMA and MBA, respectively the monomer and the cross-
linker, and on the mechanical properties of the hydrogels, 21
which are of paramount importance for application on artifacts. ‘ ,
Figure SI3hows the trend of the storage modalasd the 0ol MBA [wt%]
loss modulu& at a constant strain of 5% as a function of the
frequency, for the HEMABEMA20 hydrogels (HEMA  Figure 2.Semilog plot of th& (obtained at 1 Hz) dependence on
concentration increasing from HEMAS to HEMAZ20). For aléross-linker concentration (MBA).
investigated samples, the storage modulus is always larger-than
the loss modulus, and no crossover betweéh trel G
curves is observed within the accessible range of frequetiey.amount of HEMA and PVP constant at 10.5% (w/w) and
This behavior is typical of solid-likeds with innite 24.3%, respectively (Semble SIR As it is clear from the
relaxation time, and accounts for the chemical nature of thgure, a critical value of the MBA concentrati6rD8%)
cross-links (covalent bonds) in the pHEMA networkexists, above which a drastic incre&€IofHz) occurs. This
FurthermoreG is almost independent of the frequency ofbehavior can be attributed to the progressive formation of a
the applied stress, and changes from about 720 to 19 500peecolated 3D polymer network induced by the chemical
increasing the concentration of HEMA. In this Gasis, connection of pHEMA clusters. From a practical point of view,
proportional to the entanglement deH$ity(i.e., polymer  SIPNs with MBA concentration below 0.08% can be easily

3.4

log(G'

G' 1Hz [Pa]
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Figure 3.Storagé&s ( lled marks) and lo& (empty marks) moduli for (left) HEMA16.8 and (right) HEMA10.5 hydrégels Sl}tloaded
with di erent uids: water (red circles), EAPC (gray squares), MEB (gray triangles).

squeezed while above this threshold the system becomes nrde SIPN hydrogelstigure 5shows the SAXS intensity

rigid. distribution of the HEMA16.8 SIPN loaded with EAPC (top
The e ect of loading EAPC and MEB compléds into the

SIPNs was also investigated to determine whether the inclusion 100 . o EAPC

of the uids aects the gal rheological properties. The - e SIPN

investigation was carried out on two gel formulations (named 10 ® SIPN+EAPC

“HEMA 10.5and“HEMA 16.8, whose composition is shown
in Table Shithat were selected as they exhibit high water
retention, thus they are expected to grant optimal control when o
removing varnishes from the paintings. Thdepod the
frequency sweep curves, collected for SIPNs loaded with water _ B ¢
or complexuids, shows no substantiatdinces, that is, the o1 - 2Ty e
viscoelastic behavior is noécéed by replacing water with qA™)
EAPC or MEB (segigure & and B). 100 —ue
These gels behave as sponges capable of absantgng di
complex nanostructuregids without any meaningful change 10 -
in their mechanical properties. This is in agreement with the - -
FEG-SEM investigation of xerogels obtained by freeze-drying <
HEMAZ10.5 SIPNs loaded either with water or withuitle: e MEB
no di erences were noticed in the porous structure at the 014 o SN B
microscale (an image of the porous network of the hydrogel is :
shown inFigure % The xerogels display a broad pore size R R R
distribution with diameters ranging from 5 ton3%’ Q@A™
3.2. SAXS Investigation.SAXS measurements were
performed to investigate possible changes in the nanostrucftigiire 5.Scattering curves for (top) water-loaded SIPN, neat EAPC,

of the two complexuids (i.e., EAPC and MEB) upon loading EAPC SIPN combined system and (bottom) water-loaded SIPN,
neat MEB, MEBSIPN combined system.

0.1

~

panel) and MEB (bottom panel), in comparison with that of
the pure systems. In both cases, the curve of the gel/complex

uid system is a combination of the scattering contributions of
the separate gel and complég systems.

Two assumptions were made for the damm. (i) The
scattering intensities coming from the PVP solution, constitut-
ing the“continuurh of the hydrogel matrix, and from the
complex uid are considered purely additive signals independ-
ent of each other (s&pporting Informatiorie for further
details); this is juséd by the good match between the
scattering prée of neat EAPC and that obtained by
subtracting the signal of a PVP solution (opportunely scaled)
from the combined (PVP solution + EAPC) systerfriges
S15 where the subtraction curve is named EAP@
agreement with the fact that the complieikdoes not interact

Figure 4FEG-SEM image of the xerogel obtained by freeze-dryingdth the linear polymer interpenetrating the hydrogel (PVP).
HEMA10.5 SIPN loaded with water. Neemince in the porous (i) The gel structure does not dramatically change after loading
structure is observed for xerogels obtained from SIPNs loaded withtihi@ complexuids, which is juséd by the rheological analysis
EAPC or MEB nanostructuradds. and FEG-SEM investigation discussed in the previous section.
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According to these assumptions, the scattering signal of steucture factor, described more in detail irStpgorting
pure hydrogel was opportunely scaled for the relativeformation
transmission factor and subtracted from the curve measuredhe tting results (seBable } are in good agreement with
on the correspondent gel + complesd system. The previous ndings.” Some slight dérences are observed with
di erences observed after the subtraction can be associated
with the interaction between the compleil and the  Table 1. Fitting Parameters Obtained for EAPC and
chemical skeleton of the hydrogel. The resulting curves carB#P ™
interpreted as the signal coming from the compldx

con ned inside the gel (hereafter, respectively, &ARC ting parameter EAPC EARIC SIFL
MERB,). The comparison of EARCand MER, with the 0.19+ 0.1 0.18 0.1
scattering prdes of the two neat complesds, suggests that 2@ 615+ 3.2 4L.E 3.2
slight changes occurred in thiels nanostructure (s€égure b (A) 12.7+ 0.5 12k 0.1
6, high q region). t (A) 25+ 0.1° 5.6+ 0.1
Z(1.60x 10°C) 8.0+ 1.7 7.6 0.8
I (a.u.) 70.G: 3.6 453 25
k (A) 104.0+ 4.9 36+ 3.2

2 is the volume fraction of the micellar phdséhe major semi-axis

of the ellipsoidal micelle cdris the minor semi-axis of the ellipsoidal
micelle core,is the shell thicknegsis the net charge of each micelle.
PData in agreement with &€ °The shell has only partial meaning
because its value is close to the resolution of the experiment.

I(au.)

respect to published data, that is, the SDS micelles in this case
are somewhat more globular. This can be ascribed to the
di erent amount of impurities (i.e., mostly dodecanol) present
in the SDS used in the present work, with respect to the
surfactant batch used in the cited gajtés well described in
the literature that-alcohols (either short, medium, and long
chain) have an impact on the aggregation behavior of SDS and
especially on the aggregation number and aggsbgateat
the equilibrium?®
Figure 6(top) shows that, while the scattering Ipsoof
EAPC and EARg are very similar in the medium/high-
3 region, for lowg values the two curves sigantly diverge. In
0.01 01 particular, the scattering intensity of EAp€sents an excess
qA) scattering at logy This can be attributed either to a change in
Fiqure 6.(top) SAXS scattering ptes of EAPC and EA the gel nanostructure, to clustering of the mice_llar.system onto
(b%ttom) S(A)% scattering pies gf ?/IEB and MEB Cominugefs the polymer network of the SIPN, or to a combination of these
lines represent begs of the experimental data. two e ects. To take into account this experimental evidence, an
extra term in thetting model was considered.
In previous works,these gels (loaded with water) were
modeled using the Debyueche approach, where the SAXS
In the following paragraphs theat of the loading of the intensity distribution is considered as the sum ofttwo
two complexuids is discussed separately. dependent contributions. Thest term is a Lorentzian
3.2.1. EAPC-Loaded SIENPC was extensively studied function that accounts for the scattering associated with a
during the last years, mainly by small angle neutron contragimensional network with a characteristic mesh (or blob)
variation, and detailed information about its nanostructure aige (2.8 nm, in the case of HEMAPE.8The second
available in the literatlfé*’ Essentially, in EAPC the contribution is related to the scattering aiglpvoduced by
propylene carbonate is partitioned between the continuouhomogeneities, such as solid-like polymer domains (3.6 nm,
water phase and the dispersed micelles formed by the surfadtaitie case of HEMA16.8, Sedle ). In the present study,
(SDS), the cosurfactant (PeOH), and ethyl acetate. In thvee adopted a phenomenological approach considering the
Research Article, the SAXS curve of the neat coniglers excess scattering as a result of a new inhomogeneity generated
modeled using a coshell prolate ellipsoids form factor, while by the gel-complexid interaction. Concurrently, we implicitly
the interaction potential between the scattering objects wassumed that the mesh size of the chemical network is not
implemented according to a screened Coulomb potentalected by this interaction. Therefarng, 1 was modied
within NAR-MMSA (nonaddig radius multicomponent adding an explicit term to account for this extra contribution:
mean sphere approximatithj: The total scattered intensity,

I(0), is given by the following equalfidi: I = NV, “Ru© 4 (1+|—(;2k2)2 + bkg o

I(9) = 2

@ I\LV'Z’ RRSa bk (@) wherelg is the excess intensity at zprandk is the average
whereN, is the number density of the scattering objectslimension of the inhomogeneity domains accessible with SAXS
(cm 3), V, is the their volume (3n s the contrast term  measurements. Thiéing was then performed using? and
(cm ?), P(q)andS(q)are, respectively, the form factor and thea good tting curve for the whole q range investigated was

I(au.)

19166 DOI:10.1021/acsami.8b01841
ACS Appl. Mater. Interfac2818, 10, 1916219172


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01841/suppl_file/am8b01841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01841/suppl_file/am8b01841_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b01841

ACS Applied Materials & Interfaces

obtained (seBigure &op, green line). From the comparison Table 2. Fitting Parameters Obtained for MEB and yEB
of the parameters obtained from thieg of the two curves Scattering Prdes®
(seeTable )}, it is evident that once EAPC is ¢md in the

gel, the main ect observed is a small decrease in the over. g parameter MEB MER
micellar size, while neither the volume fraction nor micellar 0.15+ 0.1 0.1% 0.1
charge change sigrintly {"able ). Hence, it is likely that the r(A) 242+ 22 11.5 3.0
nanostructure of EAPC is preserved when it is loaded into thet A 152 0.1 16+ 08
gel.This is of crucial importance from an applicative standpoirf°¥%d 0.4: 0.1 0.8 0.1
the cleaning efficacy of the complex fluid confined in the hydréd&fC> 10~ C) 3.9+ 04 2625
is expected to be comparable with that of the free EAPC. o (&u) -156 4.8
k (A) 35.0+ 2.1

The average size of the inhomogeneity is increased up to
about 10 nm after loading the complga into the gel (see ° is the volume fraction of the micellar phasehe radius of the
Table ). We attributed this ect to a “micro-phase mlcell_e cord,is the she_II thicknegxlyis the polydlsp_ersny index of
separatidnof pHEMA, surfactant and PVP, which generate%‘e micellésore, and is the net charge of each micBllse shell
L . : ; - . as only partial meaning because its value is close to the resolution of
a solid-like region (segure J. Interestingly, this region has a experiment
similar size to EAPC micelles (5eiele ). i

EAREIG & ( & =5, the polar shell, according to their polarity. As in the case of
; G~ similar complexuids}**"*> also for MEB thetting results
,_'/J ‘ show that 40% of EA and 70% of MEK are adsorbed at the
SIPN = = 3 droplets interface together with the total amount of butyl
( ‘ S / & s ANy acetate. Moreover, the overall micellar size is in agreement with
5~ A ® L= the length of fully extended DDAO molecules, so that the
f./-’/ D @) &' 5 . AN presence of oil in the core is excluded, while the micelle is
= : swollen by the inclusion of polar cosolvents at the interface of
S & (/ ) ( the nanodroplets.
*“:/j ~% */J ~% Micellar charge is low, though slightly higher than
expected’ probably due to the presence of polar solvents in

DDAO and the dielectric constant of the environment. Finally,
p(HEMA)/MBA

mp S S ~ & > % & the shell region, which alter both the usual ionization degree of
& 3
iy S @

core polydispersity is 0.4, which is high, nonetheless reasonable

vER B ® for a complexuid.
When looking at the MERthe MEB conned into the gel)
) Solid-like inhomogenity scattering prde, similarly to what observed for EAPC, we can

notice that, while the complexid does not seem to be
Figure 7 Cartoon illustrating the hypothesized interaction of the twaigni cantly altered by its carement in the gel, in the low-
complex uids with the hydrogel, according to SAXS dataegion MER,and MEB curves sigecantly dier. In this case,
interpretation. In the case of EAPC, the average size of taescattering intensity decrease is observedatloes. Using
inhomogeneities increases of about 10 nm after the loading of @Psymmetric approach to the one used for EAPG:drae

complex uid into the gel, due to ‘anicro-phase separatiaf ; . ; ;
pHEMA, surfactant and PVP, which generates a solid-like regionnrﬁg‘]"’mve|0 was expected; théting results are reported in

the case of MEB, conversely, the solvents contained in the mice-ﬁ

le 2
promote the disentanglement of pHEMA inhomogeneities. %\)/e could hypothesize that MEB complikinteracts with

the gel causing the disappearance of part of the solid-like
inhomogeneities. This suggests that some solvents included in
3.2.2. MEB-Loaded SIEN.erently from EAPC, the MEB the complexuid cloud locally swell the polymeric domains
system was not studied in previous works. MEB is a comptausing pHEMA chains to partially disentanglEi¢see .
ve-components system, thus ttieg of the SAXS prle is This hypothesis could be coned by SANS contrast
not trivial owing to the presence of several interdependemiatching experiments. Thisat has no consequences in the
variables. As already reported, DDAO holds low surface changele of the frequency sweep reported in Figugeause the
when associated in micéfle>* even if its nature is either entity of the changes are too limited to be detected through
nonionic or zwitterionic. A gootting curve (se€igure 6 rheological measurements.
bottom, yellow line) was obtained modeling the system asAs in the case of EAPC, the nanostructure of the MEB
composed by polydisperse cehell spherical particles with complex uid is preserved inside the gel, while micelles get
low surface charge. Th#ing parameters for MEB are smaller and the volume fraction is slightly decreased. This is
reported infable 2 also in agreement with the hypothesis of some solvent
As for EAPC’ the MEB complexuid only partly ts the migrating from the complenid to the polymeric network
classical daition of a microemulsion. In fact, both systemsf the gel, with subsequent local swelling and softening of
contain supramolecular aggregates formed by the interactiopldEMA solid-like domains. Micellar charge does not change
surfactants and solvents, but there is not a weitdeil signi cantly, while some concerns arise from 0.8 core
phase clearly separated by the aqueous bulk phase bgolgdispersity that has poor physical sarie. Most likely
surfactant/cosurfactant layer. Instead, the solvents are patilg parameter accounts for all the uncertainties and
dissolved in water and partly included in the micellar phasg@proximations of thetting approach that was adopted.
where they can be located either in the hydrophobic core orkitowever, the high polydispersity might indicate that not all the
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Figure 8.Visible light image showing a detail of the Icon (panel painting), before (A) and after (B, visible light; C, UV light) the cleaning by means
of the EAPC-loaded SIPN. The images of the icon are printed with the kind permission of Aurelia Chevalier. Bottom: ATR-FTIR spectra of lcc
(panel painting) surface before and after cleaning. The inset highlights the bands assigned to the carbonyl stretching vibration of the undes
brownish varnish (1716 djnand of the paint binder (1706 and 1735%cm

micelles get smaller, rather a coexistence of smaller and biggeessary to remove the varnish without leaching water-sensitive
aggregates, which contribute to the high polydispersity indexiggments or swelling the paper fibers.
present. Therefore, both cases are optimal candidates for testing the

The value of the paramekeshows that the average size ofe ciency of SIPN hydrogels loaded with compies for the
inhomogeneous domains disappearing after gel-caritplex selective removal of unwanted surface layers, while preserving
interaction is about 3.5 nm. Most interestingly, entangldétle physicochemical integrity of the original artistic layers.
polymer domains in the HEMA16.8 formulations are about 3.6Both HEMA10.5 and HEMA16.8 hydrogels (loaded with
nm;° which perfectlyts the hypothesis about disentanglemenEAPC and MEB) were selected for preliminary tests, but the
of pHEMA chains that occurs as a result of the comjalex latter gel proved to be the most suitable in both case studies,
loading. Moreover, by comparin®f the neat gel and of owing to the particularly water-sensitive character of the
MERB,, it is possible to assume that about 1/3 of the solid-likartifacts that required highly retentivering systems. _
domains disappear. For the cleaning of the wood panel, the hydrogel loaded with

Finally, although the two compleiis interestingly showed EAPC system gave the best results. The cleaning procedure
opposite behaviors when interacting with pHEMA/PVFEonsisted in applying the hydrogel sheek (Q.8nf, 2 mm
networks, in both cases their nanostructure is left almdsick) for 1 min, and then gently and selectively removing the
unaltered by conement in the hydrogel. This is a remarkableswollen resin with a cotton swalgiire SIp In Figure 8the

nding in view of predicting theeetiveness of the combined overall result of cleaning with a gel loaded with EAPC is shown

systems in cleaning applications. (under Vis and UV light). o
A further examination of the gel cleaningeacy was

4. CASE STUDIES carrigd out by means of ATR—FTH?g(lre .830ttom). Natural
varnishes commonly found as histarishes of artworks

Two case studies have been selected to evaluate tRially include terpene-based resins (e.g., sandarac, mastic) and

applicability of the SIPN hydrogels loaded with the complgwlyhydroxy acidased resins (e.g., shellac), besides oils,
uids. The rst case study concerns the removal of a surfaggxes and polysaccharide gtise of the most character-

layer composed by an aged brown resinous patina from a wii¢ IR bands is the carbonyl stretching vibration, which ranges

panel representing the Virgin with the CHilds case is from 1695 to 1715 cfor terpene-based varnishes, or from

representative of challenging interventions, where a selectivésaod 722 crhfor polyhydroxy acithased coatingsThe

controlled cleaning process is necessary to avoid the diffusigpeatrin® collected on the painting surface before the cleaning

fluids into the pictorial layer, which could result in the swellingenfention shows a strong band centered at 171@cm

the paint binddhe second case study concerns the removal @f str.) and absorptions at650 (shoulder, CC str.), 1461

a homogeneous layer of a yellowed varnish from a watercg©H, bend.), 1382 (C H bend.), 1257 (CO str., ester),

on paperThe controlled delivery of the complex cleaning fluid6$ (C O str., acid), 1040 (@ str., alcohol), 970 and 925
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Figure 9.Detail of a watercolor on paper, before (A) and after the cleaning intervention (B, visible light; C, UV ligh)orEsedde

photograph (C) highlights the removal of the varnish (the cleaned area appears as bluish). The images of the watercolor are printed with the |
permission of Aurelia Chevalier. Bottom: ATR-FTIR spectra of the watercolor on paper before and after the cleaning intervention. The ins
highlights the 1750550 cm' region, with the absorptions of the varnish layer (171%cn® str.) and of the paper support (1650'c@H

bend. of water absorbed in cellulbses).

cm?! ( C H bend.), which suggest the presence of greliminary tests using unamed uids showed that both
polyhydroxy acidased resit?. The spectrum of the painted MEB and EAPC complexids are able to remove the varnish,
surface after cleaning shows a band at 17&6with a but EAPC causes the partial solubilization of the original black
shoulder at 1735 cm!, while the band at 1716 ¢nis no ink. In both cases, it was fundamental to avoid the swelling of
longer observable (see insétgure § The C O stretching  the water-sensitive papdrers while maintaining the
band at 1706 crhand the absorptions at 1390, 1240, 1170advantages involved in the use of water-based complex cleaning
and 1041 cn, suggest the presence of a terpene-baséd resinuids, in terms of cleaningeetiveness and decreased eco-
The shoulder at 1735 chiC O str.), together with aliphatic  toxicological impact as compared to the traditional solvents
C Hband at 715 crhand the C O absorptions at 1240 and used in the restoration practice. The hydrogel sheet{0.5
1169 cm' indicate the presence of an oil binder (e.g., linseezh?, 2 mm thick), loaded with MEB cleaning system, was
oil).>° The bands at 874 and 712 tare due to the presence applied on the artwork surface for 2 min. The swollen and
of CaCQ (CO; asymmetric and symmetric beridingnd softened varnish was removed with a gentle mechanical action
the strong absorption at 2090 t¢CN str.) is due to the using a cotton swab slightly soaked with MEBi(sees SI7
Prussian blue pigment. and9). Two short successive applications over the same area,
The ATR-FTIR analysis is in good agreement with the UVather than a single longer application, allowed a more gradual
uorescence investigation, where the brownislotBgécence  and controlled removal of the unwanted layer. The achieved
of the top layer (clearly observable in the non-cleaned areashtrolled swelling allowed minimizing the mechanical action
indicates the presence of aged sffeNdtje the blueish  with the swab, avoiding damage to the watercolor, the ink and
uorescence observable in the cleaned areas can be attribiltegaper bers.
to the presence of both aged terpene-based aasimirying ATR-FTIR was carried out on the artwork surface before and
0ils®° This is consistent with the hypothesis that below the toafter the cleaning interventioRigure %ottom). The
layer, composed by polyhydroxy acid-based resin, lies a paispeattrum collected before the cleaning intervention shows a
layer where the pigments are bound by a mixture of a terpestong adsorption centered at 1713 ¢@ O str.), and
based resin (e.g., dammar) and linseed oil. In fact, since #sorptions at ca. 1605 tfC C str.), 1453 cm (CH,
19th century, natural resins have been used as popular additierl.), 1376 crh ( C-H bend.), 1229 crh (C O str.,
to oil binders. Thereforthe use of the hydrogel allowed thester), 1167 crh (C O str., acid), 1105 ct(C O str.,
gradual and controlled release of EAPC cleaning system, lealtioba), and 926 cm( C H bend.) suggesting the
the selective removal of the undesired top (brownish) resiprémgarce of a natural resin, probably a polyhydroXy acid.
without affecting the painted layers underneath This hypothesis is supported by the analysis of the artifact
Varnish removal from the watercolor on paper was carriadder UV light that shows a yellow-brownisirescence
out by means of the SIPN loaded with MEB system. In fa@mitted by the varnish layer.
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In the spectrum collected after the cleaning intervention, thederstanding of the physicochemical properties of multi-
intensity of the bands attributed to the varnish is stronglyomponent microheterogeneous complex systems.
decreased indicating the removal of the surface coating. At the
same time, the absorptions of the cellulosic support (paper) are ASSOCIATED CONTENT
clearly observable at 1650 (OH bend. of absorbed water), 1242 gpporting Information

(C OH bend. out-of-plane), 1160 (Casymm. str,, ring The Supporting Information is available free of charge on the

breathing), and 1027 ch(C O str. alcohof): ACS Publications websiteDOI: 10.1021/acsami.8b01841
Further information about rheology measurements,
5. CONCLUSIONS SAXS tting, and cleaning tesBBDF)
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