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Abstract

The objectiveof this workis to evaluate thefficacy of the gel and nanostructured fluids in the
removal of polyurethane adhesive stuck to an archeological textile fragimaestiffers from
many deterioration forms. The study is divided into two sections; {eitrm experiments
which werecondiwcted on modern sheep woolen textile mogls after brushing with fresh
polyurethaneadhesiveand accelerated aginghree techniques were used in the removal of
polyurethane from these macips. Colorimeter, Fourier transforminfrared spectroscopy

stereamicroscope, and weight measurements were used to assess the selected experiments. The

obtained results revealed tiNdino restor€leaning®Polarfluid confined inNano restoré&el
®Peggyis the most effective and suitable technique among the examinedlprnése applied
section, which was assigned to usingnidrestore Cleaning®Polar fluid confined inNano
restoreGel®Peggyin the removal of polyurethane adhesive from the-sasdyfragmentafter
identifying its fibers and dyes usiragFourier transformnfrared spectroscopgnda hgh-
performance liquid chromatograpikljode array deteot-mass spectrometryThe obtained
results revealed using blank linen and sheep wool dyed withdyel (beige color) and indigo
natural dye (brown color). Beige and brown yarns were used in weaving the fragment
background using the tapestry structure, and the beige wefts were used in the additional
embroiderystitches.The used getonfined fluidNanorestore Cleanin@Polarfluid confined

in NanorestoreGel®Peggywas capable of the safe removal of the adhesive form the fragment,
which was then washed and supported by a new linen fabric using thin needles and dyed silk
threads. The fragment was finallyeghibited in a standard museum display
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INTRODUCTION

Adhesives are nonmetallisubstances capable of joiningaterials by surface bonding
(adhesioin It is a generic ternthat covers other common termsych asgums,glue, paste,
bonding agentetc.Adhesion ioone ofthe oldest technologiglsrough historyln ancient Egypt,
animal gluesverewell-knownin woodfurniture and other life workslin ancient Rome ldur
and caseibased adhesives warsed Woodrosinwaswell-known in China, as was timatural
Arabic rubber and gum used Bouth America and AsidVith the developments in chemistry
in the early1900she technology ofariant adhesives such asgmolic, epoxyurea, melamine,
andcyanoacrylatesesinsbegan tayradually supersedbeold natural adhesives, 2.
Synthetic resins were not only used in the adhesion of anoegetials, but also were ubsm
creating and crafting the heritagellectionsin the 2@" century Theyhavebecone anintegral
parts ofthe museuntollectionseverywhere Moreover, synthetic resins are useda wide
variety of formsin heritage collectiongspecially apackingand storagenaterials Cellulose
nitrate, cellulose acetate, nylgoolystyrene, rubbempoaypropylene, polyethylene, pplinyl
chloride and polyurethane are the most comrhgoes of polymers identified imanyheritage
collectiors [3-5]. Polyurethanes(PU) are synthesized resinsomposedof polymerized
urethanethe products ofa chemical reaction between an isocyangee polymer) and a
hydroxyl group(polyol), as shown in the following equatiorg []. They have become very
valuable to the industry of adhesives through redestadesThey arecommonlyused in a
wide rangeof applicationssuch adibers, adhesives, coatings, elastomers, flexiatel rigid
foams[1].

o] 0
O=C=N N=C=0 + HO OH — R R'
\R/ ~p” ,G \NHJ-kO/ \O)J\NH/>,
Isocyanate Prepolymer Polyol Polyurethane

In addition toits usingin crafting heritage collections the 2@ century[5], PU was used in
different applications dfieritage collectiongestoration|t was used as@ating for the outdoor
painted sculpture8] and aprotectng materiabf stone surface®]. It wasalsoused adining
adhesivdor oil paintingson both cotton and lineflabrics it proveda significantability to resist
deterioration factorghanks to its penetratianto the textilefibers[10]. Moreover,the make
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up spongemade of Plarethe most efficient and safe materiated inthecleaning otifferent
painied surfaceq11]. PU resinis the most widely usedhaterial as an adhesiyer joining
components in different objecthanks to its resistant to water, petrol, célsd greaseandto

its flexibility, high strengthversatile propertiesndsuitablebehavior atifferenttemperature
degreq12, 13.

The problem of the research is correspondinthéocasestudy object which wapreviously
adheredby PU adhesiveDuring the conservation othe casestudy, the PU adhesive was
appeared as difficult drawback to come ovedue toits durahlity and regstance to most
traditional cleaningagents It was not © easy to be remodeespeciallyin this casdat was
appliedto textile, as aflexible material This caseneeds a special methodology and experience
to safelyremovethe PU adhesivd.iterature has no focus ohis attractive area of research.
Many articlesfocusedon new technologies for theemoval of many kinds of soilingattes
from the surfaces of both mural and oil paingff4-18], but, up tothe author's knowledge,
only anarticle focused otheremoval of Plbld varnishfrom the surface of historic oil painting
[19]. That's why the present stughtroduces a pioneer experimental and applied work in the
removal of PU from the archaeological textjlespecially thevoolenones.lt will point out the
most efficientand suitabléechnique useth theremovalof PU andpresering the textile and
dyeatthe same time

Organicsolvents were the most common agentdhe removal of varnisheadhesivesgrime,
stains, dirt and other soilingmattersduring the 19" and 20" centuies. But these solvents
usuallycause damage to thkeanedbijects iftheydiffused into theobjects[ 20, 21, that's why

a new methodology of using solvents in a form ofwas introducedy wolbersin 1990to
reduce the diffusion of solvents intothe cleaned objedt®2]. Later, the technological
developments introducdele Nanogel materials, to ensure more effiotgrand less damage to
the cleanedobject Many acidic andalkaline recipesvere usedo producea gel matrixfor the
removal of agedresinsupon thepaintedsurfacesOther articles successfully applied some new
formula of Nanogels and organic solvent$4-18], the methodology followed by thgresent
study to remove the PU adhesive formoollen mockups, then,remowe it from the
archaeological casgtudy textile fragmendccording to thedeal resultsobtained fronmthe in
vitro experiments

The casestudy objectFig.1a) is a Coptic textile fragment, with a museum record no. 323/6 in
the Agricultural Museum in Egypit measures 46x32 cm. According to its stylistic designs,
ornaments, colors, and weaving technigine fragment is dated to th&-8" century The
fragment has threerosssectionaldecorative strigstwo upper and lower narrow strips, and
intermediate wide one. The two upper and loarershave a substratef brown and beige wefts
embroidered with beige yarns, depicting geometrical alternating designstémediate wide
strip has brown and beige wefts used in depicting modified (abstract) Hik@mamnaments.
The beige wefts in the left side akenost missingespecially in the intermediate strip, while in
the right sideheyare completely availabig=ig.1b).

The main deterioration feature in the fragment, whichresgns the problem of the present
study, is thereviouslyPU adhesivestuck tothe fragment fronmeverse to obverséFig. 1¢h

). This PU adhesive ispottingvariantbeige aresain the fragmentwhich is made of woolen
wefts. That's why the study wilbe divided intotwo sections (a) the experimertl section
includesusing woolermock-upsbrushedwith PU resin then cleaned with differetechniques
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after accelerated agin{p) the applied sectiomcludesthe removal of PU adhesive from the
casestudy fragmentusing the most effective and suitable technigbé&inedfrom of the

experimentafesults after identif/ing the fragment materiglsnainlyfibersanddyes
— I ’\\‘ i .,(‘ .’.;I 7";2". -:;: 2 X3 . ¥

9) h)
Figure (1): a. the casestudy fragment. b. missing wefts in the left side, andhe similar wefts availablein
the right side.c., d, e.f. g. h.graphs and micro-graphs of PU stuck to the fragment

MATERIALS AND METHODS

PU resin

The study used PU resifEl-Nasr Pharmaceutical and Chemical GRDWIC, Egypt). The
resinresults from the reaction between methylene diphenyl diisocyandolyesterlt was
used as it igleliveredwithout dilution

Woolen fabric

A pure sheeproolenfabric (Wools Golden Tex Company, Egypt) waed in the experimental
sectionof the present studyrhe color of the fabric was naturatreamy,not dyed. Thaveave
structurewasplain 1/1 The numbepf yarnswas44/cm in both warps and weftfhe woolen
fabric was immersednd stiredin a water bath contairdistilled water andlkali soap for 30
minutes at 50°C then itwasrepeatedlyinsed in freshdistilled water, themried in arelectric
oven at 50°C (ASTMD629, 1999)Eachsamplewascutto 3x3 cmstrip, thenbrushedwith 1
ml of PU adhesiveand kept till dryness at02C for 72 hourq23, 24.
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Accelerated aging

The PUbrushedwoolensamples werexposed to the acceleratedturalagng outdoor at an
angle of 45° to the horizon fa2 weeksfrom April to June in Damietta, Egypthe temperature
range wad6-32°C during the days and nights. The relative humidity range &&2% [25].
The agedPU-brushedwoolensampla (here and after called APS) were kept for 72 hatrs
room temperature before treatment.

Chemicals and teaning agents

T Sodium tetrabor at e -Aldrithy pblyvanyl @colfolBVAL &igndga ( Si g m
Aldrich), ethanol (Merck),anddistilled water. The dispersion was prepared by dissolving 0.4
wt% of borax inethanol and distilleevater(1:1). PVAL was added2 wt%) and dissolved by
stirring and heating the mixtuat 90°Cfor 3 hours. The dispersiamas kept aP0°C for 2 hours
till gelling [26] (here and after callegl).

1 Nanorestore Cleanin@Polar coating® (CSGI lab, Department of Chemistry, University
of Florence, ltaly) a nanostructured fluidontaining an alcohol ethoxylat®nionic
surfactantand a mixture ofmethyl ethyl ketondMEK) and2-butanol It wasconfined inNano
restore Gel® Peggy & SGl lab, Department of Chemistry, University of Florence, li@gje
and after called F2)

1 Nanorestore Cleanin@Polar coatings (CSGI lab, Department of Chemistry, University
of Florence, Italy) ananostructured fluidontaining an alcohol ethoxynonionic
surfactantand a mixture ofmethyl ethyl ketonéMEK), 2-butanol,ethyl acetate, angropylene
carbonate. It wasonfined in Nanaestore Gel® Peggy 5 (here and after called[E3) 29.
Eachtechniqug(F1, F2, F3)wasappliedupon theAPS (here and after called AHFR,APSF2,
APS-F3) at room temperatur®r 20 minutes then removedhe fabric wasthengentlyrinsed
with ethanol[26, 29.

Stereo Microscope

The study usedstereomicroscope SM (SMZ800, Nikon) coupled wékligital camergCanon
EOS 700D to physicallyassay the efficiency of the examineghniquesised in the removal
of PU adhesivdorm woolen mockups (APSF1, APSF2, APSF3). It will be also used to
characterizéhe weave structure and the deteriorafammsin thearchaeologicalragment
Color Spectrophotometer

The study used colorimeter (Optimatch 310@olour Spectrophotometemising theCIE
L*a*b* coloursystemto assess the effects of the thteehniquegF1, F2, F3 onthe samples’
color to point outif any colourchangesorrespond to using the different techniqoasnock
ups APSF1, APSF2, and APS3). L* measures darkness/lightness axis, ragasures
red/ green axi s, b* measul*ds ymlt-&*gw/(m@mride gqebxi s
(b*1-b*2) express the difference between two measures in eachbakwse and after PU
removal.aE* = [(ad*)? + (aa*)? + (ab*) Y2 [30, 31.

FTIR

To characterize thefficiency of theexaminedtechniquesn the removal ofthe PU resin,
Fourier transforminfrared spectroscopyFTIR) (Nicolet 380, Thermo Fisher Scientific,
Waltham, USA) wasised.Four samples were analyzd&PS, APSF1, APSF2, APSF3).
FTIR-ATR (Nicolet 8700, Thermo Fisher Scientific, Waltham, USA) equipped with an MCT
detector was sed toidentify the fiberstype(s)in thecasestudyfragment.The spectran both
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instrumentswere collectedat room temperaturi the spectral range fro#000to 500 cnt*
with a 4 cm! resolution. The analysis was controlled by Omnic software (Theristteir
Scientific, Waltham, USA)

HPLC-DAD-MS

A high-performance liquid chromatograpliyode array detectiemass spectrometry (HPLC
DAD-MS) was usedd identify thebeige and browmlyes The studyusedan HPLC system
(Agilent 1200 series system, Agilent Technologies, Germany), coupled with MS (AgHent Q
TOF MS 6538, Santa Clara, CA) operatedimegative modeThe analyticswere monitored
with DAD and MS online connected and characterized by retention timesjd)¥nd mass
spectra. Thextractscomponents were separated on a column (ZORBAXGHS, 4.6x150
mm, 3.5um, Agilent Technologies, USA). gradient of methanol/acetonitrile and water was
used to ensure optimal resolution for the different chemical compoAgdent MassHunter
software (B.J.05) was used.

Beforeanalysisthe dyeswere extracted frorfl.2 mgmicro-fibers usingan ultrasonic bath for

1 hour (47115 mi n)nLcfa sol@tiordcoOnfai@ing0gt Mmydrofbidi® acid
/methanol /acetonitrile/ DMSO (2:1:1:Uv/v/v). after that it wagentrifuged at 9000 rpm for

5 minutes, and the supernatants evaporated almost to dryness under a stream of nitrogen at room
temperature. The residues were dissolved inl306f ACN/MeOH/DMSO (1:1:1, v/viv), out

of which 20nL wasinjected into the HPLC columi3®, 33. The mobile phase comprised: (A)
0.1% formic acid in water, (B) 0.1% formic acid in ACN/MeOH (1:1; v/v), isocratic gradient
of 90A + 10B for 83 min, OA + 100B for 280 min. The elution was performat 0.5 mL/min
flow rate and 20 pL injection volume. For the M®8ying gas flow (12 L mir), drying gas
temperature (300C°), nebulizer pressure (50 psi), ionization vo(tade®), acquisition in
producton scan (mass range-680 m/z, CE 25 eV).

RESULTS

Macroscopic and microscopic results
The obtained graphs and miegoaphg(Fig. 2) show the woolemockupsbefore and aftethe
removal of PUusing the three examined technigugse results revaed that F3 is the most
effective techniquén the removal of PU resimhe APSF3 cleaned sampieturnedclean as
no PU resiroccurred F2also revealed good results with a very little amoumeonfainingPU.
F1 is not so bad, but natceptable in comparison with F2 and F3.

:\‘ N »

.A) , B) :
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the PU-brushed samplesc. the PU-brushed samples after aging (APSH. graph and 2 SMmicro-graphs
of APS-F1, e.graph and 2 SM micro-graphs of APSF2,f., graph and 2 SM micrographs of APSF3.

Colorimetric and weightmeasurements

The colorimetric results(Tale 1, Fig. 3a) of the cleaned samplesompared to the reference
one(agedPU-brushedwoollen sample APS revealed thathe maximungE changesverein
APSF3. This change is attributedlightnessncreasedd.=+26.6, and redness decredsgm=
4.28) The minimumgE changesverein APS-F1. This change is attributed to the little increase
in lightness ¢.=+17.29, andyellownessincrease qb=+11.69 [31, 34. Variantchanges in
the mockups weightoccurred(Tade 1, Fig. 3b) thanks to thevariantefficacy of the F1, F2,
and F3 in the removal of PB3 shoved the bestresults The weight of the cleaned samples
(APSF3) is almost similar tthe weight of the pureroollensamplesi.e. no PU residues in the
fibres Fland F2 were't able to completely remove the PU likeregults

932

amdANOF m

i}



/s IMTIOMT amp |l NIOF v FipF BIOFW ihEFTBREF a v A1 IOF m

Table (1): The colorimetric measurementsand weight changesof the samples beforeand
after cleaning

Colorimetric measurements Weight (gm)
APS APS
Pure
oL oqa ab aE wool Before After
cleaning cleaning
APS | 17.24 | -1.12 | 11.65 | 20.84 2.56 4.28 3.04
APS 23.2 | -1.86 | 4.23 | 23.66 2.49 4.45 2.73
APS | 2661 | -4.28 | 1.71 | 27.01 2.55 4.32 2.61
30 5
4.5
25 — u Wool
! (gm)
20 +—— — 3.5
.5 | mAL 3
= Aa 25 . WmAPS
10 - — 2  Before
= Ab cleaning
5 — 1.5 4 —
o - . AE 1 — W APS
APS-F1 APS-F2 05 1 — After
-5 0 - : : . cleaning
10 APS-F1  APSF2  APSF3

Figure (3): a. Colorimetric measurements. bweight changesof the samples beforeand after cleaning

Chemical changes

The FTIR obtainedspectra(Fig. 4) revealed that APS is almoatpurePU resin A strong
secondary urethane N=Ktretch/NH bonded/NH stretching vibration banat 3330 cm?
appeasonly in APSandalmostdisappeared in thdeanedamplesvhich have broadtreching
bands of amindNH and phenolid OH groups at 327% m1. Absorption at 290 and 2&0
¢ mi 1 woaresponding tthe3 &-H and3s C-H of aliphatic carbon compoundsoth bands
were stronger in APS than oth@eanedsamplesA very strong fee C=0 stretcht 1725cnr
! is appeared only in APS andrnedinto a small shouldein APS-F1, and to avery small
shoulder in APS-2, and almost disappeared in AP§ referring tathemuchamountof PUin
APS, andthe small amount in ARE1 and APSF1, and almost no PU in ARB3. The
absoption in the three samplefAPSF1, APSF2, APSF3) at ~1630, 1515, 123@ mT ate
corresponding to amide &midell, and amidelll respectively, referring téhe main group in
woolen fibers, where thegyroups disappeared in ASP, laty strong absgtion of (O=)Ci
Oi C stretch/Urethanei® stretchat 1250 crrl in the APSappeared8, 35, 36.
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Figure (4): The FTIR spectra of the mockups before(APS) and after PU removal(APS-F1, APSF2, APS
F3)

APPLIED SECTION

Description of the ragment

The capturedyraphs ananicrographf thehandy careraandSM revealed thathe details of
weave structurareas follows: the technique is a plain tapestry structure (1/1), with embroidery
stitching, the number of yarns is 8 warps/cm, and 30 weftg/ams of warps and wefts are
twisted in "S" directionFig. 5). Many deterioration formareaffecting the fragnt such as
dust, stainstears, missing parts, fragilitandcolor changesThe main problem of the present
studywas theadhesive materiatuck to theragment,which represemtdiffecult drawback to
come over(Fig. 1c¢h). FTIR spectroscopy was used to identif\at adhesiveThe obtained
results Fig. 6) revealed that the adhesive material is a PU ré&siaurethane N=H stretch/NH
bonded/N H stretching vibration banid identifiedat 3350 cm™. Thebandss &-H andss C-

H of aliphatic carbon compoundsd the fee C=0 stretchvere strongbandsat 2930 286Q
1725c¢ mi rdspectively Moreover,avery strong absption of (O=)Ci Oi C stretch/Urethane
CiO stretckat 1250 cral was |dent|f|ec[8 353

D) E) F)
Figure (5): Description of the fragment. a. beige and brown woolen weftsh. beige woolen wefts on a
brown substrate. c.blank linen wefts. d, e.plain 1/1 tapestryweave structurein beige and brown wefts. f.
the "S" twist direction of yarns.
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