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Abstract

Textile fibre degradation can be due to many factors. The most common cause is light exposure, but upon the lifespan of a textile,
many other environmental factors are to be taken into account. This study focuses on the role of atmospheric compounds—both
particulate and gaseous species—on natural textiles ageing, more specifically cotton, silk and wool. To achieve this, reference
samples of textiles were exposed to contrasted environments (marine, urban and semi-rural museums and historical buildings) for
natural ageing. These conditions were also reproduced in an experimental chamber dedicated to the study of the impact of
airborne pollutants on heritage materials. Experimental ageing allowed to highlight degradation mechanisms for each fibre: SO,
and HCOOH cause the cleavage of cotton's glyosidic links and silk’s peptide bonds, while NO, promotes the oxidation of the
fibres. The most harmful pollutant towards cotton is NO, since it causes both its oxidation and hydrolysis. The case of wool is
more complicated: HCOOH provokes peptide link cleavage (similarly to silk) but this fibre is less sensitive to SO, attacks than
silk and even seems to be protected against future alterations after having been firstly exposed to this pollutant. In any case, this
experimental study evidences that damages caused by gaseous pollutants are fostered by the presence of particles, regardless of
the chemical composition of the particle coating.

Keywords Natural fibres - Marine - Terrigenous and anthropogenic particles - Gaseous pollutants - Monuments - Museums -
CIME chamber

Introduction or vegetal (cotton, flax). Animal fibres are comprised of pro-

teins (keratin in wool, fibroin in silk) while many vegetal

Tapestries, curtains, costumes, hangings, etc. are frequently
on display in museums and monuments. These textiles are
made mainly from natural fibres, either animal (wool, silk)
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Low-concentration experiments provide reliable information about
ageing of cultural heritage materials.
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fibres are mainly or partly made of cellulose (a polymer re-
peating cellobiose units). Since these precious artefacts need
to be preserved for the longest time and in the best state pos-
sible, environmental parameters responsible for their degrada-
tion must be closely studied and documented to be able to
mitigate their impact.

Light has been the most studied alteration factor for tex-
tiles. UV and visible radiations lead to yellowing and
bleaching of wool and silk (Ramsay 1970; Launer 1971;
Duffield and Lewis 1985; Davidson 1996; Baltova et al.
1998; Koussoulou 1999; Shao et al. 2005; Dyer et al. 2006)
as well as embrittlement of the fibres through photooxidation
and breakage of disulphide and peptide bonds (Karpowicz
1981; Carr and Lewis 1993; Millington and Church 1997,
Tsuge et al. 2000; Kang et al. 2004; Timar-Balazsy and
Eastop 2012; Koperska et al. 2015; Kissi et al. 2017). The
same radiations are responsible for the yellowing and darken-
ing of cotton (Buschle-Diller and Zeronian 1993; Korenberg
2007) and induce the oxidation of hydroxyl groups oxidation
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and glycosidic bonds breakage (Phillips and Arthur 1964;
Dupont 1996; Havermans and Dufour 1997; Sistach et al.
1998; Margutti et al. 2008; Credou and Berthelot 2014) of
cellulose.

Acids and alkali solutions are also known to lead to fibre
degradation. Acidic hydrolysis of cotton is well documented.
It is caused by a random chain scission of the polymer (gly-
cosidic bond breakage) and the formation of a carbonyl func-
tional group at the end of the newly formed chain (Whitmore
and Bogaard 1994; Zhao et al. 2007; Sun et al. 2007; Timar-
Balazsy and Eastop 2012). Cellulose being a semi-crystalline
material, degradation first targets amorphous regions but can
also affect crystalline regions at further alteration stages
(Florian et al. 1991; Koura and Krause 2013). Cotton is more
resistant to alkali; such environments lead to the peeling of the
cellulose, which is to say the breakage of the last unit of
cellobiose. This has a limited impact on the global mechanical
resistance of the fibre (Knill and Kennedy 2003; Pavasars
et al. 2003). It should be noted that hydrolysis and oxidation
of cellulose can happen simultaneously and reinforce each
other: oxidation leads to the formation of carboxylic acids that
contribute to acidic hydrolysis, and the latter promotes the
formation of reducing end groups that foster oxidation
(Lojewski et al. 2010). Proteinaceous fibres are also targeted
by acids and alkaline solutions. Peptide bonds of silk and wool
are hydrolysed by acid attacks that lead to the embrittlement of
the fibres; however, disulphide bonds are somewhat resistant
to acid hydrolysis (Inglis and Liu 1970; Otterburn 1977,
Taddei et al. 2007). Alkaline solutions are less efficient in silk
degradation, as only end of chain units are targeted; however,
such alteration makes fibres more sensible to future alterations
(Shaw 1964; Mellet and Louw 1965). Wool is more easily
altered by alkali than silk: disulphide bonds can be broken in
such environments, leading to the formation of yellow chro-
mophores and emission of sulphur products (Norton and
Nicholls 1967; Brimblecombe et al. 1992; Wojciechowska
et al. 1999).

Indoor atmospheric conditions have an impact on textiles
that are sensitive to relative humidity (RH) and temperature.
As hygroscopic materials, textiles can adsorb water (Fuzek
1985; Bismarck et al. 2002; Hill et al. 2009): the fibres swell
and are more plastic (Agarwal et al. 1997; Baley et al. 2005;
Igbal et al. 2012; Timar-Balazsy and Eastop 2012). The
weight gain and stretching during water uptake followed by
shrinking upon drying causes mechanical stress on the fibres
(Lennard and Dulieu-Barton 2014; Bratasz et al. 2015).
Temperature rise also increases degradation rates (Michalski
1993; Pawcenis et al. 2016) and high RH boosts the develop-
ment of microorganisms responsible for multiple damages to
textiles (Caneva et al. 1991; Florian 1997; Seves et al. 1998;
Szostak-Kotowa 2004; Kavkler et al. 2011).

In indoor polluted atmosphere, gaseous species (carbon
dioxide CO,, nitrogen dioxide NO,, sulphur dioxide SO,,

acetaldehyde C,H40O , formaldehyde CH,0) can easily be
converted into acids (Spicer et al. 1993; Grzywacz 2006;
Schieweck and Salthammer 2009; Vichi et al. 2016) and cause
fibres hydrolysis (Brysson et al. 1967; Upham and Salvin
1975). However, data on cellulose degradation are available
from more studies on papers than on textiles per se: it is
known that SO, can be adsorbed on cellulosic fibres and acid-
ify them (Hudson and Milner 1961; Edwards et al. 1968;
Johansson et al. 2000; Johansson and Lennholm 2000). NO,
can also acidify cellulose, cause acidic hydrolysis and oxida-
tion as well as discoloration on paper made of cellulose
(Miyazaki 1984; Bégin et al. 1999; Menart et al. 2011). As
the concentration of volatile organic compounds (VOCs) in
the indoor environment can be very high, especially in new
buildings (Brown et al. 1994), their impact has also been stud-
ied, but again, more on paper than on textiles. VOCs with an
acidic or oxidative function can alter cellulose (Strli¢ et al.
2011). Formic acid (HCOOH) is particularly reactive
(Tétreault et al. 2013). Studies on other textiles are scarce;
wool and silk can adsorb SO, and acidic hydrolysis is possible
(Walsh et al. 1977; Kobayashi and Yoshizumi 1994; Timar-
Balazsy and Eastop 2012). Moreover, studies targeting specif-
ic gaseous pollutants often use high concentration levels of
gases to obtain results with a limited exposure time. Such
methods have been questioned since the same mechanisms
are sometimes not likely to happen at lower concentrations
levels, even over longs periods of time (Williams and
Grosjean 1992; Adelstein et al. 2003).

Beside gases, particulate matter must also be considered.
Acrosols can settle on materials and cause multiple alterations:
soiling (Watt and Hamilton 2003; Chabas et al. 2007; Uring
et al. 2018), mechanical damage (Tétreault 2003), chemical
alterations (Collective 2011; Grau-Bové and Strli¢ 2013). The
specific effect on textiles has yet to be studied; some rare data
are available on paper and shows that dust layers contribute to
cellulose degradation (Bartl et al. 2016; Grau-Bové et al.
2016) and undergo chemical transformation forming larger
efflorescences that penetrate in-between fibres (Uring et al.
2019).

The understanding of textiles’ degradation mechanisms in
indoor atmosphere remains limited. The role of atmospheric
particles in textiles degradation has yet to be defined, as well
as the interaction with other environmental parameters like the
concentration of gaseous pollutants and microclimatic condi-
tions. This multifactor system must be studied to be able to
qualify and quantify the damage induced by such environ-
mental conditions on textiles.

The atmosphere of French museums located in urban, ma-
rine and semi-rural areas has been thus characterised. Primary
(CO,, NO,, HCOOH) and secondary (O3) pollutants and mix-
ture of halite, mascagnite, soot, clays and calcite particles are
characteristic of the studied atmospheres (Uring et al. 2020).
This preliminary study allowed to target and set the
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parameters of laboratory experiments. These consist of ageing
in a lab-made environmental chamber “CIME” injecting both
gases and particulate matter in order to reproduce realistic dry
atmospheric deposition (Chabas et al. 2015). The aim of this
paper is to present the experimental setup combining in situ
measurements and laboratory ageing in order to highlight and
to monitor, for the first time, the initial step of the evolution of
textile fibres exposed to gaseous pollutants alone or in synergy
with a mixture of particles.

Materials and methods
Reference materials

Because largely represented in museum and historical monu-
ments, cotton, silk and wool were selected. To guarantee the
homogeneity of the sample, colourless, plain-weave and
standardised textiles were selected and purchased from EMI-
Developpement (Bréviandes, France). The standards were the
NF ISO 105-F02 for cotton, the NF ISO 105-F01 for wool and
the NF ISO 105-F06 for silk. The surface mass is 115 £ 5
gm? 125 + 5 gm” and 60 + 3 g.m” respectively. Before
use, textiles were thoroughly cut in coupons (6 cm x 6 cm),
rinsed with deionized water and dried under laminar air flow.

In situ and laboratory ageing

Textile coupons were displayed in French historical monu-
ments for two years. Three contrasted environments were
chosen:

* The Villa Kérylos, located by the Mediterranean Sea
(Beaulieu-Sur-Mer),

e The Musée de Cluny, in the urban environment of Paris,

e The Chateau de Fontainebleau, in a semi-rural
environment.

The rooms in Cluny and Fontainebleau have dimmed arti-
ficial lighting. At the Villa Kerylos, the rooms are more ex-
posed to natural lighting. The coupons are systematically
moved away from the light sources and do not receive direct
light radiation.

Half these coupons were withdrawn after six months to be
exposed in the CIME chamber whose technical description is
presented in (Chabas et al. 2015). The other half of these
coupons were left ageing for two years in their respective sites.

Another set of textile coupons were directly exposed inside
CIME to be altered following the protocol detailed in Uring
et al. 2019. To summarize, atmospheric particles found on
site, such as clay, calcite, soot, mascagnite and halite (Uring
et al. 2020) were firstly injected in the CIME chamber. Clay
and calcite were introduced in the chamber through the
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SAG410-U dust disperser (Topas-Gmbh). Soot particles were
produced by combustion process through a miniCAST 5201A
generator (Jing). Mascagnite and halite were generated by
atomization of a saline solution using an AGK2000 instru-
ment (Palas).

Textile coupons without particles or with particles (depos-
ited in the CIME chamber or in situ) were then submitted to
three distinct gaseous alteration cycles that are detailed in
Table 1. No light radiation is applied during the test
(darkness).

Environmental conditions were set according to data ob-
tained through the indoor atmosphere study of the Villa
Kerylos, the Musée of Cluny and the Chateau de
Fontainebleau (Uring et al. 2020). In this in situ study, tem-
perature, relative humidity, NO,, O3, CO, and organic sol-
vents (in eq. formaldehyde CH,0O) were measured. For the
ageing tests in the CIME chamber, it was decided to inject
the acidic form of formaldehyde that is to say formic acid
(HCOOR) to accelerate the reactions. Although not detected
in today’s indoor atmospheres, SO, was also chosen to reflect
the ancient atmospheres that historic textiles must have expe-
rienced. Temperature, relative humidity and CO, concentra-
tion were maintained constant during the ageing tests.

In concrete terms, SO, and NO, pollutants were injected
directly from pure gas bottles, ozone was produced by a cal-
ibration source (2B Technologies Inc.). Gaseous HCOOH ob-
tained by heating the liquid phase was injected thanks to an
Adsorbent Tube Injector System (ATIS™). Dedicated
analysers (Envea group) were used to monitor the concentra-
tions of gaseous pollutants in the CIME chamber (AF22M for
SO,, 0342M for O3, AC32M for NO,, Cairsens for HCOOH,
CO12M for CO,).

Textile coupons analyses

To study the alteration at the molecular levels, all the textiles
were analysed with Attenuated Total Reflectance-Fourier
Transform Infrared spectroscopy (ATR-FTIR) and Raman
spectroscopy.

FTIR analyses were conducted on a Perkin Elmer Frontier
equipped with an ATR-diamond/ZnSe crystal accessory; 100
scans were accumulated, with a 4-cm™ resolution over the
4000-550 cm™' range. A constant pressure was applied, en-
sured by the pressure gauge (maintained at the arbitrary level
of 100) during the measurements.

Raman spectra were obtained on a Raman Bruker Senterra
with a 785-nm laser, with an Olympus LCPLNS50XIR objec-
tive and 0.65 for the numerical aperture adapted to IR; the
number of accumulations was adapted depending on the stud-
ied material, with a 3-5 cm™! resolution. In order to limit
florescence phenomena (often less at higher wavelengths for
organic compounds), the choice of red laser was preferred.
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Table 1 Description of the
different artificial ageing Gaseous alteration cycle SO,+0; NO»+0; HCOOH
experiments in CIME chamber

Temperature 20 °C

Relative humidity 75 %

SO, level (ppb) 400 injected twice a day 0

NO, level (ppb) 0 Maintained at 1000 0

HCOOH level (ppm) 0 Maintained at 25

05 level (ppb) 600 injected twice a day 0

CO, level (ppm) Maintained at 2000 0

Cycle duration 4 weeks 2 weeks 4 weeks

Moreover, before each analysis, the sample was irradiated at
the working wavelength for a few seconds (bleaching).

The obtained spectra were then processed with a baseline
subtraction on Origin Pro software to improve the spectra
reading or to limit the residual fluorescence. In FTIR, the
selected anchor points were 1730 and 870 cm™! for silk,
1720 and 895 cm™ for wool. No baseline subtraction was
done for cotton. In Raman, the anchor points were 200, 282,
367, 467.5, 600, 800, 1140, 1750, 2250, 2800 and 3140 cm™
for silk, 358, 443, 610, 793, 1143, 1505, 1720 cm™ for wool,
136, 200, 744, 855, 1520, 1750, 2670, 3025 cm™" for cotton.

After baseline removal, a standard normal variate (SNV)
pre-processing was applied to the spectra. This reduces the
dispersion, particularly within a sample. The spectrum was
centred on its mean and normalized by its standard deviation.
This explains the sometimes negative values in absorbance
scale on the FTIR graphs presented in this paper. These oper-
ations were performed on ChemFlow (free online platform).

In some cases, as already evidenced by (Odlyha et al.
2007), the calculation of second derivative spectra (d*y/dx?)
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Fig. 1 Primary alcohols indicators on cotton coupons without or with
particle coating (deposited in the CIME chamber or in situ during 6
months at Cluny, Kerylos, or Fontainebleau) and then submitted to
different gases injected in the CIME chamber

with Origin Pro made it possible to highlight inflection points
and to detect certain spectral bands more easily.

To finish, different indicators were calculated by integrat-
ing and measuring the height of the bands of the Raman and
FTIR spectra. These operations were performed on Origin
Pro. All indicators were calculated for each spectrum and then
the values obtained were grouped by sample (spectra acquired
at different measurement points) to calculate the mean and
standard deviation (indicated by error bars on the graphs).
As a reminder, for each sample, 6 Raman spectroscopy and
6 FTIR measurement points were performed.

For cotton, size-exclusion chromatography (SEC) and
viscosimetry were also used to have more specific information
on the cellulose polymer chain. Following the protocol set up
by Dupont 2003, 5 mg cotton samples were dissolved in N,N-
dimetyhlacetamide (DMAc) with 8 % lithium chloride.
Analyses in SEC-MALS-DRI were conducted as described
in Dupont et al. 2018, with a set of three PLgel MiniMIX A
columns (20 pwm porosity, 250 mm length). Viscosimetry was
used to measure the change of intrinsic viscosimetry of cellu-
lose (). This parameter is linked to the degree of polymeri-
zation (DP) of the cellulose chain by the Mark-Howink-
Sakurada equation (Evans and Wallis 1987) :

DP = (1.1 -7)7%

Intrinsic viscosimetry was measured following the ISO
5351 protocol. Each sample is represented by a mean indicator
(6 measures) and the corresponding standard deviation.

Results and discussion

The spectra obtained in FTIR and Raman all show quite subtle
differences between the reference coupons and those altered in
situ or in the CIME chamber. Examples are provided as sup-
plementary material for cotton (SM1) and silk (SM2). In order
to highlight these fine molecular changes under realistic alter-
ation, the calculations of different indicators have been done
for each textile and presented in the following paragraph.
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Fig. 2 Two main oxidation
reactions of the cellulose without
ring opening (adapted from
Margutti et al. 2002; Credou and
Berthelot 2014)
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Cotton damage
Oxidation indicators

Upon cellulose oxidation, carboxyl and carbonyl compounds
can form (Lojewska et al. 2005) that are responsible for ab-
sorption bands in FTIR at 1730 and 1620 cm', respectively
(Socrates 2004). The formation of these compounds was dif-
ficult to evidence. Firstly, because water bend vibration band
overlaps this spectral region and secondly because the 1700—
1600 cm™ spectral region is here characterized by a poor S/N
ratio that prevents to analyse it with second-derivative spectra.

Thus, oxidation indicators were researched through the
presence primary and secondary alcohols. Indeed, cellulose
oxidation targets hydroxyl groups and decreases their number.
Primary and secondary alcohols can be studied through FTIR
and Raman spectroscopy with bands at 1030 and 1055 cm™,
respectively (Castro et al. 2011; Abidi et al. 2014; Hajji et al.
2016). The calculated indicator corresponds to the ratio be-
tween the area of the Raman band associated with primary or
secondary alcohols and that of the reference at 2900cm™ band.
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Fig. 3 Degree of polymerisation values (DPv) measured on cotton
reference, 2 years in situ exposed coupons and 6 months in situ
exposed coupons and then submitted to gaseous pollutants in the CIME
chamber
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While secondary alcohols show no sign of modification
(too important standard deviation), primary alcohol indicators
significantly decrease following NO, exposure (Fig. 1). This
would mean, as suggested in some studies (Sugihara 1953;
Camy et al. 2011), that NO, attacks selectively the primary
alcohol groups through an oxidation of the C6 without pyra-
nose ring opening as illustrated by the following reaction
scheme (Fig. 2).

The same indicators show high standard deviations follow-
ing SO, exposure (Fig. 1), making it hard to interpret.
However, the most obvious decrease is noted after SO, + O;
followed by NO, alteration on the coupons covered by parti-
cle deposited in the CIME chamber (in green): the particle
layer and the gaseous pollutants act as a cocktail effect and
foster fibre oxidation.

Hydrolysis indicators

The measurement of the degree of polymerization (DP) was
done to highlight cellulose hydrolysis. Because viscosimetry
measurements require a large quantity of sample, this tech-
nique could only be used on the reference and field samples
exposed for 24-month and 6-month and then altered in the
CIME chamber (Fig. 3).

For coupons displayed on site for 2 years, a DP loss is
already measurable. This DP loss is similar to the DP loss
due to aging in the CIME environmental chamber, confirming
the realism of the lab-experimentation. Regardless of the gas-
eous pollutant used for the ageing in the CIME chamber, the
decrease of the DP is more pronounced when a coating of
particles is present. The Villa Kerylos sample is also the most
damaged. The exposition to formic acid of samples previously
exposed to SO,+03 does not cause any additional decrease of
the DP: multiple alterations do not seem to cause significant
hydrolysis.

SEC analyses also allow to retrieve the molar mass distri-
bution of the polymer on reference cotton, without or with
particles and exposed to SO,+03 or SO,+05+NO, (Fig. 4a).
Such analyses allow the calculation of the weight-averaged
degree of polymerisation (DPy,). Although the DP,, values
are close to those obtained through viscosimetry (and noted
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Fig. 4 (a) Examples of weight distribution of polymeric chains of cotton samples without or with particle coating and (b) weight average degree of

polymerisation

DP, to avoid confusion), DPy, and DP,, cannot be compared
directly.

Here, the curves show Gaussian shapes whose maximum
shifts towards lower molar masses with the simulated alter-
ations. This indicates a DP,, decrease, as confirmed by its
calculation (Fig. 4b). The presence of a particle coating leads
to a stronger DP,, decrease (about 5 % compared to the sample
without particle) upon exposure to SO,. The attack by NO, of
the sample without particle already weathered by SO, results
in a steeper decrease of the DP,,, either due to a higher sensi-
tivity of cotton to this pollutant (Tétreault et al. 2013; Menart
etal. 2014) or to a higher speed of degradation considering the
pre-altered state of the fibre. All the curves display similar
shapes and no secondary peak emerges at lower molar masses.
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Fig. 5 Peptide bond indicator (FTIR) for silk samples without or with
particle coating deposited in the CIME chamber and then submitted to
different gaseous pollutants

This can be interpreted by a random attack of the polymer
chain (Dupont et al. 2018).

Silk damage
Peptide bond cleavage

Breakage of peptide bonds in silk leads to the embrittlement of
the textile (Vilaplana et al. 2015): this phenomenon can hap-
pen through hydrolysis or following oxidation. To quantify
the eventual breakage of these bonds, the indicator /,,, , =
Pawaen p, 4> (area ratio) (Shao et al. 2005) was calculated on
the FTIR spectra of the samples. The results (Fig. 5) show
that:

—  Silk coupons with particle coating show stronger decrease
than without,

— NO; + O; only has a limited effect on peptide bonds
breakage,

— SO, + O3 and HCOOH have similar effects.

—  The cumulative effect of SO, + Oz + NO, + HCOOH +
particles is the most effective in breaking peptide bonds.

If carboxyl groups were formed by hydrolysis, a character-
istic absorption band would be expected at 1318 cm’
(Koperska et al. 2014); however, no modification is observed
in this region of the spectra. This suggests that the hydrolysis
is still at a very early stage and that not enough absorbing
species have been produced to be measurable by FTIR.
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Fig. 6 Tyrosine indicators: (a) tyrosine content and (b) tyrosine exposure for silk samples without or with particle layer deposited in the CIME chamber
or in the field (6-month Cluny or Kerylos) and then submitted to gaseous pollutants

Oxidation indicators

Oxidation of the fibres can also occur during their degradation,
forming carboxyl or carbonyl groups. Unfortunately, the region
around 1735 cm™ on FTIR spectra (carbonyl absorption zone)
does not show any absorption band. However, other spectral
regions can be affected by the oxidation : the indicator /,, =
A A 1514 (intensity ratio) has already been used to spot oxidation
processes (Koperska et al. 2014). In our study, this has not been
conclusive: if an oxidation occurred, it must have been light
enough to have only little effects on the infrared spectra.

Instead of trying to spot a global oxidation reaction, bands
related to specific amino acids found in the protein were stud-
ied: in particular, tyrosine showed some evolution. This amino
acid is prone to oxidation and photo-oxidation of tyrosine has
been widely described (Shao et al. 2005; Timar-Balazsy and
Eastop 2012).

This amino acid has a few FTIR (1104, 1165 cm™
(Koperska et al. 2014; Boulet-Audet et al. 2015)) and
Raman bands (645, 830, 855, 1165 cm’™! (Rousseau et al.
2004; Shao et al. 2005; Koperska et al. 2014)). Two indicators
were calculated:

- Iy = P50 Plaso (area ratio of Raman bands), showing the
tyrosine content of the fibre (Shao et al. 2005);

- Dy = Psso pess (area ratio of Raman bands), linked to
the exposed state of tyrosine residues. This ratio is linked
to the hydrogen bonds of the phenoxyl group of tyrosine:
a low I, means strong hydrogen-bonding, when a
higher indicator stands for a more exposed state of the
tyrosine (Taddei et al. 2007).

The results are presented in Fig. 6 on in situ (Cluny and
Kerylos) or lab-silk coupons without and with particles and
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then submitted to SO,, O3 and NO,. After being exposed to
NO,+0;, the tyrosine content decreases; the indicator drops
even more when the textile was previously damaged with
SO,+0s5. Indeed, I, .y, increases following SO, + O3 exposure,
showing that this pollutant makes tyrosine more accessible to
further degradation agents. After being exposed to NO,+0O3,
the indicator decreases again, suggesting that surface tyrosine
residues were attacked.

Due to the large standard deviations, it is difficult to dem-
onstrate a clear impact of the particles in the reduction of
tyrosine content. Nevertheless, tyrosine seems to become
more accessible when silk coupons are covered with particles
deposited in the CIME chamber.

Wool damage
Disulphide bonds cleavage

Disulphide bonds give mechanical resistance to the wool fi-
bre: their breakage leads to a loss of tensile strength. The S-S
bond can be studied through Raman spectroscopy, since it is
responsible for bands in the 500-550 cm™ spectral region with
intensities and position depending on the conformation of the
protein (Wojciechowska et al. 2000; Paquin and Colomban
2007; Barani and Haji 2015). The area of the S-S bond Raman
band (500-550 cm™') was thus calculated and normalized at
the 1448 cm™' band (Fig. 7a). Under different gaseous expo-
sures, the intensity of the disulphide vibration band decreases
slightly and specially with SO,. This can be interpreted by a
reduction of a small amount of disulphide bonds forming thiol
groups by SO, as described by Timar-Balazsy and Eastop
2012.

To further understand the impact of SO, on the fibres, a
closer analysis of the FTIR spectra was conducted between
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800 and 1700 cm’! (Fig. 7b). Upon SO, + O; exposure, the
amide IIT band (1230 cm™) is distorted and widens towards
lower wavenumbers, probably due to modifications of hydro-
gen bonds in the keratin (Odlyha et al. 2007).

A new absorption band also appears at 1023 cm™. This
band is associated to the Bunte salt (S-sulphonate) whose
formation is well documented upon wool oxidation (Carr
and Lewis 1993; Douthwaite et al. 1993; Millington and
Church 1997; Kissi et al. 2017). However, here the formation
of this product is specific to the SO, exposure; it cannot be
caused by the ozone also injected in the chamber since this
band does not appear following exposure to the combination
of NO, and Os. This suggests another mechanism: cystine
sulfitolysis (Gomez et al. 1995; Erra et al. 1997; Posati et al.

2016), which leads to the reversible breakage of disulphide
bonds without diminishing the molecular weight of the fibre.

Peptide bonds cleavage

Peptide bonds form the backbone of the protein structure: their
breakage would lead to a decrease in the amide bands of the
FTIR spectra. The area of the amide I band was calculated and
normalized at the 1442 cm™ band following the procedure
described by (Odlyha et al. 2007).

The results are presented in Fig. 8 for wool coupons with-
out or with particle layers deposited in the CIME chamber or
after 6 months in Cluny, Kerylos and Fontainebleau and then
exposed to different run of gaseous pollutants. All pollutants
lead to a decrease in absorbance from the amide I band and in
particular:

— NO, + O3 has little effect, except for the textile exposed at
Kerylos;

—  Formic acid seems to be the most aggressive pollutant,
notably when combined with particle deposited in the
CIME chamber;

—  Consecutive alterations on the same textile seem to have
less impact than on new textiles: in particular, textiles
exposed to formic acid undergo a strong peptide bonds
breakage (shown by the decrease of the indicator), where-
as the same alteration of textiles previously exposed to
SO, + O3 show little modifications.

This might be due to some modifications of the wool fibre
provoked by these pollutants; since the textiles exposed to
SO,+ O3 are supplemented in Bunte salts and thiolates, formic
acid could protonate these functional groups rather than
attacking peptide bonds.

Neoformed phases

Neoformed phases have been detected on wool coupons ex-
posed in the CIME chamber under formic acid flow. Two
bands are notably modified on the FTIR spectra (Fig. 9): at
1343 cm™, a band appears and at 1386 cm™', a decreasing of
the intensity of the band is noticed.

Formic acid absorbs at 1333 cm™ and formates absorb
around 1340 cm™ (Al-Hosney et al. 2005): the 1343 cm™
band could thus be assigned to the formation of formate salts
on the wool. Because this band is also present on reference
samples, it can be due to reaction of formic acid with impuri-
ties. Indeed, the presence of sodium for example is likely due
to past wool treatment.

The 1386 cm™ band is assigned to the serine OH bending
vibration. It is known that formic acid can react with hydroxyl
groups of amino acids to form esters (Hietala et al. 2016);
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however, this hypothesis seems unlikely since the character-
istic bands of esters are not present on the spectra (around
1200 cm™! in particular) (Socrates 2004). The serine decrease
could also be due to the ability of formic acid to penetrate the
fibre’s structure and dissolve the amines (Barone and Schmidt
2006): this hypothesis is backed by the peptide bonds break-
age induced by formic acid (cf. Peptide bonds cleavage
section).

Wool yellowing

Wool yellowing can happen through degradation, by the for-
mation of chromophore species like deshydroalanine follow-
ing the acid hydrolysis of amine groups of asparagine and
glutamic acid. This component absorbs in the infrared region

34
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HCOOH A |\
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Fig. 9 Example of wool FTIR spectra before and after formic acid
exposure in the CIME chamber
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at 876 cm™' (Carr and Lewis 1993; Gomez et al. 1995). It is
thus possible to monitor the formation of deshydroalanine
through the indicator /yeiiowing = P16 Plas (band area ratio)
as it is presented in Fig. 10.

On wool coupons without particle coating, only a slight rise
is noticeable after the gaseous alterations. Coupons wit parti-
cle coating show a higher rise following formic acid exposi-
tion. Yellowing of the wool is so only at its origination and not
yet perceivable at a macroscopic scale, but it is boosted by the
presence of a layer of particles, be it deposited in the CIME
chamber or in situ in the field (Cluny, Kerylos or
Fontainebleau).

Oxidation indicators

Lipids on the surface of wool can be oxidized to fatty
acids, forming carbonyl compounds absorbing in the
1715-1725 cm™ region (Odlyha et al. 2007); however,
no band appears around these wavenumbers after the dif-
ferent alterations, so no sign of lipids oxidation can be
detected at this stage.

Tyrosine and tryptophan can form yellow chromophores
upon oxidation (band at 1161 em™ in FTIR (Carr and Lewis
1993)) but again, no band is formed in this spectral region
following ageing. Raman spectroscopy also allows to study
the tyrosine content (830 and 850 cm’), in a similar manner to
silk. However, the ratio /-, = B0 peao is equal to 1.5 and
constant: tyrosine is accessible but not modified through the
alterations.

Cystine is susceptible to be oxidized. Its photooxidation
pathway is well documented and can be studied thanks to
the S-O vibration region on FTIR spectra (Carr and Lewis
1993):
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Fig. 10 Deshydroalanine B Reference ® S0,+0,
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Cystine monoxide (1071 em’™h),
Cystine dioxide (1121 cm™),
Cysteic acid (1040 cm’!) and Bunte salt (1022 cm™).

From FTIR spectra (Fig. 11a), second-derivative spectra
(Fig. 11b) are calculated in order to separate the different
bands and identify their formation easily. Following NO, +
05 exposure, a slight increase of the intensity of the 1040 cm™
band (see the pink zone in Fig. 11) is noticeable, denoting the
formation of cysteic acid. However, no other intermediate
oxidation product is found. The second-derivative spectra
confirm the increase and show that more cysteic acid is
formed on samples with a layer of particles.

To determine whether these differences are significant, the
intensity of the second-derivative is used to take into account
only the contribution of the band A indicated in Fig. 11b. The
results are presented in Fig. 12. The second-derivative analy-
sis shows most significantly an increase in the cysteic acid
band. This increase is favoured on textiles exposed at each
site.

The presence of cysteic acid implies the breaking of di-
sulphide bridges: this had been demonstrated in very low pro-
portions (§ 3.3.1). Indeed, the increase in the cysteic acid band
is very limited: the oxidation induced by NO, is progressive
and leads to few cystine breaks.
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Fig. 11 (a) S-O FTIR band and (b) associated second-derivative spectra of wool coupons without or with particles deposited in the field and then

exposed to gaseous pollutants in the CIME chamber
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Fig. 12 Comparison of the peak height “A” at 1040 cm™' of wool

coupons without or with particles deposited in the field and then
exposed to gaseous pollutants in the CIME chamber

Thus, the presence of a deposit of particles, whose chemi-
cal composition seems to have little influence, favours the
oxidation of wool by NO,.

Conclusion

Textiles are widely exhibited in museums and monuments
where the indoor atmosphere, which is difficult to control,
contains potential agents of aggression. However, the role of
these atmospheric compounds—both gaseous and
particulate—in the ageing of textiles is not well known. In
order to document this aspect, an original research combining
on-site exposure and ageing in environmental chamber has
been carried out on cotton, silk and wool coupons. Three
French sites with contrasted atmospheres were chosen: the
Cluny Museum in Paris (urban), the Chateau de
Fontainebleau (semi-rural) and the Villa Kerylos (marine).
The environmental data measured from these sites helped to
parameterise the experiments in the CIME simulation cham-
ber. By combining both particle and gas deposition, these
experiments were able to reproduce a very realistic ageing
process.

The major results show that each textile has a specific deg-
radation path that depends on the pollutant studied. The pres-
ence of a particle deposit eases the alteration of textiles.

In particular, cellulose hydrolysis (regardless of the pollut-
ant used — SO,+03, NO,+0O3;, HCOOH) is stronger in the
presence of a particle layer. NO, +Oj3 selectively oxidises
cotton and causes a hydrolysis stronger than SO, +Oj; the
combination of these two degradation mechanisms makes
NO, the most aggressive pollutant towards cotton.

Silk on the other hand is the most vulnerable to SO, +O;
and HCOOH that attack its peptide bonds with a higher rate in
the presence of a particle coating.

@ Springer

Finally, wool showed many degradation paths. SO, +0O;
has a limited impact on the peptide bonds breakage but pro-
vokes sulfitolysis. Also, wool seems to be passivated follow-
ing the exposure to this pollutant, making further degradations
less impactful. NO, +0O; oxidises the fibres, leading to di-
sulphide bonds breakage. Formic acid has the highest impact
on peptide bonds breakage since it reacts with amino acids and
potentially forms formates. The presence of a particle coating
fosters oxidation by NO, +O5 and peptide bonds breakage.

The majority of degradation mechanisms are boosted when
the textile presents a particle coating, regardless of its chemi-
cal composition (urban, rural, marine) at this alteration stage.
A slight preferred degradation of the Kerylos sample (marine
aerosols) could be explained by the stronger presence of del-
iquescent salts (especially halite) in this type of particles, more
likely to form local liquid phases into which pollutants could
dissolve and react more easily with the underlying fibres.

This study has also shown that fibres with particle layers
undergo irreversible alterations in short amount of time: after
only two years, cotton shows a loss in DP. Two years is very
short in the lifespan of a textile exposed indoor in museum and
monuments, and is also smaller than the usual cleaning fre-
quency performed in cultural heritage where fragile textiles
are cleaned every 5 or 10 years. It is therefore necessary to
limit the deposition of particles by acting on their emission
source and by removing regularly the particle layers to avoid
the formation of particulate mixtures that are reactive to gas-
eous pollutants, air humidity and ultimately harmful to
textiles.
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