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Since their introduction in the mid-1950s, waterborne
aurvlic latex painls commonly referraed fir as acric omul-
sion paints—have been widely adopted by artisis® As a
class of malerial, they exhibil grest stability, being highty
resistant to deterioration, disceloralion, embritilerment,
andsor mechanical Tailluce. Howover, new materials pres-
ent new challenges for those invalved in the conserva-
tinn and rostaration of works of art. As renmned British
paintar David Hockney—one of tho pioneers in the artislic
use of acrylics—astuicly obsensed:

Of paint has bear used By artists for six hunired

VEAFS, S0 MOToT canaarvatars Ngve six centutias

of experence ho draw on and develon. Acrylics, on

Lha nfher hand, are itle more than half a cenlury

ald, it is extremely important &nd very wiclcome

that . .. resaarch iohe the Tuture conservation of

thase relafivoly new materdals (s boing done now

o cnsure thase artworks will be ket in gocd

condition for cenlures to comea,?

One of the most commonly execuled consarnation
treatments an any work of art is surface cleaning—that
i, the remaval of dust, dirt, ahd other acoretions andy
or deposits that have built up cves time. Evenlually, the
dirt huild-we roay compromize the painting's appearance
Lo such o degree that a cloaning Lreatment is warrantad.
The surface cleaning of acrylic caulsion paintings s,
howover, nol a straightforward procedure, for a number
af reasons:

+  Aerylic paintings are ravely varnishoed unlike tradi-
tiomal off paintings); as a resuld, airboarne dust and dirl
deposit directly onta the paint surface, Aorylic latss
paints are generally soft al room temperaturs, and
dirt can become firmly indrained—in the worst case,
permanently cmbedded in the paint surface. Henoe,
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the margin hotwean sueeessiul dirt removal and dam
afe to the paint film can ke slim.

+  [Qirt deposition can be exacerbated by greasy deposits
on the surface, such as skin 0ils resuiing from Improp-
er handling; indeead, Ihe presence of tenacious dark,
finger marks is Aot uncomman with acrylic painlings.

= Arlisls” acrylic emulsion paints arc sensitive o & wide
range of liduid Agents commoeonly used for sufadce
cleaning of ather works of art, and can be vulncrable
to binder swelling and pigment removal during the
cleaning proness,

«  The surlaces of madern and contemparary painlings
are often delicalely nuanced. with subtle differences
i gloss and texture crilical to the painting's appear-
ance and eohaerence, and 50 even the slightest altera-
tion in surface qualities—by burnishingraughcning
or the development of uneven finish—can be highly
problematic.

+  Surfactanl eriginally present in the paint can migrals
and collect at the surface, wheare it may contribute o
the retention of surface dirt, and the removal of sur
face dirt can alzo result in the removal of this original
surfactant material. Since migrated surfactant could
b cansidarad an "original” component of the paint,
its possible removal during cleaning treatments is
a somewhat contentious ssuc within consersation:
practitioners have not universally agroed whalher
remcyval is desirable or acooptable.

Ong af the key challenges, therefore, s to find clean-
ing aperits which avoid or minimize these risks,
which are alzo effective at dirt remuoval. Typically, surlace
clegning is done by gently mlEihg of wiping cotton wool,
synthetic fber, ar foam swabs, mofstened wilh & small
amount of cleaning ligwd, across the surfaco of the paint-
ing [Fidure 1), In practice, finding a suitable eleaning sys-
termn for a given painting is nonmally achieved by ad hoo
tesling on the ohject under consideraticn combined with
the experlintuition of conservators: the goal s o try to
find & cleaning syslem that removos dirl at an appropr-
ata speed and with an acceptable level of contl ouor the



surfaca finish. Generally speaking, painting conservatars
rely on a relativaly limiled range of chemical ingredients
for formulating cleaning systems (surfactants, pH adjust-
crs and regulators, cholates, electrolytes, simpls ordanic
solvetts] mostly adepred by extension from practices
eslaklished tor the surface clcaning of oil paintings.

Most ol Lhe previous cleaning studies on acrylic latex
paints, conducted within the conservation prafession,
have reliedd on simuiating the practical clesning proccss
by carrying out individus! cleaning tosts with hand-held
swabs laden wilh cleaning liguid on fest paint films
iFigure 2a)° Such approachcs to evaluating cleaning
perfarmance, while having Lhe advantage of closely rep-
ligating the rormal cleaning process, arc labar-intensive,
time-censuming, and difficult 1o make reproducilylz,
Mewertheless, the faw sludies of this type thal exist have
clearly demonstrated that—despile somc considerable
brand-to-rand variahility in terms of paint formula-
tion—use of water-based cleaning agents risks rermoving
migrated surfactant from the swface ot the paint, and
potentially also lrom the ulk film.

Other concems highlighted by research stodiss
include possitile pigrnant removal (espocially of organic
pigrmems; and paint swelling by both arganic salvont
and aguecus systams, Genarally spoaking, aliphatic
(nor-arematicy hwdrocarbon solvents have baen found o
remaov [oss swrfaclant than aqueaus cleaning systams,
@ cause considerably lower dedrecs of swelling, and {o
have rminimal effect on bulls film physical properties.”
Howewer, films pigmertead with organic colorants may
axhibil an increased tendency for pigment remuaval when
nan-palar solvents arg ysed.” Allhough gencrally more
benign in torms of elfects on acrylic painls, the clean-
ing efficacy [i.e., the ahility Lo remove deposited dirt} of
simple aliphalic hydracarlon systems has beon found to
be appreciably lower Lthan that of aquedus systams.

An oppartunity to advance research into the cleaning
af acrylic paintings arosc inearly 2008 when scientists in
the Coating Materials division gt The Dow Chermical Com-
pany began a collaboration wilh the Getty Conservation
Inztitute [GC1) in Los Andeles, and Tale in London. aimed
at developing mare effeclive methods for cleaning works
of art created with acrylic latex paint.
Ag & leading manufaclurer of the base
latexas for acrylic house painls, as
well 35 marny raw materials Lsed in
house paints, cleaning products, fing
art acrylic paints, and cansetrvalion
rratarials, Dow is applying fts exper-
tise in designing and evaluating cloan-
ing systarmns wilh art conservators and
conservation scientisls sseking 1o
praserve important works of arl foom
the last B0 years.

One of the key innovations of this
rescaich collaboration has been Lhe
application of Dow’s high throughput
[HTF} aulometed tormulation, Lest

ing, and analysis lacilities to the problem of evalusting
cleaning etticacy of liguids apglied in & way Lhat reliably
simulates the manual cleaning process typically used

by conservatars. HTH comprises a sophisticated suite of
Automated hardware, seftware, and informalion rescarch
infraslrucfures that allows for Lhe preparation and analysis
af hundreds of samples in a relatively short time period.
A ntcgrated set of soitware programs serves as the
backbone for tho endire capability to cnable compglex
experimenlal designg, automated matedal handling, dala
ciHloction. data analvsis, data storage, and, finally. model-
ing and mining of large dalasets.

In this collaboration, HTR tools from the coatings and
consumer produecls workiows were moadified to prepare
and screen hundreds ol cleaning formulations fer the appli-
catiaon of surface cloaning fine arl acnylic paints. A key ele
et of this work was the adaptation of one of Dow's HTT
cleaning rohots to closely sirnalate the process of manual
aviab cleaning (Figure 2h). The leading candidates in each
class of cleaning fommulation were then evaluated in paral-
lel vie manual tasting als by conservators, with guidance
and Teedbiack coordinated by recearchors at Tate.

Three classes of cleaning solutions were formulated
and tested: aqueous, aliphatic hydrocarbon solvents, and
water-irrzil inicrocmulsions. The goal tor both the aguenus
and aliphatic hedrocarbon solvent-based options was to
furmulate systems with optirnurm cloaning eflicacy, so that
coftact Line with tho paint surface could be minimieed dur-
ing clzaning proceduras. Wdoally, ondy volatile companents

Flgure 1—Tnr. Bronwyn
Qrrrwlyy, senior <on-
servation scientist,
Tate, London, surface
cleaning Alexarler
Libenman™s acrlic
palnting Andromeda,
1962 {Tate Tooduoh
Phortor Tate, 20058,

i Libernian &L
partiers.
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Figure 2—a’ Tvpical approcch to evaluation of perforrmance of clearing svsterms on artisis” acryllc
paints: manual svwab application on referenca paink films. mage 1 Tate, zao4. (b): HTP rebalic
cleaming Cevice adaptaed to simulate manual swab ceaning of ardsts” acrelic paints,
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Figure 3—Schematic of general weordflow Tar HTP cheaning mathod.

Figura 4=-Drylng and stablll
zation of Goldent Haavy Bady
Acrylic titaninm white artists'
paint. Tapping Mods AFM,
imzgas of paints at intervals
of 1, 5, 25, and 104 days aster
appllcaticn.
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wiould be used to ensurs Lhelr complete evaporation
fram the paint surface after cleaning. Howevar, in
practice, conservators often rely on the addition of
nomvolatile componenls in cleaning systems and
then attampt to completely cloar any residues of
that fermulation after use. In addilion, the Impact
of additive concentralions and solution conductivily
an cleaning efficacy was systomatically explered via
experiments designed to minimize systam residue
and potential damage to the dried paint filmes.
Water-in-gil microemulsions are a relatively new
material ¢lass 1o the painting conservation figld.
They consist of a fluid, thermodynamicatly stable
dispersian of ol [in this cage, aliphatic hydrocar-
bon solvent) and water, wilh domain sizes in the
hundreds of angstroms rangde, and. &s such, tend 1o
form clear systems. They typically eontain surfac-
tant and co-solverits to help compatitilize the sol-
vant and water sub-phases. Microsmulsions ware
identified as @ group of materials that could ad-
dress the deficiencies of water-bascd and aliphatic
hydracarban solvant systors, in traditional clean-
ing sutinns, aguecys systems have marg powerful
cleaning efficacy but also patentially pose mare risk
to paint films, As discussed earlier, itis known that

Table +—{ompositicn of tha Artificial
Sl Used Inthe HTP and Sulvjecthe
Taxts of Cleaning Performance

Component i fwwh
Carbon black 0z
Iran axide [ochre! a1
Siliga 0.2
Kaolin 24
Gelating powder 1.2
Solubile starch 1.2
Coement | lype 1) 21
(Hive il 1.2
Mineral qil 1.4
VRAP raphilhe Bog

aqueoaus systems are particularly prone to remove
ariginal rmalerial vom the paint swface, Exposure
o weater will also temporarily change the physi-
cal properties of the paint film and the long-term
implications of waler exposute and remaval of the
surfactant from the paint matrix remain unknoen.
Aliphatic hydrecarbon solvent Dased systeims are
balieved to have less impact on the ariginal paint
film, but demconetrate pocrer cleaning efficacy.

To produce 8 micreemwulsion. the correct combi-
nation of surfaclant type, co-solvent type, and salvent
must e found and tailored to specific applications.
In the: initial screening, A commercial microeml-
sion lailared (o industrial cleaning, INVERT™ B000,
was investigated.” This systom demonstrated high
cleaning efficacy, but poor clearance from the paint
[ilrrn due W low voiatility, [n addition, & was noted as
causing pgment romoval on somc of the manually
evaluated samples. & seves of waterin-oil microsmul-
2ions was then formulated and t2sted using the HTR
equipment. The aim of these new materials is to
provide art conservators an improved and/or alterma-
tive approach to cleaning modearn works of art, and
particularly those works that are sensitive to waler.

Iruthis arlicle, an overview of Lhis research col-
labaratian is given. autlining a method to quantify
and ditferentizte the cleaning efficacy of agueous,
aliphatic hydrocarban solvent, and water-in-ail
microemulsion-bascd cleaning solutions for soiled
acrvlic paint filins wsing Lhe HTF lools and software,




This is followed by an cutline of the manual evalua-
tions carried out to further test these svsterms under
ricre realistic conservation treatment condibons.

EXPERIMENTAL

High Throughput Evaluation
of Cleaning Efficacy

The overall goal of the HTP approach was to
devise a melharl that reliably simulated the manual
swals cleaning of a painted surface, which was ropra-
ducible, quantitativi, and alewed for rapid soreening
of e large number of cleaming solutions. The general
HTP worlkflow is autlined in the scheratic in Hgure 3.

Sample Preparation for
HTP Cleaning Evaluations

Al of th HTF cloaning evaluations were narried
ot on films preparad lrom Golden Heaw Body
Acrylic titanium white paint. cast onto gass slides to
a dry film thickness of ~200 pm. The cast paint filns
werg dried in 8 controlled anviromnenl of 257C/50%
RH lor at least 20 days prior to coating with an artifi-
£ial soil mixture prepared according oo farmulation
developed inearlier stodigs (Table 107 The artificial
soil mixture was prepared by blending together the
eolid and ligquid constiuents and then brushed onte
the driexd paint films using & [eam applicator. Two -
plications of scil weare appied w0 prvide a modium-
to-heayvy caating. The soiled films were then dried for
sewven days prior to the HTR cleaning evalustion,

ln develaping the methodolopy for the propara-
tion of samples for HTP cleaning evalustions, i
was inporant o delemiing the time taken far the
applied test paint films to dry (e, coalosco) com
plztely, since this factor governed the time periods
helwean painl flm preparation, application of the
artificial sail, and HTF testing, Alsa of interest was
the migration and depasition ol surfaslant al the
painl surface 2 Accodingly, in the development
phase of the HTP projoct, changes in the fest paint
filrms quer time: during the initial period of drving
were mordicred using atomic force microscomy
IAFMNY (Mgt A Details of the AFM method and
selected resulls for Lhe Golden Heawy Body Acrylic
titanium white paint are given in the Appendix.

Clezaning Liguids

A range of aqueoaus and aliphatic hydrocarkon
solvent based cleaning solulions were lested for
cleaning efficacy using the HTP method, 1n addition,
ane cammercial and a serigs af newly formulaled
water-in-oil imicrogmulsions wate examined. The
formulaticns wera preparcd cithor manuakly or
wsing rohotic liguicd handlers thal are part of the
HTP work process, The faormulations testod weare
bascd cn raw materials that inchided both ehemi-
cals curraenlly used inart consendation and materi-
als new ta the conscrvatian ficlk) (Tase 2).

Table 3—Raw Matarals Used in Cleaning
Forrnulations Tested with the HTR rdethed

Surfactanta
SatinFew etaylere ox'nrdravleng wida
Ak copalvraer (CABD

TRITOM 'Y 0E3-110 alkyl pihygiucoslde

TRITGR ¥-10) aikyl prenal cthoslata
ECOSUSFT™ FHE a eohal alkosylale: Fonlon s
ECOSURF EHS A gohal Alkosylala e eniveie;
CCOSURF 54D dlooha, alkosylala [ronioric,
Las linasr alkyl sulforzte
Solvamts

Waler

F-hatmal

W& -phlig sllphatic Mydrocarkaa blend
Fhallsal L3 gliphatic rydrocarban blaacd
1-He=ang

1-Buzanal

CRMAMMOLT PR iprpylene glyeol naoyl alnar
rnajot igomer: G H_0FCH, CHICH, 131, H

CHMamMOL ERR cthylene givcol ahersd ether
Fa—oH CH, DR
Hexyl CAREBITOL™ dirthrelere: Blynol minnoabesyl albar

€11 JOCH,CH_} OH

Raiyl CELLOSDLYEY  cthylore glveo manobutel ether
©.H, QCH CHGH

Selts and
Chelates

VERSEME'™ A, COTA cisodium salt
Triasnmaninm

citrate oitic acic, w-armmnoni aon saElt
Meall sedium chlorice

Commerclal
Microemulsion

IMVFRT'™ B0 waler-i1-oll mcracirLlz.en

ah by

Figure 5—{a}y HTP cleaning device. (k) Artificially soiled paint filrm cleancd swith
IITP davice, Top 11 locations Ceaned with water, bottom 1 locations ceance wiln
aformulated aqueous Gearing selution, The graater efficacy of the formulatad
clening llquld s clearly evident. Twa lacations in rows 2 and 3 were left on-
claaned as reforenco contrals,

HTP Cleaning Device

The HTP aleaning device used in Lhis wark
yFigura B consists of 2 movable head-piece fitted
with e 24 "brushes,” which can be brooght inko
gentle conlact with the substrate 1o be cleaned Jn
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fmage analysis soitware in ==
oparation far quantifica-
tien of change In calor of
cloeancr areas.

this case, the arlifcially soiled acrylic pain films),
The soiled paint fifm is clamped at the basc of a jig
Ihat forms 24 non-communicable cells. each ca-
pable of recaiving 8 small quardity of cleaning liquid
delivzrod via an automated pipette, The dovics is
vrogramimed so that, as soon as cleaning liguid is
deliverad to the cells, the head (with the brushes in
cortact with the sciled paint suface) oscillates gen-
WMy in the y direction for @ specified number of eycles,
The cleaning robol Lhus allows for 24 locations on
each test paint film o be cleaned simultancaushy
under near identical physical conditions: each lora-
tion was treated with ke same amount of cleaning
soldion, the same applisd pressurs, the same
speed, and for the same nurmber of cleaning oveles.
The "brushes” used here wera chosan so as
to he similar in composition and stiftness to the

Water

Wler TRITOR ™
¥ -100 Surfaclan!!
Trismmonium Citrate

WMF Maphtha

YIP Naphtha/LAS/ELED

Figure 7—initial development of the HTR claaning methad. Raw inages of
pairt samples cleaved with agueous liguids (top) and ¥MaF naphtha based
systams [bottorm).
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cotton swabs Lypically used by painting conscrva-
tors. They consistad of a foam inlerior [to provide
stiffness) covered with cotton batting. 4gain, in
order Lo closely simulate the practical procoss of
cloaning wavks of art inowhich ow liguid vilumes
are typically uzed, the guantity of cleaning solution
was standardized gt 50 pl per cell. The specd of the
mbotic cleaning strokes was one second per slioke.
For the evaluation of aquoaus-based cleaning solu-
tions, fols strokes (Lwo passes back and forth) wese
used, and for aliphatic hydrocarbor solveni-basecd
systems  which were generally less active than
aguecus formulations—24 strokes (12 passes back
and forth] wiore used, New cleaning swabs were
use] for sach cleaning trial,

Quantification of Cleaning Efficacy

The cleaning effizacy ot cach test liquid was
guantified via measuremenl of differences in color
appearance bobwoon the original dried (unsoiled)
painL, the soiled paint, and the cleancd paint
Color differences were calculaled from CIE L¥a*kh*
rmedsurements derived from digital images of the
paint films at each condition. Cleaning ctficacy was
dofined as the ratio (AE,/AE G of lwo eolor differ
enoe valles:

AE —eolor chflerence betweaen initial state and
sniled funclocaned) state;

AE,—volor difference between seiled state and
cleaned stata,

The colgr measurcments were ganerated
by anabysis of seanned images using dodicatod
MWlatlan-hased software developed by Lhe Infarma-
Linn Research group at Dow. A scresn capture from
the scftware [Figure &) illuslrales the process by
whirh cleaning etficacy data is obtained for each
cell within a single Last matrix. For this type of
andlysis, the software allows the vser Lo select Lhe
color space (XYL, L¥a*0¥) and the specific regions
of the sample to he analyzed. In the exampke shown



in Flgure B, colar values are being measurcd far the
area within each Blue fox. The overall cleaning ef-
eaoy (% olean) determined for any given liguid was
taken as the average of the results obtained for a
sCrics (usually hotwoen 3 and 121 of replicate cells.

Sampie Preparation for Manual Evaluation
of Cleaning Eficacy by Conservators

The test paint films uscd for the subjective
evaluations by corservators differed trom those
used far the HTP study in terms of subslrate, num-
ber of brands tested, age. and the sciling methaod
used. These samples were developed ndepen-
clently and were designed to approeximate painting
surfaces as closely as possiblc, This sample group
consisted al Tour brands of professionsl artists'
quality achdic paints (Winsor & Mewton, Liguites,
Talens, and Golden Artist Colors) cost onto & Fredrix
10 e double-acrylic dispeesion primed cotton duck
camas Using a sheen instruments adjustable film
caster to a dry film thickness of ~110 pm. In tatal. a
eroup ol 23 samples—214 Litanium white (FW) and
4 aro yallow (PY31—were evaluated, Al samples
were: oast in 2003; some were thermally adod prict
ta s0iling in & Fsons LEE HWE emvirormental oven
(G0 B BRI far 18 weeks; others were light
Aged at 15 000 ux for 16 weeks undor Philps
TLD S8W 240 davlighl fluorvescenl lubes with the
L compancht filtored by acrylic sheet, Assuming
reciprocity, this is equivalent to ~50 years” cupa-
sure under normal musewmn conditions. Al samplas
wiers soiled via spraving rather than brushing in
2006, afler Lhe initial perind of natural ar acceler
ated aging. After soiling, all samples had a furlher
three years' natural ading in dark conditions priar
to serving in he cleaning efficacy iests, The same
artificial soil mixtuie was used for the subjective
tests at Tate as in the HTP tests at Dow [Table 1),
The relative cleaning perfarmance of 8 range of
liquids was cvaluated by manual testing and visual
observations, as outlined in the Hesutts section.

RESULTS

initial Development of the
HTP Cleaning Method

The reproducihility of the HTF cleaning rethid
wials getermined in a series of 11 replicate cleaning
trials using four cleaning liquids cxpottod to vary
guite significantly in performance (see Tabie 3], Typ-
ical raw clata from thoso trials (... digital images
ol Lhe soiled samples cleansd by the HIP rebat) are
shawn in Figure 7, The standard deviation of the
rethod ranged frorm 15-10%:. This lovel of nodse
was sufficient to differentiale Lhe performance of
the large numbct of cleaning salutions investigatod,
The goal of the HTP rethod was to soreen a large
number of cleaning solutions and identify a smaller

Table 3—Initial Develommant of the HIP Clezning
Method. Values for ¥ Clean and 3tandard Daviations
for & Clean of selectad Cleaning Liguids

Cleaning Liquid E Claan Etd. Dev. %
Clean

Water 13 >

Water + TRITON™ ¥-100

Surlactant + Lrlammoniarm

citrame 1953 L. 1w weight] B4 T

VREP raphthe s T

WMEP raphtha + 1% LAS +

3 FORO & 11

group ol polential candidales. These polentlial can
didates ware then evaluated using more traditional
and often more fgorus methods prior 1 com-
marcialicaion ar, in s case, recommendations tno
the art conservation field, The % claan vallues far
the tonmulated aquecus cleaning solution and the
formulaled aliphalic hvdrocarbon soheens-based
cleaning solution systems were the same. However,
signiticantly more cleaning strokes were roquircd to
achieve Lhis perlormance wilh Lhe Yh&R naphlha
[aliphatic hydracarbon) formulation, A noted in
the Experimental section, the conditions far the
anguenus and aliphatic hvdrocarbon solvenl-hased
systams were adjusted to allow for differentiated
performance in each class: tests with agueous
syslems emploved four strokes al Lhe aulomaled
cleaning krushos, whorcas tosts with naphtha-
based systams used 24 strokes,

Also irvestigated were the influences of various
additives (surfactants types, solvents, chelating
agenls, ele.y on Lhe clearing alficacy of agquecus
and naphtha-based cleaning preparations, A subset
of the aguecus clerning solutions tested in the ini-
lial trials is listed in fatde 4 with the carespanding
Hoolcan values, Cleaning officacy ranged fraom ap-
prosimeately 0% to 0% for the agueous formula
tions. The highest performing aguecus formulation
of this group consisted of 14 triammaniumn citrate
and 1% ECOSURF™ EHS, the lallar subslance being
an aloahol alkoxylate non-APE surfactant manufac-
tured by Dow. In A later stage of the project, fuither,
focused studies dreported as follows) were execuled
with this combination ot indredicnts in order to
exarming Lhe impact of surfaclanl concentration,
solution pH, and conductivity on cleaning efficacy.

The awtomated instrurmentation used in HTP
research projects at Dow is supported by an inlbe-
dratod sot of software programs to allow complex
exparimental design, aulomaled material handling,
data collection, data analysis. data storage, and
finally modeling and mining of larde datasets.

Cata visualization softwares 1s routinely used o aid
in data analysis and mining. An cxample of the
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output fromm this type of analysls is shown in Figure
&. In this plot, generated using A commercial soft-
wira package, MineraD * Lhe respective cleaning
performance of each of the group of formulations
is demanstrated visually, The cleaning allicacy of
cach solution is represenled by the colar and size
of the circles: large blue circles represcnt high
cleaning efficacy and small red circles reprasent
paar claaning efficacy. The variability in cleaning
performance of edch cleaning solution within 2 set
of replicates is indicated by the multiple enlries
along the g-agis which represenl cleaning trials

of the same formulation at different locations on
the soiled substrate, The actual cleaning efficacy
for each replicale in a selis lsled at the top right
corner of cach cinsle. Finally, the softwars allows
for the area of the griginal, zoiled, and cleansd im-
ages used in the AE coloy difference caloulations
to be viewsd alongside the nmeasured pofonmance
resulls. This type of data analysis allows the HTP
user to quickly review large volurmeas of data.

Influence of pH on {leaning Efficacy

The influsnice of pH on Lhe efficacy of an agueous
cleaning systom was studied with o scrics of agus

iU solutions formukatzd with 0.1 wit? ECOSURF™
EHS surfaclard titrated with diluke 1121 or KaoH

ta integer values within the pH rangde 4 to 100 The
results are summarized in Fgure 3, T which L can
e seen Lhal lor this simple wator/surfactant system
the cleaning efficacy was significantly lower for the
salitions at pH G and pH ¥ compared o Lhe selulions
abvwe and below that pH range.

Influence of Surfactant and Chelate
Concentrations

A study designed o explore the influchncs on
cleaning efficacy of surfactant and Lriammonium
citrate concertrations was also executed using the
HTP cleaning melhod. & full factarial design was
excouted in order to look at the main effects ol the
independent variables ar factors (surfactant level
and triarmmonium cibals level] on cleaning perfor-
mance in addition 1o identifying any interaction el-
lects that exist betweesn the factors, &0 interactian
effect exizts when differences in one tactor dependd
on the level of another facton

The: eompesition of cleaning solutiohs tested
ishown in Tabie 5 were Lrialed in replicates of
three, The number of cleaning strokes was lowerecd

Table 4—nitial Development of the H TP Cleaning tdethol. Ceaning
Performance of Aqueous Systems Evaluated Lsing the HTP Bethod®

% Clean Std. Dew. Tukay-Kramer

Claaning System £ Classlficatien
1%, ECQSLIRF™ EHY +
1% tiammenium citrate ad il A
F0% Hexyl CARPITOL™ — -
1% LAS 42 5% YERSENE * Ma, T 24 |
1% ECOSURF EHE +
DLA5%, Lrigmrmeniunn cibrate 594 74 AlB|C
18 TRITOM ¥ X 100+
0.2R% trimmrnoniurm cilrale 55.6 6.9 AlB|C
1% TRITOMN X100 +
1%, tiammanium citrate 68.4 7.3 A [l Bipe
1% 1RO GE-114 +
1% tiammeanium citrate 618 T BIRE] O
2 8% DOWAMNOL™ DPrB +
1% LAS + 0.25% VERSENE Na, o e D
2.5%, DOWAMNOL EFh + 1% LAS + .
3 53, VERSENE Na 558 B GLPE
253 DOWARNCL DPnB + 1% LaS + _
2,53, VERZENE Na, N e SR IE
1% LAS + .25 WERSEME Ma., 403 133 E
1% Elhanal 14.0 114 F
2% Ethanal 13.0 91
Watar 125 A1

fa) The Tukeytrarmar H30 [heneslly signiliczanl dilfamesrce; slatislical eet wae spplied to the datanst
cdeaning formulAtons nod connacted By The sams lettsr are significanthy differerd in ems of pafamaroe,



Figure B=—Cloaring performanes
of 2 sories of formulations. The
siza andl color of the crcles
represent tha cleaning efficacy,
Large IHue circles correlalo wilh
high cleaning efficacy. Small red
cire les correlate with poor clean-
ings efficacy. The x-axis shows the
variability of the methad with rep-
licate cleaning Lzl of te came
farmulatien at dffarent Incations
oin the soileel sithstrates. The im-
ages af the ariginal, soiled, and
cleanas films used to calculale
the & clzan using the lmage analy-
gls soqoweeera are showen for @ach
trnl. Toe cleaning efficacy valuz is
listad to the qght of the images.

B,
n
5
=

E.

mEm
L B

a

fronn four ta twe for this study to increase Lhe reso-

luticn between cleaning salutions wih relatively
high cleaning efficacy. a8

A madel based an the concentrations of ECO- o A& T\ O S
SURF ™ EHS surfactant and triammonium citrate I i 2L
was developed wilh an B square values of ¥ 7%, Both = - -, = iy
the surfactant level and triammainium citrate level @
were significant in the model developed for clean- 5 N
ing efficacy. In addition, the cross-prochuct of the A= = T 1 —r

independont variahlos was also significant in the ' pH
riadel. This indicates that an interaction ettect docs
exiet betwesan the surfactant isvel and Lriammaonium
citrate level on clzaning cfficacy. This can be sean
visually in Lhe plol of predicted performancs based
o level of surfactant and trismmaonium cilrale
i=hown in Figure 103 where the cleaning efficacy is
foar wher either addilive s present af low levels
regardlcss of the level of the ather factor, The [evel
af trigrmenoniurn cirate was directly corrclated 1o
the conductivity of the cleaning solulions. This cor-
relation allowed for 8 scocond model of the cancen-
tralionn of ECOSURF EHE surfactant and solution
cenductivity. This model had the same quality and

Figure g—laaning performznce of a saries of agueocus
solutions formulated with o1 wts ECOSLIRT EHg Surtactant
at pH ranging frem 4 to 19, The formulations wilh pH levels
brelows & and obawe 7wero mone elocthae cleaning adenis,

Table s—Relallenship beteeen Camesosition,
Conductivity, and Performance of Agueos
Clezning Systems Pased an Monionic Surfactant
[ECCSURF EHnY and Chelate (Tramimonium
Citrate)

ECOSURF EH8 Tdammonlumn  Conductlviky % Clean

significant factors @s the first madel. The plotin il Clinate (Wi ___imsiem :
Figure 10 alse shows the predicled performarce of 0.1 1.4 4.47 17
the cleaning selutions based an conductivity. The 0.1 1 1.62 16
farrralalion space with the highest predicted clean .58 (.55 £.05 3
irng'. performance was with 1wt ECOSURF EHS sur- 10 10 107 &0
Tactant and {).?':j 1 wt'-nj{ﬂ trlammumlulrn citratc and 10 055 51 a7
T.5-10 mSAcm in solution conductivily. The clean 10 o1 = -

efficacy modc| prodictions were validated in subse-
quenl cleaning trials. This type of analysis acmss a
hroad formulation space provides the practitioney
with information about the trade ofts between the
surfactant loading, solution conductivily, and owerali
cleaning performance.
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Figure tp—Predicted cleaning porformancg based on concentrabions of ECOSURF'S
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Performance of Naphtha-Based
Cleaning Sysiems

The identification of effective aliphatic hydrocar-
b solvent-based cleaning solutions proved 1o be
a greater challengs than for the agueocus systems.
Generally spoaking, additions of conventional Sur-
faclanls and mygenated solvenls o WMEP naphtha
resulted in systems that had relatively pooar cleaning
performance. Howover, formulations campoged of
YhA&ZP naphliha with additions of & novel nonianic
polvettvene oaide) co-polyl butylenc oxide) sur-
factant {EOBO) in combination with Linear Alkyl
Sulfonate (LAS) wera found Dy the HTP trials to have
improves performance (Tabic G), Both experimenlal
and commersial grades of the BEDBED material were
found to hawe similar performance: optimal propor
tions (Swt) according to the HTP test resulls were 1%
LAS + 3% EQBQ. (Mote: the experimental grado of
the nonicnic sufactant is here denoted by ECBOD; Lhe
commertial grade has the trade name SatinFAm™),

Water-in-0il Microemulsicns

Given Lhe limited enhancements o cleaning
performance generally achisved by simple addi
tinns of suriactant to an alphatic hydrocarbon
eolvent (naphthal, allernative approachas o
developing naphtha-hased cloaning systems wene
explored, including waterin-oll micreemulsions,
Initial attention focused an an existing Dow micm
emulsion product, INVERT'™ 5000, developed in the
mid-1990s.12 Like all trug milcroemulsions, INVERT
BHIG is & thermodynamically stable and optically
clear formulation; it is formuolated Mrom water,
naphtha-type aliphatic hydrocarbon solvent, ionic

surfactants, glycol ether co-solvents, and othor
N ingredienls.

The performance of the microemuolsion product
was evaluated adainst the most effective agueous
and mineral spiril systems identified in the HTP
rethod. [0 this companison study, Lhe numbser
of cleaning strokes was kopt constant at 24 far
hath Lhe aqueous and hydrinarbon salvent, based
sysiems, The results (Table 7) demonslrale Lhat the
cleaning officacy of the microsmulston systenm was
signifieantly higher than neat YM&F naphtha and
a ¥il&:P naphtha + EQBD surfaclant forrmulalon
a5 discusscd in the previous section, In addition,
in statisitcal terins, the cleaning performance
achievied the same level as the highest efficacy
AQUCOUS Systems.

Subjective Evaluation of Cleaning Efficacy

Az discussed, the HTP testing method was
designed to screen a large number of cleaning solu
tiehs rapidly, The high scoring HTP cleaning syslems
wire then further assessed through initial field
trials &t Tate using established conscrvation swab
ralling technigues, This stage is important in Lhe
gloclopmenrt of new prod UCts for consenation as
ihe factors that influence success naturally increase
in number and complexity as the evalualions more
closcly approximate the processes involved incon-
sarving and restoring works of art.

For this study, the systematic applicalion of a
rangde of cleaning systems using uniform size coton
swabs provided complementary information to the
HTP trials through information gained from the fal-
Iowing assassments:

1. Visual assessment of relalive degree ol clean-
ing {soil rermoval efficacy) after & x swah rolls—
this correlates most dirgctly to the HTP results.

2, Number of swab rolls required Lo clean paint Hlims
to a chosen stopping point—ie., the “completo
clean” stage—determined a5 either when: the
sarmple was acceptably clean/ pigment was
remowved from the underying paint filmssweling
of the paint film was noted/surface changs/dam-
ade was noted/ 100 swab rolls had been applied.

3. Visual sssessment of the relative degree of sail
ing removal st the "complate clean” slages,

4. Application of a relative degree of “changes
darmage” seare o ke paint film: e.g., combining
the effects of pigment removal, gloss change,
swelling, and/for ahrasion of the paint surface.

5. Assessment of cleaning solulion handling prop-
erties, consiztency of swabhbing action, cantrol,
surface welling, and clearance after dpplication.

Tahte 8 contains the results from all of the sub-
jective cleaning evaluations. The lirsl assessment
approximated the cloaning efficacy achiewed with
the HTP systerm al ~8 swab rolls [consisting of 2x71



lorward and back swab ralls). Each cleaning solution was the most successiul alondsico the agueous

was applied tothe 23 soiled test paint canvas sam- surfactant and chelating agent combinatinons. The
pres and the results judged by eye and exprassed in group of Simple agueols systems also cleaned
& seale ranging Mram 1 10, where 10 was the most mcderately well While shill rating rolatively paorly,
effective systen at removing sailing (Crlumn A the SafinFA™/LAS mineral spirit combinations of-
Eight swab rolls did nat clean many of the samples fered an improeement in cleaning eMicacy over Lhe
te & significant degres; hence, the maximumm rating pure minaral spirft solvent option, [t was aleo noted
was rated as 5,10, Monetheless, e solutions raled that cloaning efficacy appears to partly depend on
highost in torms of cleaning efficacy wera the neat the wetting power of each cleaning solution and
atd diluted IWVERT™ LSOOG microsmulzions, Tho Lhal the paint film surface texture also affected the
het most efffcient cleaning solulions included the relative case of cloaning, i.c., samplos with regular,
surfactant and chelating agent combinations, fal- flat sufaces tended to clean more easily.
Iewvezid bry wrarious simple agueous systermns, with the During the complete clean stage, observations
nonpolar aliphatic-hased solulions consisienly ral- were 3150 made on any visible risks associated
ing paorly, The peformance of the different cleaning with £ach of the cleaning systems. This inciuded
solations inthis evaluation had gocd agrooment with HESESSINE ISSUes oritival 1o arl conservation such
Lhe reported HTP svslem resulls. as pigment ioss. swelling. and changas to the paint
Whan the "complete” clean results were surface. For this, a rating system was developed
judged by eve [Delumn O, the mineral spivit-besed to indicale Lhe level of "changefdamage” causerd
solutions remained Lhe leasl suctessiul Al remow- [Column E). The solutions with the lowest number
ing sailing and the INVERT 2000 microemulsion posed the highest risk  where combined pigment

Table 6—Forformance of Naphtha-2aswed Cleaning Sysioms Lvdiuated Using the HTF wethad

YMEP Naphtha-Bagsed Cleaning Systems

Additives and Proportion b Clean Std. Daw. (%) Tukay-Kramer Glass
W LA _
30 EOREO 4.5 17.5 M
1% LAS
3% SetinF ™ [EE 71 A 11
0.5% LAS
1.5% LB BL.2 5.3 & B L
WP Maphilha a7 138 c C
2.5% Hexd CARBITOL'™ .
2.5% DOAMOL™ DPNE 1% LaS s B & o
2.5% Butyl CELLOSOLVE ™
2.5% DOWANOL TP B 12,0 A5 T
1% LAS

Table 7—Ferformance of INVERT ~ovo Microerclsion Compara:d! with Selected Aquencs and Aliphatic
Fydirocarbon Soivent-Based Cleaning Sysiams

Cleanlng Systam % Claan Std. Dew. (%) Tukey-Kramer Clags
1% ECOESURF'™ EHS
. 2R¥. trimmmonium ritrate B3z 1.2 A
1% TRITOMN™ X-100
[ 255 triamrmaricm citralc 92,5 5.6
INVERT i 2.3 a1
VRSP naphilha
1% LAS
33 SalinFX B30 5.0
WiAAP nRohtha A1.2 4.1 G
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Table &—Combined Bosults for Syab-Roll Tests om 23 Ditlerent Painl Flrs on Acrylic Primead Canvas

WatarialfSolution {Concentratlon]

A, Zlean B. Humber 5id. Dew. . Rating Far D. Clean E. Relative
Rating after & af Swab Rolls B. Numhber Speed of Raling “ChangaDamage'
Swab Ralls: ta Fully Clean of Swah Ralls Glaaning: Fitial Clean: Rating: 1=worsl,
1-10_ 10=clean te Fully Clean  1-10, 10=fasteat  $-10, 10=clsan {[mbest
Water +
Carbonated waier (syphan) 3 =) 29 & 7 &
Saliva 3 S 25 5] 7 B
Dreionizod water (D) 3 (=4 29 a 7 10
Tap water & &7 26 G & 14
Ol wemter, aH 5.0 (wilth avatic Acid) K] ] 27 =3 B 10
1% whe etnana’ in D watsr 3 Ga 25 5 5 10
Water + Surfactant endior Chelats
155 e TAC = 1% wiv. 4 42 3 T 3 7
TRITON ™ HL-30M in DI weer
1% BCOSURF EHD » 1% Tat 4 44 25 7 8 7
n DI watar
1% ECOEURF EHE + 0.5% TAC 4 A 24 T 8 7
in £l water
1% wetv. TAC solution in O waler 3 a7 27 & 7 B
Microemulslon
INYERT ™ GO00 5 18 12 10 b 1
INVERT &000 {dilutzd 1:1 wilh
120-160°C petrolesm spivits a 23 4 o R 3
Aliphetic Hydrocarhan
Solvent + Surfactant
2% SatinFx"™ + 0,53 LaSin 1 L P 3 R HE
B0-100Z palmleum 3pi
14 SatinFi + 0.5% LAS in * g 73 a 5 H

HO-A00*C petrolew o apicil

loss, paint luss, gloss alteration, and surface abra-
sinn wore noted. The highast ranking {100 was
attributed to solutions where no dammages/ change
was noted elther during ar after cleaning, Differ
ences wiore further refined aceording to the number
of samples atfected; henes, if a parbcular solu-
tion caused changs/damage to only anc sample,
the rating was lower than ore that had repeatedly
caused changs/damage.

Mat surprisingly, ithese "risk” observations had
a drarmatic effoct an the rating of some svalems.
For cxample, INVERT BG0J. which rated high-
gslin terms of cleaning effcacy, rated relatively
poarly with regard to change/damage. With this
system, pigment Lransfer was natod with 17 of
the 23 samples tested, subseguently reducing to
six samples when using the diluted system. The
agueoys surfactant and chelating agent cemiing-
tions also rated highly in tarms of cleaning efficacy.
Howover, they were offen affecicd by foaming at the
painl surface which resulted in poor visibilily

o Seprnrhe #0010
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during the cleaning process and promptod con-
LEMs about adequate clearance from e paint
surface. The simple adqueous systoms oid nat
appear Lo cause any visible damade/change during
or after treatment. OF the mineral spirils systems
tesled, the SatinFA/LAS mixlure ratod well in terms
of low damage potential. and therelore may bo of
SOME LSC in situations where agueals syslems and
water-in-oil rmicrocmulsions are not suitable, Itwas
noted that, in all cases, migrated surfactant was
rernoved] to some axtanl. However, the amaunts re-
maved by Lhe solvent-hased syslems tended 1o be
less than all of the syvstermns that contained watler,
including the INVERT 5000 microemuy|sion.

Custom-Formulated Microermulsion Systems

Based or the averall perforrnance of the first
microculsion tesled, which was originally
designed for industriad cleaning applications, &
range of new, allored microemulsicns have boon
Tarmulated with the airm of maintaining a high level



of cleaning elficacy whils minimizing the potentizl

deficicncies of pigmenl transfer and swelling of the Table g—Tonmuiation Compaonearts: Ther Levels and Order of Addition
acryic pelymer noted during the subjective testing Component Order of Concamtrations
trials. To achieve this, the DOWANQL '™ PnBGE and Agdifion Tostag
LOWANDL DPnP GE co-sclvents present in the wWalcr 1 Balarce

initial rigrocmulsion were replaced with Lbotane Sacium dorecyibenzena

and 1-hexanol, which have lower bailing points, Uil ate (LAS) 2 5, & and 7 wls
tastor evaporation rates, and lowar solubility in Sodium chili-icda (MaCl 3 12, 0.1, 002, @l G vl %
aorylic polymers, The higher volatility of the aleshols Tolel cx-solvent jaleanol = 10, 15, arc 20wl
is afso advantagecus as this will help minimize the 1L-Batana ;1 hesanol ralio

noed for 8 clearance step of the cleaning solution. o cweh lolR| #leahol level) Aar & o1

The aliphatic hydrocarbon solvent-based caritiv- gg? gi;
ous phase was also changed from YWAP naphtha 1:n0

to Shellsal™ D38, which has a loweyr evaparation Snellsol DG B a0, 40, and 50 wi%

rate and will provide conservators with more tms Lo
execute the cloaning procedure.
The sollware application Library Slodia

tAccelrys) ® was used Lo design the microemulsion at BOAC to focilitate dispersing of the concen-
Tormulations that weare prepassd using the HTR lrated A% stock sclutions (25-35 wli). Prepared
robotic liquid handler {Hamilton Microlab Star. ' farmulations were shaken vigorausly By hand, and
Formulations were prepared at a small scale, using allowod to equilibrate al raom temperature over-
1.2 ml glass vials in a 9E-well lornat, arranged in night. Samples that oppeared visually clear and a
an & row by 12 calucan array, Each groop of 96wl single-phase were then tested for cleaning using
vigls iz referred to wilhin as 8 platc, Figure 11 s the HTF system.
a visual represcrtation of how Lhe compasition of Images of the farmulations were collected
the microermulsions varcd across the 96-well plats using a proprielary high throughput phase iden-
design. The concentralion af Shellsel D38 was tification and characterizalion robot (PFICA 1.
kepl constant tor coch plate and multiple plates Phalos of each formulation were collected at least
were prepared Lo test diffcrznt amautts of Shealisol 24 haurs after preparaticn. & ropresentative sal
L¥35. The concentration of surfactant, co-solvent of such images (s shawn in Figere 12, Fourteen
valecholl, and sait was varied across each plate., ol lhe 432 furmulations prepared formed stable
& mixture of L-butanal and L-hexanol was used watar-n-oil micrmemulsions (Examples of the clear,
as a cosalvens hlend, and the ratio otween the stable formulations are circledl. The microorul-
o was varied across edch level of surfactant to sinns lormulated with the loweast total co-sclvent
assess the effect of hydrophohicity on formatiar ievel with & blend ratio of 3.3% 1-hexanol and
of stable microgamulsions. Water was added 1o £.7% 1 hutanol formed stable microemulsions.
each vial to keep the tatal weight constant. The In addition, Tenmulations propared with the high
factors of surfactanl concertration. salt concenlra- lowel of T-butand and no Lhexanol alsa fanmed
Lian, Sheallsol DREE conceniralion, total co-solveant slahle micreemulsions. In general, the presencs
concentralion, and the co-solvent blend ratic were of Macl in the formulations did not lead 1o slable
investigated. This resulled in a total of 432 differ microemulsion structures. The level of surfactant
anl microsmulsion compesitions, The fermulation iLAS; and level of Shollsol D38 seemingly did not
camponents, order of addition, and concenlration influence the microemulsion stakility. This resull
lewezls ot cach compenenl ares listed in Table 2. demanstrates the difficulty of identifying stable mi-
To prepdre the tarmulaticns, steck solutions croemulsion slroctures by mare traditional bench
of L4 and Macl in water ware made using The methoaods where the number of possible experiman-
Harrittan Microlab Star liguid handlng robat to the Lal saiples i limited,
reguired concentrations. For each material, calibra Preliminary tesling of the 14 new microermul-
tions wore performed W correlate the amount of sions using tho HTP cleaning rmethoo ingdicates
each volurme dispensed with the desired mass. This that they have excellent cloaning efficacy. & com-
wos acoomplished using 3 weighing robot by dis- plete cvaluation of these new rmicrosmudsions via
pensing known volumes of liguids into tared glass Lhe ranual testing protocol is curvently in progress
vials and re-weighing the vials. Each calibralion at Tate., 4s per Lhe cutlined trials. this multifaceted
volumo S0t was repealed in triplicats to estimate enaluation will identify if these cleaning solutions
the calibration errcr, The relationship between dernonatrale Lhe full bakance of properlies required
targst volumes and actual weight for the materials for use in treatmeant of acrylic emulsian painied
used hare was linear in the rangs of the dispense wiarks of art. The results fram this manual testing
amounts used. The robot heating stage was used will bo reparted in @ separate communication,
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Figiure 11—Yisual representation of tha axperimental approach to formuolating
the new range of microerulsions using a tull factarial d2sign of experimesits.
The full design included 432 formulalions. The compasilon o gh of the
tarrnulations is show as Follows: [Bluc—weater, red-LAY, grech=1 lexanal,
bresan=n Bulenol, pinke-Shellenl D58, pellov=tall).
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CONCLUSICNS

A mecthod has becn developed to gquantily and
dil ferentiate the cleaning efficacies of traditional
and novel agueoaus, aliphatic hydrocarlzon schent,
and watcrin-oil microcmulsion-based cleaning
svslems using Lhe high Lhroughput teols and meth-
odology at The Dowe Chamical Company. Cleaning
solutions with good cleaning efficacy weare identified
Trom all hree classes of formulations by scrocning
hundreds of fermulaticns on the high throughpol
bl | he results from the high throughput methad
were validated by eslablished cansenation clean-
ing treatmonts at Tate, Landan where the perfor-
rmance of the different cleaning solutions was in
yary good agreemeant with the results gonerated on
the high throughput cquiprnert.

Oz gignificant finding lrom this initial work was
the Wdentification of water-in-cil microsmulsions &5
# potential new type of cleaning formulation far art
consemvaticn Lhal provides high cleaning oftficacy
with a naphtha-based cantinueus phase. During
rmanual Lesting trials at Tate, Lhe cleaning formula-
tions ware svaluated for potential risk o the acrylic
paint films in addition to the ability to remove soil,
The ariginat rmicroernulsion trialed (INVERT © SO
demonstrated Righ risk to the tost acrylic paits
due to pigrnent removal and changes in surface
gloss, Mew microemulsions were fanmulater
that aimed to meoct all the required perfarmance
crileria of high cleaning efflicacy and low potential

0%
1%
gt; U OB Wi LAS
2 A0 Wi
2% Shellzz D58
04%
Misgdg v18l 1w, 1wzt IR e

Total &lzohol Tedal Blzab Teaml Aleasc

Flgure 12— | ¥ Tarmulation of water-in-oil microemuolsioms. Slable,
cledr single-phase forrmulations are identified by automaded ime
aye anzlysis. The 44 fonnulations shown are the bottom half of
the 6 amray representad in Niglice 21, Clear, colerless formulztions
[circlzd in rad] indicate a stable mlcroemulsion stalo,

risk. These new microemulsions wore found to
have oulslanding, cleaning efficacy from the HTP
tosting and are currently haing evaluated at Tate
for @ more complete assessment of their cleaning
performance.

Cwerall, the callabaration of the three institu-
tions {Dow, late, GLI) was 8 unigqus cambination
of skill se1s that is providing erilical selutions o
the art consarvation cormmunity, This work derman-
strated the use of high throughput Imethodology far
an art cansernvation science applicalion. Finally, it
idcntitiod promising now collaborative approachos
and materials for cleaning in consaration. @
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