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ABSTRACT: In the preservation of Cultural Heritage
items, the use of polymeric materials for the consolidation
and protection of artifacts with historical and artistic value
is widely accepted, except for cellulose-based materials,
since here there are no suitable products and appropriate
application techniques. Grafting polymerization of acrylic
monomers onto cellulose chains represents an innovative
method of restoration for both artificially and naturally
aged textiles. In this article, some results concerning the
grafting polymerization of ethyl acrylate/ethyl methacry-
late 75/25 and ethyl acrylate/methyl methacrylate/tri-

fluoroethyl methacrylate 73/24.5/2.5 polymers onto linen
and cotton are reported. The effectiveness of grafting poly-
merization as a method for textiles conservation is dis-
cussed. The consolidating and protective effects were
investigated by evaluating the mechanical properties and
the wetting behavior of the grafted samples, and compar-
ing them with the original and aged substrates. � 2006
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INTRODUCTION

The use of polymeric materials for the consolidation
and protection of cellulose-based textiles is uncom-
mon and only a small number of studies have been
carried out.1,2 Polymers have been applied in a few
cases when traditional restoration methods were not
sufficient to improve the mechanical resistance of the
degraded artifacts; usually the materials employed
are commercial products, with properties not tailored
for the conservation of textiles. Starting from these
considerations, in our laboratory new acrylic products
and an innovative technique for the conservation of
cellulose-based textiles have been investigated, to de-
velop a more appropriate method of intervention.
Among the various treatments used to improve the
properties of natural fibers, the synthesis of graft
copolymers3 seems a suitable method to reduce the
ageing phenomena of textiles.2 The properties of the
grafted copolymer can be tailored by the chemical
structure of the monomers, the length of the grafted
segment, and the grafting level.4

Graft polymerization can induce chemical changes
in cellulose and the introduction of polymer chains

can confer different structural characteristics to the
raw material. In this way new cellulose-based prod-
ucts can be obtained with mechanical properties bet-
ter than the conventional cellulose. Graft copolymer-
ization of vinyl monomers onto cellulose has been
previously investigated;5,6 acrylic monomers appear
particularly suitable because of their characteristics,
such as water-repellence, transparency, and good
filmability. Grafting directly from the vapor phase
onto cellulose results in enhanced mechanical resist-
ance of degraded textiles, without altering the typical
flexibility of cellulose and, importantly, no superficial
coatings are formed on the grafted samples.7–9

Previous studies have shown that monomers such
as methyl methacrylate (MMA) and ethyl acrylate
(EA) were not suitable for cellulose-based materials.
In the former case, because of the high glass transition
temperature (Tg) of the grafted poly(methyl methacry-
late) (PMMA) chains, the treated materials were brit-
tle and stiff,7 while in the latter the samples were
sticky due to the low Tg (�248C) of poly(ethyl acry-
late) (PEA).8 Based on these results, the synthesis of
new copolymers with characteristics suitable for cellu-
lose consolidation was deemed necessary, along with
further research into the grafting polymerization
itself. In a previous study,10 we reported a detailed
investigation regarding the optimum acrylic copoly-
mer for the grafting onto cellulosics. We selected a
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EA/MMA copolymer 75/25 wt %, because it has a
glass transitions (108C) appropriate to the service tem-
perature and it is resistant to biological attack. By add-
ing a fluorinated termonomer in small amounts, as
reported in a earlier study,11 the water repellence
should be improved without modifying the character-
istics of the product.10

In the present research, grafting polymerization of
EA/MMA 75/25 wt % onto linen and cotton fabrics,
both artificially and naturally aged, was performed.
Since the introduction of fluorine into polymers im-
proves chemical, thermal, and photochemical stabil-
ity12 due to the strength of the C��F bond (485 kJ/mol),
and also induces hydrophobicity due to the lowered
surface energy,13–15 a commercial fluorinated mono-
mer, 2,2,2-trifluoroethyl methacrylate (TFEMA), was
added. Grafting polymerization of the mixture EA/
MMA/TFEMA at 73/24.5/2.5 wt % composition was
thus carried out to improve the water repellence of
the textiles.

To initiate grafting, the creation of free radicals on
the cellulose chain is necessary and in this study poly-
merization is induced by UV light. Because of its low
energy, UV radiation offers advantages, such as a
reduced degradation of the backbone polymer and a
better control over the process compared to other type
of radiation, such as g-rays or X-rays. 2,16–20 The grafting
reaction requires photosensitive sites on the cellulose to
allow the formation of the radical sites. These were
formed by artificial ageing by reaction with a specific
oxidizing agent (sodium methaperiodate).21–24 In this
way the glucosidic units are oxidized to dialdehydic
groups, which then act as photosensitive agents. UV
radiation transforms the carbonyl groups at these sites
where radical polymerization subsequently starts.

The assessment of the effectiveness of grafting poly-
merization as a method for textiles conservation is
discussed within the framework of a systematic ap-
proach to the problem. The consolidating effect was
examined by evaluating the mechanical behavior of
the grafted samples, comparing original, aged, and
polymerized substrates. The wetting behavior and
the protective effect were studied in terms of an
increase in the water repellence due to the grafting, as
shown by environmental scanning electron micro-
scopy (ESEM) observation.

EXPERIMENTAL

Materials

The cellulose substrates were linen Artemisia and cot-
ton Ghinea, fabrics by Zecchi (Italy). Reagents were
commercial products supplied by Aldrich (Milwaukee,
WI). Monomers [methyl methacrylate (MMA), ethyl
acrylate (EA), and 2,2,2-trifluoroethyl methacrylate
(TFEMA)] contained an inhibitor (hydroquinone

monomethylether), which was removed by passing
each through anAldrich ‘‘Inhibitor Removers’’ column;
the purified monomers were subsequently stored at
low temperature (48C) in the dark. Sodiummethaperio-
date (NaIO4), acetone and methanol were laboratory
grade products andwere usedwithout further purifica-
tion. Deionizedwater was used throughout thework.

Artificial ageing of cellulose

With the intent of reproducing the natural oxidative
ageing of cellulose25 an oxidative reaction with so-
dium methaperiodate was carried out on cotton and
linen before the grafting process. Periodate oxidation
is a highly specific reaction that cleaves the C2��C3
bond of the glucosidic ring and converts the 2,3-dihy-
droxyl groups into two aldehyde groups without
significant side reactions.26 The oxidized samples
become ‘‘models’’ to investigate the different levels of
degradation in real materials. To investigate the
behavior at different level of oxidation, the samples
were treated with different solutions of sodium meth-
aperiodate and for different times:

Cotton: [NaIO4] 0.1M for 4 h
Linen: [NaIO4] 0.1M for 2 h and [NaIO4] 0.4M for
1 h

The ratio of sample solution was kept at 1 g : 100 mL
for all experiments. At the end of the oxidation
period the samples were washed with deionized
water to neutral conditions and dried.

Natural ageing of cellulose

Cotton and linen were also naturally ageing. The natu-
ral weathering was conducted outdoors in Genova
(Italy), in a green area close to the sea, where the local
traffic is the only source of pollution. Samples were
exposed to the south at an angle of 908 from horizontal,
for 6 months (fromMarch to September), characterized
by sun, no rain, high temperature, and high humidity.

Viscosity measurements

To obtain the degree of polymerization (DP) of artifi-
cially and naturally oxidized textiles, measurements of
intrinsic viscosity were performed in cuproethylendi-
amine (CED). To avoid the fast degrading effect due to
oxygen, the solution was prepared by treating the dry
samples with CED in a closed vessel under nitrogen
and continuous stirring. Viscosity [Z] was measured
using a Ubbelöviscometer and the DP obtained from

DP ¼ K½Z�a (1)

where K and a are experimental constants.27
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Grafting reaction

The photoinitiated grafting reaction was carried out
on both naturally and artificially aged textiles. Cellu-
lose samples, after drying in oven, were swollen in
deionized water for 24 h to open up the fibrous struc-
ture of cellulose and encourage homogeneous uptake
of monomers during grafting.7 This suitable time of
swelling was chosen after water absorption tests. The
wet samples were placed in the quartz reaction vessel
(volume 10 L), which was evacuated for a short time
so that the fabrics were still damp, then the liquid
monomers mixture was loaded, vaporized, and dif-
fused into the reactor. Two different monomers mix-
tures were employed: EA/MMA 75/25 wt % and
EA/MMA/TFEMA 73/24.5/2.5 wt %.

As found previously,9 the best monomer to cellu-
lose ratio is 2.5 mmol of acrylic per gram of sample,
and this was also used here. Subsequently the whole
unit was exposed at room temperature to UV radia-
tion from a mercury vapor lamp (400 W, with com-
plete spectrum emission from 180 nm to visible light),
placed at 60 cm from the reactor, so that no cooling
system was required. The polymerization was
stopped after 4 h by bringing the reactor up to room
pressure.9 Nonreacted monomer was removed by
washing the fibers with a mixture methanol–water
(30/70 vol), a good solvent for acrylic monomers but
not for the polymers. After this the sample containing
grafted cellulose and homopolymer was filtered and
brought up to constant weight.

The drawback of the graft polymerization is the si-
multaneous and inevitable formation of homopoly-
mer; this was removed from the grafted material by
extraction with acetone for 72 h at room tempera-
ture.4,28 The percentage of synthesized polymer dur-
ing grafting reaction is calculated as follows:

% Polymer Loading ðPLÞ ¼ ½ðW2 �W1Þ � 100�=W1

(2)

where W1 is the initial weight of the sample and W2

is the dry weight of the polymerized sample before
homopolymer extraction. The quantity of grafted
monomer is evaluated as the weight increase of the
sample after extraction of the homopolymer:

% Graft Yields ðGYÞ ¼ ½ðW3 �W1Þ � 100�=W1 (3)

where W3 is the grafted weight of extracted sample.
The grafting efficiency is defined as the ratio
between the quantity of grafted monomer and the
total polymerized monomer:

% Grafting Efficiency ðGEÞ
¼ ½ðW3 �W1Þ=ðW2 �W1Þ � 100� ð4Þ

and the amount of homopolymer is quantified ac-
cording to:

% Homopolymer ðHOMOÞ
¼ 100�% Grafting Efficiency ð5Þ

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to
detect the glass transition temperature (Tg) of the
grafted acrylic copolymer. A TA Instruments DSC
2010 differential scanning calorimeter was used at a
heating rate of 208C/min; traces were recorded in
the temperature range from �100 to 1708C under a
nitrogen atmosphere. To eliminate any effect of ther-
mal history and the typical moisture content of cellu-
lose,29 Tg measurements were made from a second
heating cycle after heating the sample to 2008C at
208C/min, followed by quenching to �1008C.

Mechanical analysis

Dynamic mechanical analysis was carried out using
a TA Instruments DMA 2980 dynamic mechanical
analyzer. The samples were run in the tension mode,
operating at an oscillating frequency of 3 Hz and a
heating rate of 28C/min under nitrogen. Samples
were � 10 mm wide, 20 mm long, and 0.3 mm thick.
Tan d was recorded in the temperature range from
�50 to 1008C.

Tensile measurements on yarns gathered from the
grafted samples were performed on an Instron ten-
sile tester. Young’s modulus (E), stress (s), and elon-
gation (e) at break were evaluated at room tempera-
ture. Yarns were � 60–70 mm long and with a diam-
eter of 0.20–0.25 mm. The load cell sensitivity was
0.038 N/mV and samples were tested at 8 mm/min
draw rate until breakage. An average of 15 tests for
type specimens was used to calculate the tensile
properties.

Environmental scanning electron microscopy

The ESEM, in conjunction with water vapor as the
imaging gas, allows an accurate control of a sample’s
relative humidity through manipulation of tempera-
ture and pressure. This feature makes it possible to
condense water droplets on the specimen surface and
to observe the wetting process on the specimens.30

Untreated and grafted cotton and linen yarns were
observed by means of a Philips XL30 ESEM. Sample
was placed on the stage; no treatment before the ob-
servation was required. The wet mode was selected
from the ESEM controller and the chamber was
pumped to 6 Torr. Images were acquired at a temper-
ature of 78C, since this minimized the risk of acciden-
tal freezing.31 Chamber pressure was then increased
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by 0.5 Torr increments. As relative humidity reached
100% (�7.5 Torr), water condensed onto the surface of
the sample. Observations of water droplets on fibers
were carried out at each point of interest.

Water repellence

To evaluate any protective effect of the grafting po-
lymerization onto cellulose-based materials, a water
absorption test was carried out. The test was per-
formed on three specimens (2 � 1 cm2) of each sam-
ple of linen and cotton to ensure reproducibility:

Untreated samples (blank)
Oxidized samples
Grafted samples with EA/MMA and EA/MMA/

TFEMA

using a gravimetric sorption technique. Each fabric
specimen is soaked in deionized water; the amount
of water absorbed is determined by weighing the
specimen after 10, 20, 30, 40, and 50 min and 1, 2, 3,
4, 5, 6, 8, 24, and 48 h, to obtain the wet specimen
mass (6 0.0001 g). The amount of absorbed water Qi

at the time ti is defined as

Qi ¼ ðMi �M0Þ=M0 (6)

where Mi is the specimen mass (g) at the time ti and
M0 is the dry specimen mass (g). The Qi values are
plotted against the time to give the water absorption
curve; by comparing untreated and grafted materi-
als, the improvement of water repellence can be
evaluated.

RESULTS AND DISCUSSION

Grafting reaction

Initially a comparison between natural and artificial
ageing on cellulose was performed by measurements
of the polymerization degree (DP) before and after
each ageing treatment (see Table I). In this way it is
possible to evaluate the level of degradation of the
samples employed in the grafting process.

Untreated cotton has a DP of 2130; after 4 h of oxida-
tion with NaIO4 0.1M, this decreases markedly to 140.
Untreated linen shows a DP similar to cotton (� 1900),
and it also decreases to lower values when the material
is oxidized with high concentrations of sodium metha-
periodate over a long time. Therefore the methaperio-
date oxidation brings about a strong depolymerization
of cellulose, similar to that in linen and cotton fabrics.32

During natural ageing the DP also decreased through
exposure to the weather, but the effect (on the time-
scale used) appears less with respect to the artificial
oxidation. After 6 months, cotton shows a DP of 460,
whereas linen is lower (255); confirming that linen
undergoes a stronger degradation than cotton under
the same conditions, as observed previously.32 The
results demonstrate that a natural ageing of 6 months
leads to a level of degradation for linen comparable to
that obtained with the milder oxidation conditions; for
cotton even weaker oxidation would be necessary to
achieve the same condition as for natural weathering.
Nevertheless, the degradation level of oxidized sam-
ples submitted to the grafting process is broadly simi-
lar to that of naturally aged fabrics.

Grafting was carried out onto naturally and artifi-
cially aged linen and cotton, and Tables II and III
report the grafting yields obtained from the two
monomer mixtures, EA/MMA 75/25 wt % and EA/
MMA/TFEMA 73/24.5/2.5 wt %. It is evident that
the reaction of EA/MMA 75/25 leads to higher yields
for oxidized cotton with respect to linen, as already
observed in previous studies.9 This effect is possibly
due to the presence of lignin in linen (2%),33 which
could act as inhibitor for the grafting process.34 With
the more strongly oxidized linen more glucosidic
units are converted to dialdehydic groups that can act
as radical sites for the UV polymerization.33 Notwith-

TABLE I
DP Values for Artificially and Naturally

Aged Cotton and Linen

Ageing treatment DP

Cotton Untreated 2130
Oxidized NaIO4 0.1M 4 h 140
Naturally aged 460

Linen Untreated 1900
Oxidized NaIO4 0.1M 2 h 190
Oxidized NaIO4 0.4M 1 h 130
Naturally aged 255

TABLE II
Grafting Yields for Naturally and Artificially Aged Cotton

and Linen Grafted with EA/MMA 75/25

Sample
Grafting
yield (%)

Grafting
efficiency (%) Homopolymer (%)

Cotton oxidized NaIO4 0.1M 4 h 66 79 21
Cotton naturally aged 49 81 19
Linen oxidized NaIO4 0.1M 2 h 36 82 18
Linen oxidized NaIO4 0.4M 1 h 32 78 22
Linen naturally aged 45 71 29
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standing that more sites for the grafting process are
present, the grafting yields do not increase; this effect
is not easily explained and could be due to the termi-
nation step of the polymerization.

Comparing naturally aged linen and cotton, the trend
of grafting yields is similar to that of the artificially aged
samples. In all cases the percentage of homopolymer is
not high, it is about 20%. Regarding grafting using the
monomer mixture EA/MMA/TFEMA 73/24.5/2.5, an
equivalent trend in grafting yields and homopolymer
formation is observed, as described above (see Table
III). Comparing the grafting yields obtained using the
two monomers mixtures, EA/MMA and EA/MMA/
TFEMA, it is evident that a small decrease occurs in
presence of the fluorinatedmonomer.

It is important point out that the grafting process
does not modify the aspect of the fabrics and this is
one of the main aspect for a future application of
this method for the restoration of objects with histor-
ical and artistic interest.

Differential scanning calorimetry

All grafted fabrics were analyzed by DSC to detect the
glass transition temperature of the acrylic copolymer
and thus establish if the graft polymerization process
has indeed occurred. No Tg was observed for the cellu-
lose in the scan temperature interval used; unsur-
prising since it is known that the cellulose Tg is difficult
to detect unless particular scan conditions are
employed.35 Its vinylic copolymers all present a glass
transition near room temperature, which is attributed
to the acrylic grafted chains. For the EA/MMA 75/25
copolymer Tg this is about 108C, the same as obtained
for the nongraft copolymer,10 and such a value gives
flexibility to the cellulose-based materials. The corre-
sponding fluorinated terpolymer grafts shows a com-
parable Tg; therefore, the addition of a small percent-
age of fluorinated monomer to the polymerizing mix-
ture does not modify the glass transition temperature
of the polymer to any great extent.

Dynamic mechanical analysis

DMA measurements on ungrafted and grafted cellu-
lose were performed, and the variation of tan d and

apparent storage modulus (E0) with temperature for
original and grafted cotton with EA/MMA are plotted
in Figure 1. No distinct transition appear for the
untreated cellulose in this scan interval, since its major
mechanical relaxations is known to occur at different
temperatures.36 In contrast, tan d of the grafted sam-
ples show pseudosymmetrical curves, as exemplified
in the figure, with a peak indicative of a single relaxa-
tion, which is assigned to the glass transition of the
graft chains at about 228C. The tan d maximum is
accompanied by a distinct reduction in modulus for
the grafted samples. The Tg values obtained by me-
chanical analysis are slightly higher than DSC in
accord with expectation.37

The presence of the fluorinated monomer in the
graft system EMA/MA/TFEMA does not modify
the dynamic mechanical behavior when compared to
that of the corresponding EA/MMA mixture.

Tensile testing

The stress–strain behavior of original, aged, and
grafted textiles was measured by tensile deformation;
all samples were tested to breaking. Young’s modulus
(E), stress (sB), and elongation (eB) at break for the cot-
ton and linen yarns are collected in Tables IV and V,
respectively.

Cotton oxidized with 0.1M sodium methaperiodate
exhibits a 50% reduction in the stress at break and a
10% reduction in elongation at break, and Young’s
modulus decreases markedly. Natural aged cotton
shows comparably reduced values of sB, eB, and E. By
grafting with EA/MMA and EA/MMA/TFEMA, arti-
ficially aged cotton becomes more flexible, as evi-
denced by the elongation at break and Young’s modu-
lus values. The naturally aged samples show the same
mechanical behavior, albeit with lower eB values.

The tensile properties of untreated linen yarns ex-
hibit higher values of E and sB with respect to cotton;
it is well known that, among cellulosic materials, linen
shows good mechanical properties and a high resist-
ance to stress.38 With the oxidation treatment, stress at
break decreases comparably with both NaIO4 0.1M
and NaIO4 0.4M, whereas E is successively reduced
with increasing concentration of the methaperiodate
solution. Naturally aged linen loses 50% of the origi-

TABLE III
Grafting Yields for Naturally and Artificially Aged Cotton

and Linen Grafted with EA/MMA/TFEMA 73/24.5/2.5

Sample
Grafting
yield (%)

Grafting
efficiency (%) Homopolymer (%)

Cotton oxidized NaIO4 0.1 M 4 h 49 76 24
Cotton naturally aged 37 82 18
Linen oxidized NaIO4 0.1M 2 h 26 82 18
Linen oxidized NaIO4 0.4M 1 h 28 70 30
Linen naturally aged 35 81 19
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nal stress at break, whereas the elongation at break
remains similar to that of raw material; Young’s mod-
ulus also decreases, but to a value higher in compari-
son with the artificially aged samples.

By grafting with EA/MMA and EA/MMA/TFEMA,
artificially and naturally aged linen becomesmore flex-

ible, as seen indicated by the elongation at break and
Young’s modulus data.

From these results it is evident that the grafting
process induces a recovery in the mechanical resist-
ance of the aged textiles, particularly elongation at
break, which increases up to values meaningful from

Figure 1 (a) Tan d versus temperature for untreated and grafted cotton with EA/MMA 75/25; (b) Storage modulus (E0)
versus temperature for untreated and grafted cotton with EA/MMA 75/25.

TABLE IV
Tensile Testing for Original, Aged, and Grafted Cotton: Young’s Modulus (E),

Stress (sB), and Elongation at Break («B) Values

Sample E (107) (N/m) eB (%) sB (106) (N/m2)

Untreated 63.3 6 21 4.16 6 0.9 15.2 6 4.0
Oxidized NaIO4 0.1M 4 h 6.57 6 5.6 3.89 6 1.0 8.19 6 2.0
Naturally aged 7.63 6 10 3.88 6 0.8 9.38 6 5.5
Oxidized 0.1M
Grafted EA/MMA 1.36 6 4.2 10.5 6 1.5 3.68 6 1.1
Grafted EA/MMA/TFEMA 1.24 6 6.9 12.2 6 0.6 6.43 6 1.0

Naturally aged
Grafted EA/MMA 1.02 6 4.6 7.82 6 1.9 6.12 6 0.9
Grafted EA/MMA/TFEMA 3.82 6 3.0 4.63 6 0.9 5.65 6 1.6
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the point of view of the mechanical behavior. EA/
MMA 75/25 and EA/MMA/TFEMA 73/24.5/2.5 are
rubberlike amorphous copolymers; therefore, their
choice for grafting polymerization has been suitable,
in that the fabrics retain their typical flexibility after
the treatment.

Environmental scanning electron microscopy

Direct dynamic observation of linen and cotton wet-
ting on a micron level can be achieved with ESEM.
This instrument permits high magnification observa-
tions of wet specimens with no damage to the mate-
rial during the hydration process. Wetting phenom-

ena can be examined continuously, and images can
be taken during the process in the ESEM.39 The pres-
ence of liquid water in the specimen chamber allows
observations of in situ hydration without the need
for coating or drying the sample.

As relative humidity reaches 100%, the condensa-
tion of water is initiated and small water droplets
appear on the fiber surfaces; the droplet diameters
are only few microns at this stage. As condensation
continues, more water droplets form on the fiber
surfaces and, as more water condenses, the droplet
sizes increase and eventually the closely deposited
water droplets coalesce. For untreated material, water
forms no spherical droplets on the fiber surfaces and

TABLE V
Tensile Testing for Original, Aged, and Grafted Linen: Young’s Modulus (E),

Stress (sB), and Elongation at Break («B) Values

Sample E (107) (N/m) eB (%) sB (106) (N/m2)

Untreated 155 6 20 1.96 6 0.8 40.2 6 2.3
Oxidized NaIO4 0.1M 4 h 5.97 6 12 3.08 6 0.9 14.1 6 4.3
Naturally aged 2.81 6 11 2.7 6 0.7 10.3 6 4.2
Oxidized 0.1M 11 6 7.2 1.88 6 0.5 24.2 6 0.8
Grafted EA/MMA 1.25 6 6.4 3.4 6 0.4 18.3 6 0.6
Grafted EA/MMA/TFEMA 1.4 6 6.9 3.33 6 0.9 13.9 6 0.6

Naturally aged 0.56 6 3.8 2.78 6 0.2 6.20 6 1.6
Grafted EA/MMA 12.9 6 14 5.63 6 1.4 11.8 6 1.4
Grafted EA/MMA/TFEMA 2.30 6 4.7 3.28 6 0.8 16.4 6 0.1

Figure 2 Water droplets formed on cotton fiber surfaces in the ESEM: (a) untreated cotton; (b, c) cotton grafted with EA/
MMA; (d) cotton grafted with EA/MMA/TFEMA.
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the coalescence is faster than that for grafted speci-
mens [see Fig. 2(a)]. Grafting of EA/MMA and EA/
MMA/TFEMA significantly alters the surface wetting
behavior of the cotton fibers, as shown in Figures 2(b–d).
Water droplets are spherical and also the growing
droplets retain a spherical cap shapes a long time.
This is evidence of the protective effect of these
grafted acrylics for cellulose-based materials, both
naturally and artificially aged, due to the lower sur-
face energy of these copolymers.

The presence of the fluorinated monomer should
enhance the water repellence of the grafted cellulose;
however, using ESEM observations, it is not possible
to detect this improvement.

Contact angle measurement is a quantitative
method for the evaluation of the wetting of a solid
by a liquid, and can be coupled with ESEM observa-
tions to determine the water repellence of textiles af-
ter the grafting process.40 Unfortunately, here, the
viewing angle in the ESEM gives images in a wrong

Figure 3 Water absorption curves for cotton oxidizedwith NaIO4 0.4M and graftedwith EA/MMA and EA/MMA/TFEMA.

Figure 4 Water absorption curves for linen oxidized with NaIO4 0.1M and grafted with EA/MMA and EA/MMA/
TFEMA.
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position for contact angle measurements. Therefore,
the application of Carroll’s approach,41 a method
and an analytical expression proposed to calculate
contact angles of barrel-shaped droplets on cylindri-
cal solids, was not possible.

Water repellence evaluation

Following on from the ESEM results, and to evaluate
the wetting behavior of grafted fabrics, water
absorption tests were carried out. Figures 3 and 4
show the water absorption curves for cotton and
linen, respectively; by comparison between oxidized
and grafted materials, any improvement of water
repellence can be evaluated. It should be noted that
untreated and weakly oxidized fabrics show compa-
rable wetting behavior.

The oxidized samples absorb a large quantity of
water, and in 8–10 h reach their saturation values; in
particular cotton absorbs more water than linen in
the same time frame. For the grafted textiles this dis-
tinction is retained, but the quantity of absorbed
water is always smaller. With EA/MMA/TFEMA, a
noticeable reduction of absorbed water is observed,
presumably due to the presence of the fluorinated
monomer.

The grafted chains in the fiber structure thus hinder
the penetration and the absorption of water molecules
onto cellulosic chains; the reduction of absorbed water
is a signal of the protective effect given to linen and
cotton by grafting polymerization. The reduced water
uptake indicates a water repellence improvement due
to the homogeneous presence of relatively hydropho-
bic acrylic chains into cellulose-based materials. This
is enhanced further by the inclusion of the fluorinated
monomer in the graft system.

CONCLUSIONS

The aim of this research program is to establish the
grafting method as a new technique for the consoli-
dation and the restoration of naturally oxidized
(aged) cellulose-based textiles, which belong to the
field of Cultural Heritage. For the conservation of
these materials, acrylic copolymers represent very
useful products but some means of choosing the
most appropriate copolymer composition is neces-
sary to perform good restoration treatments.

The results here, along with a previous investiga-
tion,10 indicate that EA/MMA 75/25 copolymer, and
the corresponding fluorinated terpolymer, EA/
MMA/TFEMA 73/24.5/2.5, can be successfully
employed in a grafting polymerization reaction onto
both linen and cotton. They are resistant to biological
attack and they have glass transitions appropriate to
the service temperature of the substrate. The me-
chanical resistance and the flexibility of the grafted

fabrics are improved; thus a consolidating action is
achieved by the grafting process. Acrylics, due to
their generally hydrophobic nature, also perform a
protective function for the textiles and, by further
adding a fluorinated termonomer in small amounts,
water repellence is noticeably improved.

References

1. Humphrey, B. J Am Inst Conserv 1986, 25, 15.
2. Butler, C. E.; Millington, C.A.; Clements, D. W. G. In Historic

Textile and Paper Materials II; Hansen, E. F.; Ginell, W. S.;
Zeronian, S. H., Ed.; Oxford University Press: Oxford, 1989.

3. Azam Ali, M.; Khan, M. A.; Idriss Ali, K. M.; Hinrichsen G.
J Appl Polym Sci 1998, 70, 843.

4. Khan, F.; Ahnad, S. R. J Appl Polym Sci 1997, 65, 459.
5. Gosh, P.; Dev, D. Eur Polym J 1996, 32, 165.
6. Okieimen, F. E.; Ogbeifun, D. E. Eur Polym J 1996, 32, 311.
7. Margutti, S.; Vicini, S.; Proietti, N.; Capitani, D.; Conio, G.;

Pedemonte, E.; Segre, A. L. Polymer 2002, 43, 6185.
8. Gagnesi, M.; Mulas, A.; Pedemonte, E.; Princi, E.; Vicini, S. In

Proceedings of XV Convegno Italiano di Scienza e Tecnologia
delle Macromolecole, Pisa, 2003.

9. Princi, E.; Vicini, S.; Pedemonte, E.; Mulas, A.; Franceschi, E.;
Luciano, G.; Trefiletti, V. Thermochim Acta 2005, 425, 173.

10. Princi, E.; Vicini, S.; Pedemonte, E.; Arrighi, V.; McEwen, I.
J Appl Polym Sci 2005, 98, 1157.

11. Vicini, S.; Princi, E.; Pedemonte, E.; Lazzari, M.; Chiantore, O.
J Appl Polym Sci 2004, 91, 3202.

12. Brady, R. F. Chem Br 1990, 26, 427.
13. Höpken, J.; Shieko, S.; Czech, J.; Möller, M. ACS Polym Prepr
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