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Abstract

:

This paper presents the limitations and potential of ATR-FTIR spectroscopy applied to the study of cellulosic textile collections. The technique helps to differentiate natural fibres according to the content of lignin, pectin, hemicellulose, and wax, although some problematic issues should be considered. The spectral differences derived from the environmental humidity uptake and the plant composition are reviewed and discussed in the light of new experimental data. Diagnostic bands are proposed that can discriminate between different fibres from different plants. The contribution of ageing is also considered, demonstrating that sometimes aged fibres cannot be reliably recognised. In contrast, the potential of ATR-FTIR spectroscopy to discriminate between natural and modified fibres is discussed and proven. The best results were obtained when microinvasive ATR-FTIR spectroscopy was coupled with SEM observations. The proposed protocol was tested on microsamples of various cellulosic materials from traditional Japanese samurai armours dating from the 16th to the 20th centuries (Morigi Collection, Museo delle Culture, Lugano, Switzerland). The results facilitated a complete characterisation of the materials and demonstrated that the protocol can be used to study a wide variety of cellulosic materials, including both natural and man-modified fibres, and paper.
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1. Introduction


Vegetable fibres for textile materials were first used in prehistoric times [1,2]. Hemp is probably the oldest cultivated plant, which was widespread from Southeast Asia to China, where it seems have been used since around 4500 BCE. Several places of origin of the plant have been proposed, but probably archaeological findings in different centres are indicators of the diffusion of the plant in the early human agriculture [3]. Similarly, flax was certainly cultivated by the 4000 BCE in the Egyptian area, although it seems to have originated in the Near East [4,5]. Lastly, the art of spinning cotton appeared in India from around 3000 BCE, but it also developed independently in Peru [4].



Vegetable fibres are divided into groups based on their origin within the plant. Cotton originates as hair on the seeds, where each fibre consists of a single, long, narrow cell. Flax, hemp, jute, and ramie are bast fibres in the inner bast tissue of stems and are made up of overlapping cells. Chemically, all these fibres mainly consist of cellulose, although their cell walls also contain varying amounts of different substances such as hemicellulose, lignin, pectins, and waxes, which can be removed or reduced by processing [2,5,6]. While hemicellulose [7] is chemically similar to cellulose, pectins [7] are acidic polysaccharides mainly composed of homogalacturonan, hamnogalacturonan I and II, and different neutral sugar side chains. Waxes [8] are located in epidermal cells in the plant cuticle and are made up of long-chain aliphatics, such as alkanes, alcohols, aldehydes, fatty acids, and esters, mixed together with varying amounts of cyclic compounds such as triterpenoids.



Paper is not strictly a natural fibre; however, its constituents are natural fibres, especially if it is ancient paper [9]. In the West, paper was made from flax and cotton rags or a mixture of these second-hand fibres, whereas in the East plant sources were more common.



The raw materials used to produce such fibres include bast plants, tree bark, grass stalks, and other vegetation. In China, hemp and mulberry were the most ancient sources, followed by rattan, whose reserves were exhausted in the 12th century. Bamboo (Bambusoideae subfamily) and mulberry (Morus alba) or paper mulberry (Broussonetia papyrifera) [10], thus replaced other plants as the main sources of fibre for papermaking. For special kinds of paper, rice, and wheat straw [11], the bark of sandalwood (Dalbergia hupean) and other trees, hibiscus stalks (Hibiscus mutabili), seaweed, and certain other plants were also used.



In Japan, besides bamboo, other raw materials were used [12], such as kozo (Japanese name for mulberry), ganpi (Wikstroemia spp.), and mitsumata (Edgeworthia papyrifera) plants. With the start of industrial papermaking, since the beginning of the 19th century, wood pulp has become the chief raw material, which gradually replaced all other sources. This kind of paper presents particular conservation problems, mainly due to the acidic pH derived from the processes and substances used in the industrial method [13], while ancient papers generally decay as do the constituting fibres [10].



The end of the 19th century saw the emergence of chemically modified and then regenerated cellulosic fibres, which were developed both to reuse waste from cotton production and to design fibres with specific desirable properties [1]. The first commercially produced man-made fibre [14] was Chardonnet silk, which from 1891 was obtained from nitrocellulose. One year before, in 1890, the French chemist Louis-Henri Despeissis patented a process for making fibres from cuprammonium rayon to obtain the so-called Bemberg silk (from the name of the German textile firm who first started the commercial production).



Today, the most commonly used type is viscose rayon (or simply viscose), produced since 1905 by the British silk firm Samuel Courtauld & Company as a substitute for silk. A more environmentally friendly type of rayon was developed in 1988 and sold as Lyocell. These are all defined as regenerated fibres [14] because the cellulose, obtained from soft wood or from the short fibres (linters) that adhere to cottonseeds, is converted into a liquid compound, squeezed through tiny holes in a device called a ‘spinnerette’, and then converted back to cellulose in the form of fibre. The main advantage is that the lustre, strength, elongation, filament size, and cross section can be controlled. Rayon’s properties are similar to those of cotton, but its aesthetic characteristics can be used to make it resemble silk. The purified cellulose is first treated with a sodium hydroxide solution. After the alkali cellulose has aged, carbon disulphide is added to form cellulose xanthate, which is dissolved in sodium hydroxide. Alternatively, cellulose can be dissolved in a solution of copper salts and ammonia (cuprammonium rayon) or in a nontoxic amine oxide solvent (Lyocell).



The most serious conservation problem for cellulosic materials is the photochemical damage [10,15]; however, oxidation can occur in a dark and humid environment, especially when there are temperature fluctuations [10,16,17]. After absorbing electromagnetic radiation, free radical photochemical reactions start in the cellulose. Reactive oxygen species (ROS) are produced by photochemical reactions, which are catalysed by the presence of transition metal ions—generally coming from mordants and dyes—and are accelerated by other factors such as moisture. The product of the oxidation is called ‘oxycellulose’. However, hemicellulose appears to act as a sacrificial substrate, which oxidates in lieu of cellulose [18], thus fibres containing hemicellulose can benefit from extra-protection against UV light damage.



Lignin probably also acts as a radical scavenger [17,18,19,20], despite it being considered to cause damage. The literature [15,17] also stresses that controlling humidity levels is essential in the conservation of paper and of both modified and natural cellulosic textiles. Too high levels can lead to a microbiological attack as well as migration of dyes and pigments, while shrinkage and brittleness are caused by too low levels. Even the speed of drying is an important factor, as it influences the amount of bound water remaining in the polymers of the fibres after drying. If the speed of evaporation is too high, effects similar to desiccation can occur. On the other hand, rayon viscose is weaker when it is wet, and so it is fundamental that mechanical support is provided during the wet cleaning processes.



Many analytical studies on cellulosic fibres have been carried out. Their industrial use has promoted studies on crystallinity and water sorption of both natural and regenerated cellulose since the late 1940s [21]. More recently, the issue of water interaction with cellulose has been investigated, especially with thermal analyses [22,23]. ATR-FTIR spectroscopy has been used to quantify the water uptake, coupled with chemometrics [24]. It has also been used to investigate different materials such as paper [25] and epoxy resin [26].



The hygroscopic behaviour of cellulosic plants was reviewed by Celino [27], who studied flax, hemp, jute, and sisal [28]. The crystallinity index of the fibres is usually investigated by X-ray diffraction (XRD) [11,23,28,29,30]. The degree of polymerisation can be tested with size exclusion chromatography (SEC) [19], while the oxidation progress can be examined by FTIR spectroscopy [16,19], UV–Vis spectroscopy [10,16,19], fluorescence spectroscopy [10], surface pH measurements [10], and titrimetric methods [10].



When the fibres need to be clearly identified, several methods can be used [31,32]. Microscopy has traditionally been used to differentiate fibres, using light microscopy (LM) [33,34], polarised light microscopy [12,33,35], and scanning electron microscopy (SEM) [33,34,36,37]. While for cotton, for example, the identification is quite simple, some fibres can be easily confused due to the high natural variability of descriptive parameters. This is true especially for bast fibres [36]. Therefore, considerable experience is required [35]. Stain tests are often used as a complementary assay to confirm results obtained from other examinations or for special analyses [15]. For example, they are used to evaluate differences in the lignification—that is, to detect lignin content—using the Herzberg stain [38]. Anyway, stain tests may fail with dark-coloured archaeological or dyed fibres [15] and they are considered destructive [31]. Today, Raman [34,39] and FTIR spectroscopy [34,40,41,42,43] are established techniques to identify the nature of the fibres, both cellulosic and proteinaceous, generally coupled with SEM observation. In particular, ATR-FTIR spectroscopy is used to give chemical information about archaeological textiles, whose morphology is often very decayed due to the biological attack [33,40,41,44,45,46]. ATR-FTIR analysis permits also to detect a small amount [15] of dyes, mordants, contaminants, and dirt [47,48] such as gypsum, kaolin, and various organic materials which can adhere to historical textiles [45] and papers [49].



Generally speaking, FTIR can distinguish fibres from different herbaceous plants too, but problems arise when bast fibres are aged [33]. Garside’s study [50] on flax, hemp, jute, ramie, cotton, and sisal proposed the use of two ratios based on the intensities of infrared bands representing the overall organic content (2900 cm−1), lignin content (1595 cm−1), and cellulose content (1105 cm−1). These ratios were used to differentiate fibre types, however some problems remained, especially due to the influence of relative humidity. Garside [51] then proposed polarised ATR-FTIR spectroscopy and microspectroscopy to assess the differentiation between flax and hemp. Although the technique also obtains indications of the total cellulose crystallinity of the material [52], data collection and interpretation are more complicated than the non-polarised ATR-FTIR mode. Similarly, good results are obtained when ATR-FTIR data are processed with the chemometrics method in order to cluster fresh fibres from different sources [33,53]. However, the best performances are obtained when advanced chemometric methods are applied [54]. FTIR investigations into flax [55] have provided very detailed results which can estimate, for example, how fine the flax fibre is. Similarly, ATR-FTIR spectroscopy is particularly efficient [56,57] in discriminating between cellulose I, II, and III obtained by processing cotton with NaOH solution and liquified anhydrous NH3, respectively.



Finally, it is worth recalling advantages of analysis with ATR-FTIR spectroscopy [58]:




	−

	
no sample preparation;




	−

	
no band saturation phenomena;




	−

	
time and cost saving;




	−

	
few micrograms or less are generally necessary;




	−

	
non-destructive, as the sample can be re-used for further investigations (although the pressure applied during the analysis can induce morphological modifications);




	−

	
extensive database available, as literature dealing with transmission FTIR can be generally extended to ATR spectra.









1.1. Aim of the Study


Our work derived from the need to analyse microsamples from a collection of traditional Japanese samurai armours from the 16th to 20th centuries (Morigi Collection, Museo delle Culture, Lugano, Switzerland). The aim was to obtain the maximum amount of information from the materials under analysis. The results are a part of a challenging characterisation of the majority of materials in the armours, which has never been done before. A mixed protocol based on ATR-FTIR spectroscopy and SEM observation was adopted. Non-destructive analyses were performed so that future analyses could also be carried out, for example on dyes. Although FTIR spectroscopy has been widely tested for the investigation on fibres, we unexpectedly found that the literature lacks an overview for those approaching the topic for the first time. In addition, the wide bibliography on cellulose makes it quite difficult to verify the causes of the variability of FTIR spectra.



The aim of this paper Is thus to discuss the potential and limitations of ATR-FTIR spectroscopy for studying cellulosic fibres. In addition, we revised ATR-FTIR assignments for the different components of cellulosic fibres (cellulose, lignin, hemicellulose, pectins, waxes) in order to highlight spectral differences. Using UV-accelerated ageing tests, the different influence of the decay on the components was also considered. Finally, we investigated the water adsorption by completely reviewing the band assignation for cellulose I and II, and by studying cotton and viscose spectra under low and high humidity conditions. Spectral deconvolution was employed to also visualise the contribution of the water OH stretching band to the total band. A protocol is also proposed for the analytical investigation of cellulosic fibres in paper and books, as well as in textile collections.




1.2. Theoretical Background


From a chemical point of view [15], the main difference between cotton and viscose is the partial degradation of cellulose during viscose production. Cellulosic fibres contain both crystalline and amorphous domains. In comparison with cotton, where the crystalline parts account for 70–75% of the fibre, in viscose, the proportion of crystalline regions is only 25–30%. In addition, due to alkaline treatment, the crystal structure of native cellulose (cellulose I) turns into that of cellulose II. The hydrogen-bonding pattern changes accordingly [57,59] (Figure 1). The increased proportion of the amorphous phase also gives viscose a higher moisture regain [15]. Polar solvents such as water can easily form extra hydrogen bonds with cellulose, as some oxygen atoms in the chain are non-hydrogen bonded proton acceptor [60] (Figure 1).



However, water and chemical agents can only access the amorphous regions and the surface of the crystalline regions [15]. In fact, in the amorphous regions intermolecular cross-bonds continually break and re-form owing to the thermal vibrations, preferably re-forming bonds with water molecules instead of cellulose units [61,62]. This enables water to penetrate by capillarity, disrupting the interchain bond (6OH⋯⋯O3′), which is typical of crystalline regions. According to the literature [61,62,63], water molecules can only bind oxygen atoms which are in positions 2, 3, 5 (green-coloured in Figure 1). However, it should be considered that the absorption of water is controlled by the accessibility of the hydrogen bonds to moisture, which strongly depends on the crystallinity degree [64].



According to the environmental humidity, three types of water can be found [15], showing different bond strengths: (i) structural water; (ii) bound water; (iii) excess water. The latter can be easily eliminated by centrifuge or pressure. Structural and bound water penetrate cotton deeply, whereas they act as plasticisers for the fibre. As a consequence, regenerated fibres are more plastic than natural ones, due to the increased water uptake. This fact makes handling wet viscose textiles quite dangerous because they can readily stretch and lose their shape [15]. Structural water forms a monolayer and is directly bound to hydroxyl groups of cellulose. It is thus difficult to eliminate, and it is known not to freeze, even below 0 °C [22,65]. For this reason, it is also called ‘non-freezing water’. Bound water derives from the moisture that is adsorbed by the fibre and is loosely bound to cellulose, and thus can evaporate by heating or by keeping the material in a dry environment. Under 0 °C, this kind of water is ice, and thus it is also called ‘freezing bound’ [22,65].





2. Materials and Methods


2.1. Reference Materials


Modern samples of drawing paper (Fabriano, weight 180 g/m2), pinewood, cotton, jute, flax, and viscose were purchased from specialised shops. Historical sources report that any chemical was used in the processing of hemp [66]. For this reason, we chose to test non-woven fibre (hemp thread, made in Egypt, distributed by GoPlast s.r.l, Varese, Italy), which is probably philologically nearer to the material used in the past. Japanese paper (weight 15 g/m2) was obtained from a mixture of kozo and Manila hemp fibres, as specified by the seller (CTS Conservation-Milan). Naturally aged samples of flax came from a private collection and date back to the beginning of the 20th century. Accelerated ageing was conducted with a 100 W UV led lamp (producer: Everbeam). The emission spectrum was measured, showing a band width of nearly 30 nm centred at 365 nm. As cellulose absorbs mainly in the UV region [15], in order to evaluate the effects of indoor ageing, it was only used to test UV-A radiation [67]. To control the water uptake by the fibres, a laboratory ventilated oven was used to reproduce dry conditions (65 h, 40 °C). High humidity conditions were obtained by storing samples for 65 h in a desiccator over K2SO4 salt, where RH level was monitored in situ by placing moisture data logger and set to around 97%. When not otherwise specified, samples were analysed under laboratory environmental conditions.




2.2. The Morigi Collection of Traditional Japanese Armours


Cellulosic samples studied in this research came from seven Japanese full armours, which are part of the Morigi Collection. This collection was donated to the Museo delle Culture Lugano (MUSEC) in 2017 by the collector Paolo Morigi, who already owned one Japanese armour (2017.Mor.4) and acquired all the others in two auctions held in Nice and Paris in June 2016. The collection was presented in a temporary exhibition at the MUSEC in 2018 and is now on permanent display.



The collection includes different styles and dates of the Japanese armours.



All the armours are kinsei gusoku (‘modern time armour’), and date back to different historical ages: the Azuchi-Momoyama period, the harshest period of feudal wars in Japan spanning the second half of the 16th century; the peaceful Edo period (1603–1868); the Meiji period (1868–1912); the Taishō period (1912–1926); and the Shōwa period (1926–1989). Some (2017.Mor.1 and 2017.Mor.7) are battle armours of the Azuchi-Momoyama period which were made to be used on the battlefield, so they are anatomically shaped, and comfortable to wear. The others were made when armours were only used for celebrations and parades. Armour 2017.Mor.9 is a kinsei gusoku made according to the old-fashioned style (mukashi gusoku, ‘once upon a time armour’) used in the Middle Ages.



The main features of the armours from which each sample comes are summarised in Table 1. The microsamples are shown in Figure 2 and listed in Table 1. The pictures of the whole historical objects from which samples were taken are shown in Figure S1.




2.3. Sampling


The samples, generally only a few millimetres long, were taken from previously damaged areas or in hidden places. When it was necessary, we made use of digital microscopy during the sampling to ensure the homogeneity of the sample. The samples were collected using scissors and tweezers and stored in LDPE containers until analysis in the laboratory.




2.4. Optical Microscopy


The textiles from which the samples were taken were observed in situ with a portable digital microscope MAOZUA USB001 (Mustech Electronics Co., Ltd., Shenzhen, China) and images were acquired using the software MicroCapture Plus, version 3.1.



The thread samples were then observed in the laboratory with an optical microscope Nikon Eclipse LV150 (Nikon Corporation, Tokyo, Japan), equipped with a Nikon DS-FI1 digital image acquisition system. Images were acquired and elaborated using the NIS-elements F software, version 3.22.




2.5. Scanning Electron Microscopy (SEM)


The samples were observed without any pre-treatment with a FEI/Philips XL30 ESEM (low vacuum mode—1 torr, 20 kV, BSE detector) (FEI Company, Hillsboro, OR, USA).




2.6. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy


ATR-FTIR spectra were acquired by means of a Thermo Scientific Nicolet iS10 instrument, in the range between 4000 and 600 cm−1, 4 cm−1 resolution, 32 scans. The detector is a fast recovery deuterated triglycine sulphate (DTGS). The analysing crystal is diamond, which shows typical absorption at around 2100 cm−1. For this reason, in figures, the region 2400–1800 cm−1 is generally not shown. The background was periodically acquired to permit to the software the automatic subtraction of atmospheric air spectrum from the sample spectrum.




2.7. Data Treatment and Elaboration


Spectra were interpreted by comparison with a homemade reference database and with the literature. Spectragryph optical spectroscopy software, Version 1.2.16.1, was used to visualise and manipulate ATR-FTIR spectra [68].



The baseline correction was applied to all the spectra. As FTIR spectra are influenced by scattering effects, it is a common practice to remove their influence from spectra through pre-processing methods. The standard normal variate (SNV) approach effectively removes the multiplicative interferences of scatter and particle size [69]. For this reason, SNV pre-processing was applied either to the whole spectrum or to a part of it, when needed. It should be considered that this kind of data elaboration excludes information about absolute intensity. On the other hand, the fine differences in the band shape of different superimposed spectra are enhanced.



The application of SNV is based on the following mathematical operation:


    y  i j     S N V     =    y  i j   −  y ¯        ∑      y i  −  y ¯     2    n − 1               



(1)




that is subtracting the mean spectra    y ¯    to each intensity value     y i     of the original spectrum and then dividing for standard deviation value.




2.8. Spectral Analysis and Curve-Fitting


The O-H stretching band was analysed by a band fitting method. First of all, selected spectra were truncated down to the 4000–2980 cm−1 range (O-H stretching region), and baseline correction was applied using a linear function passing through the ordinates at the endpoints of the interval considered. Band fitting was performed using the Multiple Peak Fit function of the peak analyser package of Origin Pro 2018 software (version SR1 b9.5.1.195, OriginLab corporation, Northampton, MA, USA). First, the second derivative of the convoluted spectra was smoothed by the adjacent-averaging method (smoothing window size of 20) and used to locate the band positions. Then, the spectra were deconvoluted using Voigt curves and a constant baseline (constrained at zero absorbance). Bands were allowed to move from their initial position in a range reported in the literature (refer to Results and Discussion section), while the full width at half height (FWHH) of the bands was fit by the program in a range from 0 to 100 cm−1 for cellulose OH stretching, and from 0 to 200 cm−1 for water OH stretching. The fitting was iterated until convergence, and a Chi-Sqr tolerance value of 10−6 was reached.



The Voigt curve (which is a convolution of a Gaussian function and a Lorentzian function) was chosen instead of a pure Gaussian or Lorentzian, as it helps to take into account broadening effects which are typical of hydrogen bonded mixtures [70]. The tight network of hydrogen bonding also acts like a discharge path for the vibrational energy, and the more rapid the loss of excitation, the broader the resulting peak. On the other hand, a long lifetime leads to narrow peaks (as happens in the gas phase) [71]. Unlike previous studies [57,61], we included water bands (refer to Result and Discussion section), as in our opinion it is important to also consider contributions from OH stretching of bound water [25] to the overall band. In fact, a large band width is expected for OH stretching in water [71], but this is not the case for H-bonded OH stretching in cellulose, which shows specific absorptions [63,72] in a limited range.





3. Results and Discussion


3.1. Variability of Natural Cellulose Fibres


In order to test their origin, the various natural fibres based on cellulose were observed with SEM (Figure 3a–d). Red arrows highlight morphological features which help the identification task. Literature is rich of morphological studies on natural fibre [5,36,38,73].



Depending on its origin, cotton shows marked differences in external characters, both in colour (ranging from white to yellowish to reddish-brown) and fibre length (varying from 19 to 60 mm). Under the microscope, the fibre appears as single-celled, ribbon-like with spiral circumvolutions (Figure 3a) and with two terminations (not visible in the shown image), one spatula-like, the other torn and defibred. Where the cross-section is visible, fibres with an oval or elliptical outline can be seen, more or less flattened, never circular; their diameter varies between 15 and 35 µm.



The individual fibres of jute are 2 to 5 mm long, with a diameter of 20 to 25 µm. On microscopic examination, the fibres appear grouped in bundles (Figure 3b), held together by pectic and encrusting substances. When visible, single sections appear polygonal, with an oval or spherical lumen. The fibres have few longitudinal striations and irregular walls of varying thickness.



The individual fibres of flax vary in size between 6 and 50 mm; the diameter is between 10 and 40 µm. The individual fibres appear cylindrical in shape, with a thin central channel, and terminate with a sharp tip as already mentioned (not visible in the image shown). Looking at the fibres longitudinally, marked transverse striations are observed, giving the filament the appearance of a bamboo cane (Figure 3d). When observed in cross-section, the flax exhibits irregular, polygonal contours with a central spot corresponding to the lumen.



Hemp fibre consists of bundles of free-standing filaments, 30 to 70 cm long; the individual fibres are 15 to 50 mm long, with a diameter varying between 15 and 35 µm. Under the microscope, the fibre is made up of slightly flattened cylindrical fibres. As in flax, transverse, often crossed striations are also present, resembling the knots of a bamboo cane (Figure 3c). The fibre walls are irregularly thick, with a central channel thinning towards the end. The termination (not visible in Figure 3c) is spatula-like, rounded, unlike flax where it is often sharp. When visible, the cross-sections show an irregular outline, with a broad, star-shaped lumen. A differentiation of hemp from flax under the microscope is not easy, as their morphology is similar. Hemp, however, has a more irregular fibre shape, more flattened and with more knots, as well as a rounded termination.



As far as paper is concerned, its appearance under SEM shows great variability depending on the fibres from which it is made. In general, it appears as a mixture of disorderedly arranged fibres, with a high number of inorganic particles both in the space between the fibres and on the fibres themselves [74].



A sequential procedure which helps to use properly SEM observation is resumed in Figure 4a.



The same fibres were tested with ATR-FTIR spectroscopy (Figure 3e). The whole spectra are shown in Figure S2. In line with the literature, they all showed the main spectral features of cellulose, which are presented in Figure 4b. Some of them also present signals from other natural compound such as lignin, hemicellulose, wax, and pectin [8,50,55], whose spectral features are reported in Figure 4b as well. The complete assignations, which are exposed in Table S1, were obtained from literature search [7,8,50,55,57,59,75,76,77,78,79,80,81,82,83,84,85]. A sequential procedure which helps to use properly SEM observation coupled with ATR-FTIR analysis is resumed in Figure 4a. Figure 4b should be used as a easy-to-use table for differentiating signals from cellulose, lignin, pectin, hemicellulose and wax.



The principal differences are due to the presence of other natural compounds. It is evident that they share many bands, but specific features were highlighted and proposed for each group. In particular:




	−

	
for lignin: 2920, 1740, 1717, 1606, 1594, 1507 cm−1;




	−

	
for wax: 2926, 2854, 1732, 1707, 1686, 730–20 cm−1;




	−

	
for hemicellulose: 1247, 1013, 939, and 807 cm−1;




	−

	
for pectin: 1740, 1600, 1141, 1097, 1014, 954, 914, and 831 cm−1.









The co-presence of these different compounds in each plant explains the complexity of natural plant spectra. However, the fresh fibre from different plants can be differentiated quite easily [50]. Bast fibres, that is all except cotton, should show the particular lignin peaks at 1594 and 1507 cm−1. As FTIR is highly sensitive to lignin, it could be considered a non-destructive alternative for Herzberg stain test [38], which is time and reagent consuming.



Jute contains much more lignin than the others [50], and thus shows clearer lignin peaks. Similarly, the peak at 1735 cm−1 should be assigned to C=O of ester in pectin, wax, and hemicellulose.



Hemp is the only one characterised by wax signals at around 1735, 1470, 730, and 720 cm−1. Long-chain fatty acids are the most abundant lipidic fraction [86]. However, wax signals can disappear due to the fibre processing [87,88,89,90]. It also shows signals that can be attributed specifically to pectin (around 1600, 955 cm−1) and to proteins [7,91], that is the enhancement of the band at around 1650 cm−1 and the peak at 1550 cm−1.



Flax spectrum resembles cotton more than other bast fibres. Lignin signals do not appear, while the peak at 1730 cm−1 could be interpreted as the presence of hemicellulose and pectin, which hardly appear in cotton. Similarly, the peak at 807 cm−1 is proof of the presence of hemicellulose, whose flax is rich [5]. In fact, the percentage lignin content is much lower than for hemp and jute, while hemicellulose content is quite higher [2,5,6,50]. However, ATR-FTIR limitations in differentiating bast fibres cannot be ignored [33]. As proof, in Figure 5, we report spectra of different historical samples of flax which were previously identified by SEM observations (not shown).



Samples l1 and l3 appear as pure cellulose fibre, with no signals from lignin or pectin. At first sight, spectra from samples l2 and l4 show peaks at 1740 cm−1, which could be attributed to pectin or hemicellulose, and 1576 cm−1 which seems to be proof of the presence of lignin. However, the peak at 1735–40 cm−1 is a complex band [16,55] assigned to C=O stretching vibration of acetyl or carboxylic groups, which are attributable to pectin, hemicellulose, but also to degradation products of lignin and cellulose (oxycellulose) [16,50]. Similarly, the peak at 1576 cm−1 cannot be assigned to lignin (absorption at 1595 cm−1) and is probably related to cellulose oxidation [16]. Consequently, the differences in the region 1800–1500 cm−1 are not actually differentiating between samples of flax and pure cellulosic fibre, but rather the state of decay of the flax fibre [33].



In addition, the presence of contaminants [15,47,48] and the processing of the fibre [55] could have some influence on the spectra. It is known that FTIR signal is influenced by the treatment of natural fibres with different reagents [87,89], even if historical methods are not reported to use chemicals [5,66]. For example, alkalisation with sodium hydroxide removes materials, such as hemicellulose, lignin, wax, and pectin, from the surface of fibre bundles [88]. Figure 6 shows an example.



Figure 6a shows the spectra of commercial drawing paper, Japanese paper, and Japanese paper exposed to UV ageing for 60 h. Japanese paper appears different from commercial drawing paper. In fact, Japanese paper shows an increased water uptake (adsorbed water at 1640 cm−1), hemicellulose (due to the peak at 1730 cm−1), and probably also lignin due to the peak at 1592 cm−1. The difference presumably stems from the production process. Commercial drawing paper is produced by the Kraft process, which extracts cellulose from wood pulp. This explains the complete absence of lignin and hemicellulose. During the Kraft process, fillers are added, such as clay or limestone [13], which explains the presence of calcium carbonate (which appears at 875 and 711 cm−1) [92]. Japanese paper, in contrast, is obtained from the bark of kozo and from the stem of Manila hemp, which are both rich sources of hemicellulose and lignin. With all probability hemicellulose and lignin are not completely eliminated with the traditional processing, and thus they appear in the spectra.



In fact, the two kinds of paper can be easily distinguished. However, when Japanese paper is exposed to UV ageing, hemicellulose and lignin spectral features disappear, making the papers different only in terms of the water absorption. This behaviour is consistent with previous works suggesting that residual hemicellulose, pectin, and lignin could act as a sacrificial substrate during irradiation [18,19,20]. The composition of the potash cooked mulberry fibres largely preserved the cellulose from oxidation, making Japanese paper which is known for its excellent stability and permanence [93]. Wood exposure to accelerated ageing is helpful in explaining the variation in the intensity of the peak at around 1730 cm−1 (Figure 6b). After UV ageing, the peak at 1507 cm−1 decreases in intensity, while the peak at 1730 cm−1 has increased. The formation of degradation products [16,19] evidently affects the intensity of the higher peak.



Another issue in terms of differentiating between compounds is the water content that the fibre can adsorb. This is strictly related to the relative amounts of crystalline and amorphous phases. Peaks at 1600 cm−1 (pectin), and 1606, 1595 cm−1 (lignin) can be concealed or enhanced by the water absorption band. In order to study its contribution, cotton samples were stored in three different conditions of relative humidity.



Figure 7a shows the whole spectra, where the most evident fact is that at high humidity levels, the general intensity of spectrum is enhanced. The region 1750–1500 cm−1 contains only the contribution from water OH bending. After 65 h at 40 °C, the contribution has almost disappeared. The only water that is still bound is part of the freezing water. The wide band centred at 3300 cm−1 is thus reduced.



Figure 7b shows only the region 4000–3000 cm−1, to which SNV was applied. It can be easily visualised that:




	(i)

	
in dry conditions, the contributions from loosely bound water (3580 and 3555 cm−1) are much lower;




	(ii)

	
at room humidity, contributions from water absorption are higher, both at 1640 cm−1 and at 3300 cm−1;




	(iii)

	
under high humidity conditions (RH 97% for 65 h), the peak at 1640 cm−1 is higher and more resolute (1636 cm−1). The band at 3300 cm−1 is not very different from the sample at room humidity, while the contribution at 3200 cm−1 is slightly higher. This is in accordance with Berthold’s work [94], which refers that uncharged cellulose does not contain freezing water even at RH 97%.









Note that the band at 3300 cm−1 is made up of the superimposition of different contributions. Table 2 shows the different contributions from the water uptake.




3.2. Discriminating Natural and Modified Cellulose Fibres


Figure 8 shows different regions of ATR-FTIR spectra of reference cotton and viscose. As summarised by the literature [56,57], peak shifts appear in the region 1800–600 cm−1. In our spectra, the main differences are located at 1456, 1204, 1161, 1031, and 983 cm−1, which shift to 1467, 1198, 1155, 1018, and 994 cm−1 in viscose, respectively. Some extra peaks which are not reported also appear in our viscose reference spectrum. In contrast, peaks of cotton at 1428 and 1248 cm−1 do not appear in viscose spectrum, as the latter is typical of hemicellulose which is not present in viscose. Different H bonding interactions could be responsible for some shifts in bending vibrations of O-H groups (1456 >> 1467, 1236 >> 1228, 1204 >> 1198 cm−1) [57]. Similarly, stretching vibrations of C-O bonds may be influenced by the formation of different intramolecular and intermolecular H bonding. In fact, spectral differences can be observed, such as different intensities (1054 cm−1, which is attributable to C(3)-O), and shifts (1031 >> 1019 cm−1, arising from C(6)-O in conformation I [59]).



Band assignation in the 1000–920 cm−1 region is difficult, both due to the coupled form of vibrations (glycosidic bond, C-OH stretching, ring vibrations) and an insufficient resolution of the majority of the bands [84]. If we assume that the peak at around 1000 cm−1 is assigned to the glycosidic bond, the small variation (1001 >> 998 cm−1) is explained as follows. The change in macromolecule chain conformation at the transition from one polymorphic form of cellulose I to II causes variations in the dihedral angles at the glycosidic linkage [84]. Other studies have assigned the shift to variations in the hydrogen bonding scheme, which involves ν C(6)-O in conformation II [57,59]. The peak at 984 cm−1, which only appears in cotton spectrum, can be attributed to hemicellulose.



These minor differences may be misunderstood when the other molecules produce signals in this region. In our opinion, it is better to focus on the region between 3800 and 3000 cm−1. Here, the hydroxyl band shows significant shifts, which are related to the change in crystalline structure [95]. It is unlikely that other compounds will show signals in this region. Assignments for cotton and viscose are presented and compared in Table 2.



According to Maréchal [59], the hydrogen bond network profoundly influences the OH stretching vibrations of alcoholic groups. As reported by Oh [57], this bonding scheme is almost destroyed when crystalline cells are transformed from cellulose I to II. The hydrogen-bonding pattern changes [57,59] are shown in Figure 1. Table 2 can thus be explained as follows.



The peak at around:




	(i)

	
3280 cm−1 (O(6)H⋯⋯O(3′), intermolecular) disappears as it is replaced by 3151 cm−1 (O(6)H⋯⋯O(2′), intramolecular) and 3480 cm−1.




	(ii)

	
3340 cm−1 (O(3)H⋯⋯O(5), intramolecular) does not change significantly (which also applies to 1055 cm−1, which is the C(3)O stretching, and 1315 cm−1, which is the O(3)H bending); the shift could be related to a higher water uptake [61].




	(ii)

	
3410 cm−1 (O(2)H⋯⋯O(6), intramolecular) disappears as it is replaced by 3151 cm−1 (O(2)H⋯⋯O(2′), intramolecular), 3450 and 3480 cm−1.




	(iv)

	
3450 cm−1 (O(2)H, secondary alcohol) is more evident because in viscose, the amount of water H bonded O(2)H is higher than in cotton.




	(v)

	
3480 cm−1 (O(6)H, primary alcohol) is more evident because in viscose the number of water H bonded O(6)H is higher than in cotton.









The fifth peak can be understood as follows. When the O(2)H⋯⋯O(6) bond is present, C(6)O stretching at 1035 cm−1 corresponds to O(6)H stretching at 3410 cm−1. As expected from primary alcohols, C-O stretching is inversely correlated to O-H stretching. As we assigned 1015 cm−1 to C(6)O in viscose, O(6)H stretching is expected to shift to 3480 cm−1, as observed experimentally. According to Cichosz [61], in cellulose I, water molecules are mainly bound to O(3) and O(5), but in viscose also O(2) probably offer free sites to H bonding [62].



In particular, O(6) does not appear to be involved in water binding [63]; in fact, no peaks appear that could be assigned to that stretching. In contrast, in cellulose II, this vibration appears, together with that at 3450 cm−1; which in our opinion, can be attributed to water bonded O(2) and O(6).



Figure 9a,b report a tentative deconvolution of the O-H stretching band for cotton and viscose, respectively. The contribution of the intramolecular bond O(3)H⋯⋯O(5) is much higher in viscose than in cotton, as is the contribution of strongly bound water. They could be correlated, as the less crystalline structure of viscose enables water to penetrate and interact deeply with cellulose. Similarly, the higher wavenumber is probably related to bond shortening, which has also been reported in cellulose I under wet conditions [61]. In both cases, the contribution from loosely bound water, i.e., water indirectly bonded to the OH groups via another water molecule, has little importance. This is in accordance with Berthold’s quantification of freezing water [94].



In order to show that environmental humidity does not affect such spectral differences between cotton and viscose, Figure 10 shows ATR-FTIR spectra of viscose samples which were stored under three different conditions of relative humidity.



The whole spectra (Figure 10a) shows that no shifts take place due to changes in environmental humidity. The water uptake leads to increased levels of diffused intensity. By applying SNV processing to the spectral region between 4000 and 3000 cm−1 (Figure 10b), strictly bound water is not desorbed from viscose during the heating cycle, but loosely bound water is. In high humidity conditions, viscose swells and is saturated with water, which is manifested by a band broadening in both strictly and loosely bound states.




3.3. Case Study: Traditional Samurai Armours


Samples 1_11, 5_3, 7_6a, 7_6b, 8_1, and 8_9 were observed with SEM. Sample 1_11 is shown in Figure 11a; others are not shown, but the results for all samples are summarised in Table 3. Cotton was easily recognised according to the main features which were summarised in Section 3.1. Similarly, sample 8_1 was recognised as a bast fibre, but the recognition of bast fibre type is difficult with SEM observation [36]. Similarly, sample 5_3 was recognised as paper. Specific regions of the ATR-FTIR spectra are reported in Figure 11e,f, while the whole spectra are available in Figure S3.



No information could be obtained from the whole spectra, except that they were all constituted by cellulosic fibres. The region 1800–1500 cm−1 (Figure 11e) showed that sample 5_3 probably contained lignin and pectin (peaks at 1747, 1737, 1713, 1595, 1507 cm−1). In fact, it was paper. Sample 8_1 was made of a bast fibre, which was identified through the SEM image, as its ATR spectrum was not dissimilar from other ones made of cotton. Similarly, it is not clear whether variability in the band at around 1650 cm−1 was attributable to signals from a higher content of oxidation products (such as conjugated ketones [16]) or from the bending of water. The importance of SEM observation in order to obtain a clear identification is evident. A sequential procedure to differentiate cellulose fibres is schematised in Figure 4.



Some samples (6_1, 9_6 and 10_1) were not easily identified by OM and SEM images. A comparison of their SEM images (Figure 11b–d), revealed a great variability which was unexpected. Compared to cotton fibre (Figure 11a), other fibres appeared to be swollen (Figure 11c) or very swollen (Figure 11d). Fibres of sample 6_1 showed a completely different morphology due to the uniformity and longitudinal striations which are typical of artificial fibres (Figure 11b). In a previous work [96] we identified sample 6_1 fibres as viscose.



In order to explain this variability, we analysed the FTIR spectra (Figure 11f). While most of the ATR spectrum was in accordance with a cellulosic fibre (Figure S3), different signals were highlighted in the OH stretching band.



As mentioned previously, peaks at 3486 and 3439 cm−1 and the absence of the peaks at 3405, 3335, and 3293 cm−1 were spectral features that are also typical of viscose. In fact, cellulose I, which is characteristic of cotton and other natural fibres, turns into cellulose II when treated with a specific concentration of an aqueous NaOH solution (≈10 wt%) [57,97]. Both viscose production and cotton mercerisation require the use of an NaOH solution, thus viscose and mercerised cotton possess a structure based on cellulose II, at least in part [56,57,98,98].



Sample 6_1 showed signals of cellulose II, while sample 9_6 showed both the spectral features of cellulose I and II, thus suggesting that the treatment with soda was partial, as happens in the production of mercerised cotton.



The analysis of the morphology (Figure 11b–d), led to other considerations. While sample 6_1 possessed the typical morphology of viscose fibre, sample 9_6 resembled cotton, but with a more swollen appearance. The changes observed in fibre morphology by mercerisation [98,99] (including deconvolution, a decrease in the size of the lumen, and a more circular cross section) appeared accordingly. In contrast, sample 10_1 showed a different morphology, which could be attributed to cotton treated with liquid ammonia [100], or to a regenerated fibre such as lyocell [101]. However, cotton treated with liquid ammonia, which turns from cellulose I to III, should only show the peak at 3484 cm−1 [56,100], while the peak at 3439 cm−1 also appeared. Lyocell was thus a better candidate, showing both peaks [102,103] and an appropriate morphology, however its production started in 1992 (commercialised as Tencel). This hypothesis suggests that the sample is a non-original material. All the results are summarised in Table 3.





4. Conclusions


The aim of this paper was to demonstrate that ATR-FTIR spectroscopy can be used to differentiate between natural and regenerated cellulosic fibres, also in historical samples. In particular, the OH stretching was found to be the most diagnostic region. The method is quick and simple to use during an analytical campaign on a textile collection and enables both historical natural and recent regenerated fibres to be identified from a microsample. Mercerised fibres can also be identified.



We believe that this kind of information can help to reveal past restoration materials and to reconstruct the history of the work of art, both important issues for informed conservation [32]. As modified cellulose fibres appeared in the 20th century, the identification of the chemical modifications taking place in the fibre gives the earliest date possible or clear evidence of a recent restoration. This knowledge could help in deciding the best conditions in which to display objects and to stabilise them for long-term storage.



ATR-FTIR potentiality in differentiating natural fibres was also tested. A complete analysis of the FTIR band assignment of the main components in natural fibres was carried out in order to highlight the differences and to reveal the diagnostic bands that differentiate the fibres from different plants. We found that the spectral differences highlighted can help in the recognition of the fibre.



	(i)

	
As FTIR is highly sensitive to lignin, it could be considered a non-destructive alternative for Herzberg stain test, for the evaluation of the lignin content (paper).




	(ii)

	
The lignin content can distinguish jute and paper, which are richer in it, from hemp, showing a lower content and from cotton and flax, which contains negligible amount of it.




	(iii)

	
Wax content can be useful to distinguish hemp from other fibres, unless fibre processing eliminated wax content.




	(iv)

	
Hemicellulose can distinguish flax from other fibres, unless fibre ageing eliminated hemicellulose content.







However, it was also shown that the decay tends to conceal these variances, as well as some problems may come from the presence of contaminants. The processing of the fibre can cause variability, too.



Thus, the observation with SEM or optical microscopy is always advisable and we consider it complementary to ATR-FTIR analysis. Although optical microscopy is cheaper and easier to use, SEM assures the best resolution, depth of field, and contrast. These characteristics are particularly beneficial when the fibres under observation are degraded, as in the case of archaeological remains. A sequential procedure to differentiate cellulose fibres using SEM coupled with ATR-FTIR is schematised in Figure 4.



Finally, water adsorption of the cotton and the viscose was investigated both by a complete bibliographical search of the band assignation for cellulose I and II in the region of OH stretching and by studying their ATR-FTIR spectra under low and high humidity conditions. We showed that water adsorption does not significantly modify the peak positions. The 3800–3000 cm−1 region thus contained diagnostic peaks which can reliably discriminate between natural cellulosic fibres and rayon-viscose and mercerised cotton.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/2571-9408/5/4/213/s1, Table S1. Band assignment of cellulose and of correlated compounds (water, lignin, pectin, hemicellulose, wax). Figure S1. The pictures of the whole historical objects. Figure S2. Whole ATR-FTIR spectra of reference materials of jute, hemp, flax (linen), and cotton. Figure S3. ATR-FTIR spectra of historical samples.





Author Contributions


Conceptualisation, L.G., M.L. and L.R.; investigation, C.C., L.G., S.M. and L.R.; writing—original draft preparation, C.C., L.G., M.L. and L.R.; writing—review and editing, F.P.C., C.C., L.G., M.L., S.M., L.R. and S.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Britannica, The Editors of Encyclopedia. “Natural Fibres”. Encyclopedia Britannica, 2020. Available online: https://www.britannica.com/topic/natural-fiber (accessed on 20 September 2022).

	



Mwaikambo, L.Y. Review of the History, Properties and Application of Plant Fibres. Afr. J. Sci. Technol. 2006, 7, 120–133. [Google Scholar]

	



Fike, J. The History of Hemp. In Industrial Hemp as a Modern Commodity Crop; Williams, D.W., Ed.; American Society of Agronomy: Madison, WI, USA, 2019; pp. 1–25. [Google Scholar]

	



Broudy, E. The Book of Looms A History of the Handloom from Ancient Times to the Present; University Press of New England: Hanover, NH, USA, 1993. [Google Scholar]

	



Melelli, A.; Jamme, F.; Beaugrand, J.; Bourmaud, A. Evolution of the Ultrastructure and Polysaccharide Composition of Flax Fibres over Time: When History Meets Science. Carbohydr. Polym. 2022, 291, 119584. [Google Scholar] [CrossRef] [PubMed]

	



Biagiotti, J.; Puglia, D.; Kenny, J.M. A Review on Natural Fibre-Based Composites-Part I. J. Nat. Fibers 2004, 1, 37–68. [Google Scholar] [CrossRef]

	



Liu, X.; Renard, C.M.G.C.; Bureau, S.; le Bourvellec, C. Revisiting the Contribution of ATR-FTIR Spectroscopy to Characterize Plant Cell Wall Polysaccharides. Carbohydr. Polym. 2021, 262, 117935. [Google Scholar] [CrossRef]

	



España, L.; Heredia-Guerrero, J.A.; Segado, P.; Benítez, J.J.; Heredia, A.; Domínguez, E. Biomechanical Properties of the Tomato (Solanum lycopersicum) Fruit Cuticle during Development Are Modulated by Changes in the Relative Amounts of Its Components. New Phytol. 2014, 202, 790–802. [Google Scholar] [CrossRef]

	



Tsien, T.-H. Raw Materials for Old Papermaking in China. J. Am. Orient. Soc. 1973, 93, 510–519. [Google Scholar] [CrossRef]

	



Tang, Y.; Smith, G.J.; Weston, R.J.; Kong, X. Chinese Handmade Mulberry Paper: Generation of Reactive Oxygen Species and Sensitivity to Photodegradation. J. Cult. Herit. 2017, 28, 82–89. [Google Scholar] [CrossRef]

	



Feng, J.; Ma, J.; Pang, X.; Tang, B. Non-Destructive Quantitative Analysis of Nano-Mechanics of Aged Xuan Paper. J. Cult. Herit. 2020, 46, 155–158. [Google Scholar] [CrossRef]

	



Quattrini, M.V.; Ioele, M.; Sodo, A.; Priori, G.F.; Radeglia, D. A Seventeenth Century Japanese Painting: Scientific Identification of Materials and Techniques. Stud. Conserv. 2014, 59, 328–340. [Google Scholar] [CrossRef]

	



Roberts, J.C. The Chemistry of Paper; The Royal Society of Chemistry: Letchworth, UK, 1996. [Google Scholar]

	



Britannica, T.E. Rayon. Available online: https://www.britannica.com/technology/rayon-textile-fibre (accessed on 20 September 2022).

	



Timar-Balazsy, A.; Eastop, D. Materials. In Chemical Principles in Textile Conservation; Routledge: New York, NY, USA, 1998; pp. 3–66. [Google Scholar]

	



Łojewski, T.; Miśkowiec, P.; Missori, M.; Lubańska, A.; Proniewicz, L.M.; Łojewska, J. FTIR and UV/Vis as Methods for Evaluation of Oxidative Degradation of Model Paper: DFT Approach for Carbonyl Vibrations. Carbohydr. Polym. 2010, 82, 370–375. [Google Scholar] [CrossRef]

	



Małachowska, E.; Dubowik, M.; Boruszewski, P.; Przybysz, P. Accelerated Ageing of Paper: Effect of Lignin Content and Humidity on Tensile Properties. Herit. Sci. 2021, 9, 132. [Google Scholar] [CrossRef]

	



Potthast, A.; Schiehser, S.; Rosenau, T.; Sixta, H.; Kosma, P. Effect of UV Radiation on the Carbonyl Distribution in Different Pulps. Holzforschung 2004, 58, 597–602. [Google Scholar] [CrossRef]

	



Małachowska, E.; Dubowik, M.; Boruszewski, P.; Łojewska, J.; Przybysz, P. Influence of Lignin Content in Cellulose Pulp on Paper Durability. Sci. Rep. 2020, 10, 19998. [Google Scholar] [CrossRef]

	



Barclay, L.R.C.; Xi, F.; Norris, J.Q. Antioxidant Properties of Phenolic Lignin Model Compounds. J. Wood Chem. Technol. 1997, 17, 73–90. [Google Scholar] [CrossRef]

	



Hermans, P.H.; Weidinger, A. Quantitative X-Ray Investigations on the Crystallinity of Cellulose Fibers. A Background Analysis. J. Appl. Phys. 1948, 19, 491–506. [Google Scholar] [CrossRef]

	



Hatakeyama, H.; Hatakeyama, T. Interaction between Water and Hydrophilic Polymers. Thermochim. Acta 1998, 308, 3–22. [Google Scholar] [CrossRef]

	



Hatakeyama, T.; Tanaka, M.; Kishi, A.; Hatakeyama, H. Comparison of Measurement Techniques for the Identification of Bound Water Restrained by Polymers. Thermochim. Acta 2012, 532, 159–163. [Google Scholar] [CrossRef]

	



Célino, A.; Gonçalves, O.; Jacquemin, F.; Fréour, S. Qualitative and Quantitative Assessment of Water Sorption in Natural Fibres Using ATR-FTIR Spectroscopy. Carbohydr. Polym. 2014, 101, 163–170. [Google Scholar] [CrossRef]

	



Olsson, A.M.; Salmén, L. The Association of Water to Cellulose and Hemicellulose in Paper Examined by FTIR Spectroscopy. Carbohydr. Res. 2004, 339, 813–818. [Google Scholar] [CrossRef]

	



Cotugno, S.; Larobina, D.; Mensitieri, G.; Musto, P.; Ragosta, G. A Novel Spectroscopic Approach to Investigate Transport Processes in Polymers: The Case of Water-Epoxy System. Polymers 2001, 42, 6431–6438. [Google Scholar] [CrossRef]

	



Célino, A.; Fréour, S.; Jacquemin, F.; Casari, P. The Hygroscopic Behavior of Plant Fibers: A Review. Front. Chem. 2014, 1, 43–55. [Google Scholar] [CrossRef]

	



Célino, A.; Fréour, S.; Jacquemin, F.; Casari, P. Characterization and Modeling of the Moisture Diffusion Behavior of Natural Fibers. J. Appl. Polym. Sci. 2013, 130, 297–306. [Google Scholar] [CrossRef]

	



Nakamura, K.; Hatakeyama, T.; Hatakeyama, H. Effect of Bound Water on Tensile Properties of Native Cellulose. Text. Res. J. 1983, 53, 682–688. [Google Scholar] [CrossRef]

	



Yan, Y.; Wen, C.; Jin, M.; Duan, L.; Zhang, R.; Luo, C.; Xiao, J.; Ye, Z.; Gao, B.; Liu, P.; et al. FTIR Spectroscopy in Cultural Heritage Studies: Non-Destructive Analysis of Chinese Handmade Papers. Chem. Res. Chin. Univ. 2019, 35, 586–591. [Google Scholar] [CrossRef]

	



Carr, D.; Cruthers, N.; Smith, C.; Myers, T. Identification of Selected Vegetable Textile Fibres. Stud. Conserv. 2008, 53, 75–87. [Google Scholar] [CrossRef]

	



Garside, P. The Role of Fibre Identification in Textile Conservation. In Identification of Textile Fibres; Cambridge Woodhead Publishing: Boca Raton, FL, USA, 2009; pp. 335–365. [Google Scholar] [CrossRef]

	



Coletti, F.; Romani, M.; Ceres, G.; Zammit, U.; Guidi, M.C. Evaluation of Microscopy Techniques and ATR-FTIR Spectroscopy on Textile Fibers from the Vesuvian Area: A Pilot Study on Degradation Processes That Prevent the Characterization of Bast Fibers. J. Archaeol. Sci. Rep. 2021, 36, 102794. [Google Scholar] [CrossRef]

	



Luo, Y.; Wang, Y.; Zhang, X. A Combination of Techniques to Study Chinese Traditional Lajian Paper. J. Cult. Herit. 2019, 38, 75–81. [Google Scholar] [CrossRef]

	



Rowe, W.F. Identification of Natural Fibers. In Handbook for the Analysis of Micro-Particles in Archaeological Samples. Interdisciplinary Contributions to Archaeology; Henry, A., Ed.; Springer: Cham, Switzerland, 2020. [Google Scholar]

	



Bergfjord, C.; Holst, B. A Procedure for Identifying Textile Bast Fibres Using Microscopy: Flax, Nettle/Ramie, Hemp and Jute. Ultramicroscopy 2010, 110, 1192–1197. [Google Scholar] [CrossRef]

	



Corti, C.; Motella De Carlo, S.; Rampazzi, L. The Intimate Soul of the Pyres: New Archaeological Data from the Terre Di Rogo (Pyre Debris) of Pre-Roman Necropolis in Padua (Northern Italy). PLoS ONE 2022. [Google Scholar] [CrossRef]

	



Sisko, M.; Pfaffli, I. Fiber Atlas—Identification of Papermaking Fibers; Springer: Espoo, Finland, 1995. [Google Scholar]

	



Edwards, H.G.M.; Nikhassan, N.F.; Farwell, D.W.; Garside, P.; Wyeth, P. Raman Spectroscopic Analysis of a Unique Linen Artefact: The HMS Victory Trafalgar Sail. J. Raman Spectrosc. 2006, 37, 1193–1200. [Google Scholar] [CrossRef]

	



Akyuz, S.; Akyuz, T.; Cakan, B.; Basaran, S. Investigations of the Historic Textiles Excavated from Ancient Ainos (Enez-Turkey) by Multiple Analytical Techniques Dedicated to Professor Simion Simon. J. Mol. Struct. 2014, 1073, 37–43. [Google Scholar] [CrossRef]

	



Margariti, C. The Application of FTIR Microspectroscopy in a Non-Invasive and Non-Destructive Way to the Study and Conservation of Mineralised Excavated Textiles. Herit. Sci. 2019, 7, 63. [Google Scholar] [CrossRef]

	



Liu, J.; Guo, D.; Zhou, Y.; Wu, Z.; Li, W.; Zhao, F.; Zheng, X. Identification of Ancient Textiles from Yingpan, Xinjiang, by Multiple Analytical Techniques. J. Archaeol. Sci 2011, 38, 1763–1770. [Google Scholar] [CrossRef]

	



Cybulska, M.; Jedraszek-Bomba, A.; Kuberski, S.; Wrzosek, H. Methods of Chemical and Physicochemical Analysis in the Identification of Archaeological and Historical Textiles. Fibres Text. East. Eur. 2008, 16, 67–73. [Google Scholar]

	



Margariti, C. The Effects of Micro-Organisms in Simulated Soil Burial on Cellulosic and Proteinaceous Textiles and the Morphology of the Fibres. Stud. Conserv. 2021, 66, 282–297. [Google Scholar] [CrossRef]

	



Kavkler, K.; Gunde-Cimermann, N. FTIR Spectroscopy of Biodegraded Historical Textiles. Polym. Degrad. Stab. 2011, 96, 574–580. [Google Scholar] [CrossRef]

	



Kavkler, K.; Demšar, A. Application of FTIR and Raman Spectroscopy to Qualitative Analysis of Structural Changes in Cellulosic Fibres. Tekstilec 2012, 55, 19–31. [Google Scholar]

	



Uring, P.; Chabas, A.; Alfaro, S.C. Textile Ageing Due to Atmospheric Gases and Particles in Indoor Cultural Heritage. Environ. Sci. Pollut. Res. 2021, 28, 66340–66354. [Google Scholar] [CrossRef]

	



Uring, P.; Chabas, A.; Alfaro, S. Dust Deposition on Textile and Its Evolution in Indoor Cultural Heritage. Eur. Phys. J. Plus. 2019, 134, 255. [Google Scholar] [CrossRef]

	



Bicchieri, M.; Biocca, P.; Colaizzi, P.; Pinzari, F. Microscopic Observations of Paper and Parchment: The Archaeology of Small Objects. Herit. Sci. 2019, 7, 47. [Google Scholar] [CrossRef]

	



Garside, P.; Wyeth, P. Identification of Cellulosic Fibres by FTIR Spectroscopy: Thread and Single Fibre Analysis by Attenuated Total Reflectance. Stud. Conserv. 2004, 48, 269–275. [Google Scholar] [CrossRef]

	



Garside, P.; Wyeth, P. Identification of Cellulosic Fibres by FTIR Spectroscopy: Differentiation of Flax and Hemp by Polarized ATR-FTIR. Stud. Conserv. 2006, 51, 205–211. [Google Scholar] [CrossRef]

	



Garside, P.; Wyeth, P. Use of Polarized Spectroscopy as a Tool for Examining the Microstructure of Cellulosic Textile Fibers. Appl. Spectrosc. 2007, 61, 523–529. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, C.; Kokot, S. Discrimination of Cellulosic Fabrics by Diffuse Reflectance Infrared Fourier Transform Spectroscopy and Chemometrics. Vib. Spectrosc. 1995, 9, 161–167. [Google Scholar] [CrossRef]

	



Saito, K.; Yamagata, T.; Kanno, M.; Yoshimura, N.; Takayanagi, M. Discrimination of Cellulose Fabrics Using Infrared Spectroscopy and Newly Developed Discriminant Analysis. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2021, 257, 119772. [Google Scholar] [CrossRef]

	



Titok, V.; Leontiev, V.; Yurenkova, S.; Nikitinskaya, T.; Barannikova, T.; Khotyleva, L. Infrared Spectroscopy of Fiber Flax. J. Nat. Fibers 2010, 7, 61–69. [Google Scholar] [CrossRef]

	



Manian, A.P.; Braun, D.E.; Široká, B.; Bechtold, T. Distinguishing Liquid Ammonia from Sodium Hydroxide Mercerization in Cotton Textiles. Cellulose 2022, 29, 4183–4202. [Google Scholar] [CrossRef]

	



Oh, S.Y.; Dong, I.Y.; Shin, Y.; Hwan, C.K.; Hak, Y.K.; Yong, S.C.; Won, H.P.; Ji, H.Y. Crystalline Structure Analysis of Cellulose Treated with Sodium Hydroxide and Carbon Dioxide by Means of X-Ray Diffraction and FTIR Spectroscopy. Carbohydr. Res. 2005, 340, 2376–2391. [Google Scholar] [CrossRef]

	



Grdadolnik, J. Atr-ftir spectroscopy: Its advantages and limitations. Acta Chim. Slov. 2002, 49, 631–642. [Google Scholar]

	



Maréchal, Y.; Chanzy, H. The Hydrogen Bond Network in I(β) Cellulose as Observed by Infrared Spectrometry. J. Mol. Struct. 2000, 523, 183–196. [Google Scholar] [CrossRef]

	



Lindman, B.; Karlström, G.; Stigsson, L. On the Mechanism of Dissolution of Cellulose. J. Mol. Liq. 2010, 156, 76–81. [Google Scholar] [CrossRef]

	



Cichosz, S.; Masek, A. IR Study on Cellulose with the Varied Moisture Contents: Insight into the Supramolecular Structure. Materials 2020, 13, 4573. [Google Scholar] [CrossRef] [PubMed]

	



Clark, J.F.; Preston, J.M. 32—Some Effects of Temperature on Wet Viscose Rayon: Part III-Discussion. J. Text. Inst. Trans. 1956, 47, T419–T421. [Google Scholar] [CrossRef]

	



Fengel, D. Influence of Water on the OH Valency Range in Deconvoluted FTIR Spectra of Cellulose. Holzforschung 1993, 47, 103–108. [Google Scholar] [CrossRef]

	



Hofstetter, K.; Hinterstoisser, B.; Salmén, L. Moisture Uptake in Native Cellulose—The Roles of Different Hydrogen Bonds: A Dynamic FT-IR Study Using Deuterium Exchange. Cellulose 2006, 13, 131–145. [Google Scholar] [CrossRef]

	



Nakamura, K.; Hatakeyama, T.; Hatakeyama, H. Studies on Bound Water of Cellulose by Differential Scanning Calorimetry. Text. Res. J. 1981, 51, 607–613. [Google Scholar] [CrossRef]

	



Skoglund, G. Traditional Manufacture of Hemp and Hop Textiles: Why Botany and Agronomy Matter. J. Anthropol. Archaeol. 2021, 9, 1–16. [Google Scholar] [CrossRef]

	



Feller, R.L. Accelerated Ageing—Photochemical and Thermal Aspects; Berland, D., Ed.; The Getty Conservation Institute: Ann Arbor, MI, USA, 1994. [Google Scholar]

	



Menges, F. Spectragryph—Optical Spectroscopy Software, Version 1.2.16.1, 2022. Available online: http://www.effemm2.de/spectragryph/ (accessed on 30 October 2022).

	



Barnes, R.J.; Dhanoa, M.S.; Lister, S.J. Standard Normal Variate Transformation and De-Trending of near-Infrared Diffuse Reflectance Spectra. Appl. Spectrosc. 1989, 43, 772–777. [Google Scholar] [CrossRef]

	



Reilly, J.T.; Walsh, J.M.; Greenfield, M.L.; Donohue, M.D. Analysis of FT-IR Spectroscopic Data: The Voigt Profile. Spectrochim. Acta A 1992, 48, 1459–1479. [Google Scholar] [CrossRef]

	



Bradley, M.S. Lineshapes in IR and Raman Spectroscopy: A Primer. Spectroscopy 2015, 30, 42–46. [Google Scholar]

	



Schwanninger, M.; Rodrigues, J.C.; Pereira, H.; Hinterstoisser, B. Effects of Short-Time Vibratory Ball Milling on the Shape of FT-IR Spectra of Wood and Cellulose. Vib. Spectrosc. 2004, 36, 23–40. [Google Scholar] [CrossRef]

	



Quaglierini, C. CHIMICA DELLE FIBRE TESSILI; ZANICHELLI: Bologna, Italy, 1989. [Google Scholar]

	



Casoli, A.; Cremonesi, P.; Isca, C.; Groppetti, R.; Pini, S.; Senin, N. Evaluation of the Effect of Cleaning on the Morphological Properties of Ancient Paper Surface. Cellulose 2013, 20, 2027–2043. [Google Scholar] [CrossRef]

	



Synytsya, A.; Čopíková, J.; Matějka, P.; Machovič, V. Fourier Transform Raman and Infrared Spectroscopy of Pectins. Carbohydr. Polym. 2003, 54, 97–106. [Google Scholar] [CrossRef]

	



Liang, C.Y.; Marchessault, R.H. Infrared Spectra of Crystalline Polysaccharides. II. Native Celluloses in the Region from 640 to 1700 cm−1. J. Polym. Sci. 1959, 39, 269–278. [Google Scholar] [CrossRef]

	



Pandey, K.K. A Study of Chemical Structure of Soft and Hardwood and Wood Polymers by FTIR Spectroscopy. J. Appl. Polym. Sci. 1999, 71, 1969–1975. [Google Scholar] [CrossRef]

	



Chen, H.; Ferrari, C.; Angiuli, M.; Yao, J.; Raspi, C.; Bramanti, E. Qualitative and Quantitative Analysis of Wood Samples by Fourier Transform Infrared Spectroscopy and Multivariate Analysis. Carbohydr. Polym. 2010, 82, 772–778. [Google Scholar] [CrossRef]

	



Colom, X.; Carrillo, F.; Nogués, F.; Garriga, P. Structural Analysis of Photodegraded Wood by Means of FTIR Spectroscopy. Polym. Degrad. Stab. 2003, 80, 543–549. [Google Scholar] [CrossRef]

	



Blackwell, J.; Vasko, P.D.; Koenig, J.L. Infrared and Raman Spectra of the Cellulose from the Cell Wall of Valonia Ventricosa. J. Appl. Phys. 1970, 41, 4375–4379. [Google Scholar] [CrossRef]

	



Farber, C.; Li, J.; Hager, E.; Chemelewski, R.; Mullet, J.; Rogachev, A.Y.; Kurouski, D. Complementarity of Raman and Infrared Spectroscopy for Structural Characterization of Plant Epicuticular Waxes. ACS Omega 2019, 4, 3700–3707. [Google Scholar] [CrossRef]

	



Kimura, F.; Umemura, J.; Takenaka, T. FTIR–ATR Studies on Langmuir–Blodgett Films of Stearic Acid with 1–9 Monolayers. Langmuir 1986, 2, 96–101. [Google Scholar] [CrossRef]

	



Merk, S.; Blume, A.; Riederer, M. Phase Behaviour and Crystallinity of Plant Cuticular Waxes Studied by Fourier Transform Infrared Spectroscopy. Planta 1997, 204, 44–53. [Google Scholar] [CrossRef]

	



Nikonenko, N.A.; Buslov, D.K.; Sushko, N.I.; Zhbankov, R.G. Spectroscopic Manifestation of Stretching Vibrations of Glycosidic Linkage in Polysaccharides. J. Mol. Struct. 2005, 752, 20–24. [Google Scholar] [CrossRef]

	



Pereira, S.C.; Maehara, L.; Machado, C.M.M.; Farinas, C.S. Physical-Chemical-Morphological Characterization of the Whole Sugarcane Lignocellulosic Biomass Used for 2G Ethanol Production by Spectroscopy and Microscopy Techniques. Renew Energy 2016, 87, 607–617. [Google Scholar] [CrossRef]

	



Attard, T.M.; Bainier, C.; Reinaud, M.; Lanot, A.; McQueen-Mason, S.J.; Hunt, A.J. Utilisation of Supercritical Fluids for the Effective Extraction of Waxes and Cannabidiol (CBD) from Hemp Wastes. Ind. Crops Prod. 2018, 112, 38–46. [Google Scholar] [CrossRef]

	



le Troedec, M.; Sedan, D.; Peyratout, C.; Bonnet, J.P.; Smith, A.; Guinebretiere, R.; Gloaguen, V.; Krausz, P. Influence of Various Chemical Treatments on the Composition and Structure of Hemp Fibres. Compos. Part A Appl. Sci. Manuf. 2008, 39, 514–522. [Google Scholar] [CrossRef]

	



Mwaikambo, L.Y.; Ansell, M.P. Chemical Modification of Hemp, Sisal, Jute, and Kapok Fibers by Alkalization. J. Appl. Polym. Sci. 2002, 84, 2222–2234. [Google Scholar] [CrossRef]

	



Sawpan, M.A.; Pickering, K.L.; Fernyhough, A. Effect of Various Chemical Treatments on the Fibre Structure and Tensile Properties of Industrial Hemp Fibres. Compos. Part A Appl. Sci. Manuf. 2011, 42, 888–895. [Google Scholar] [CrossRef]

	



Li, Y.; Pickering, K.L. Hemp Fibre Reinforced Composites Using Chelator and Enzyme Treatments. Compos. Sci. Technol. 2008, 68, 3293–3298. [Google Scholar] [CrossRef]

	



Guerriero, G.; Mangeot-Peter, L.; Legay, S.; Behr, M.; Lutts, S.; Siddiqui, K.S.; Hausman, J.F. Identification of Fasciclin-like Arabinogalactan Proteins in Textile Hemp (Cannabis sativa L.): In Silico Analyses and Gene Expression Patterns in Different Tissues. BMC Genom. 2017, 18, 741. [Google Scholar] [CrossRef]

	



Brunello, V.; Corti, C.; Sansonetti, A.; Tedeschi, C.; Rampazzi, L. Non-Invasive FTIR Study of Mortar Model Samples: Comparison among Innovative and Traditional Techniques. Eur. Phys. J. Plus. 2019, 134, 270. [Google Scholar] [CrossRef]

	



Jeong, M.J.; Kang, K.Y.; Bacher, M.; Kim, H.J.; Jo, B.M.; Potthast, A. Deterioration of Ancient Cellulose Paper, Hanji: Evaluation of Paper Permanence. Cellulose 2014, 21, 4621–4632. [Google Scholar] [CrossRef]

	



Berthold, J. Types of Adsorbed Water in Relation to the Ionic Groups and Their Counter-Ions for Some Cellulose Derivatives. Polymers 1994, 35, 5729–5736. [Google Scholar] [CrossRef]

	



Fengel, D. Characterization of Cellulose by Deconvoluting the OH Valency Range In FTIR Spectra. Holzforschung 1992, 46, 283–288. [Google Scholar] [CrossRef]

	



Geminiani, L.; Campione, F.P.; Corti, C.; Motella, S.; Rampazzi, L.; Recchia, S.; Luraschi, M. Unveiling the Complexity of Japanese Metallic Threads. Heritage 2021, 4, 4017–4039. [Google Scholar] [CrossRef]

	



EL Oudiani, A.; Chaabouni, Y.; Msahli, S.; Sakli, F. Crystal Transition from Cellulose i to Cellulose II in NaOH Treated Agave Americana L. Fibre. Carbohydr. Polym. 2011, 86, 1221–1229. [Google Scholar] [CrossRef]

	



Wakelyn, P.J. Cotton Fiber Chemistry and Technology; Lewin, M., Ed.; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2006. [Google Scholar]

	



Arnold, L.N.; Rippon, J.A. Continuous Mercerisation of Cotton Sliver under Tension Offers Potential for New Products. Int. Dye 2010, 195, 12–16. [Google Scholar]

	



Kafle, K.; Greeson, K.; Lee, C.; Kim, S.H. Cellulose Polymorphs and Physical Properties of Cotton Fabrics Processed with Commercial Textile Mills for Mercerization and Liquid Ammonia Treatments. Text. Res. J. 2014, 84, 1692–1699. [Google Scholar] [CrossRef]

	



Šajn Gorjanc, D.; Zupin, Ž. Responses of Fabric from Lyocell/Natural Bamboo Yarn to Loading. J. Text. Inst. 2017, 108, 1707–1714. [Google Scholar] [CrossRef]

	



Comnea-Stancu, I.R.; Wieland, K.; Ramer, G.; Schwaighofer, A.; Lendl, B. On the Identification of Rayon/Viscose as a Major Fraction of Microplastics in the Marine Environment: Discrimination between Natural and Manmade Cellulosic Fibers Using Fourier Transform Infrared Spectroscopy. Appl. Spectrosc. 2017, 71, 939–950. [Google Scholar] [CrossRef]

	



Yan, C.F.; Yu, H.Y.; Yao, J.M. One-Step Extraction and Functionalization of Cellulose Nanospheres from Lyocell Fibers with Cellulose II Crystal Structure. Cellulose 2015, 22, 3773–3788. [Google Scholar] [CrossRef]








[image: Heritage 05 00213 g001 550] 





Figure 1. Hydrogen bonding pattern in cellulose I (a) and II (b). For both, 020 plane is represented. Green-coloured atoms are thought to bind water molecules. Intermolecular bonds are highlighted in red. In cellulose II, O(2)H⋯⋯O(2′) hydrogen bond is not shown as it is visible on another plane (110) [57]. Roman numbers in labels stand for different conformations which C(6)O(6) group can assume in the same chain [59]. 
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Figure 2. Optical microscopy images of analysed samples from the armours. 
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Figure 3. (a) SEM image of reference cotton; (b) jute; (c) hemp; (d) flax; (e) detail of ATR-FTIR spectra of reference materials of jute, hemp, flax (linen), and cotton (region 1800–600 cm−1). Red arrows highlight morphological features which help the identification task. 
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Figure 4. (a) Sequential procedure to differentiate cellulose fibres; (b) Spectral features associated to cellulose and to correlated compounds (water, lignin, pectin, hemicellulose, wax). The complete assignations are exposed in Table S1. 






Figure 4. (a) Sequential procedure to differentiate cellulose fibres; (b) Spectral features associated to cellulose and to correlated compounds (water, lignin, pectin, hemicellulose, wax). The complete assignations are exposed in Table S1.



[image: Heritage 05 00213 g004]







[image: Heritage 05 00213 g005 550] 





Figure 5. Detail (region 1800–600 cm−1) of ATR-FTIR spectra of various samples of flax. 
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Figure 6. (a) Detail (region 1800–600 cm−1) of ATR-FTIR spectra of commercial drawing paper and Japanese paper before and after UV ageing for 60 h; (b) Detail of ATR-FTIR spectra of wood before and after UV ageing for 60 h. 
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Figure 7. (a) ATR-FTIR spectra of cotton samples under different relative humidity conditions; (b) detail of the 4000–3000 cm−1 region (SNV treated spectra). Coloured regions highlight where water stretching and bending contributions are located. 
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Figure 8. Detail of ATR-FTIR spectra of reference cotton and viscose. 
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Figure 9. Deconvolution of the O-H stretching band: (a) cotton; (b) viscose; (c) comparison of the peak areas for each bond in cotton and in viscose. 
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Figure 10. (a) ATR-FTIR spectra of viscose samples under different relative humidity conditions; (b) detail of the 4000–3000 cm−1 region (SNV treated spectra). Coloured regions highlight where water stretching and bending contributions are located. 
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Figure 11. SEM images of samples 6_1 (b), 9_6 (c), and 10_1 (d), together with reference cotton sample 1_11 (a). (e) Detail (region 1800–1500 cm−1) of ATR-IR spectra of samples 1_11, 5_3, 7_6a, 7_6b, 8_1, 8_9. (f) Detail (region 3700–3000 cm−1) of ATR-IR spectra of samples 6_1, 9_6 and 10_1, together with the spectrum of cotton reference 1_11. 
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Table 1. Microsamples from the Morigi collection.
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	Armour
	Microsamples
	Armour Type
	Presumed Dating





	2017.Mor.1
	1_11
	kinsei gusoku
	late 16th



	2017.Mor.5
	5_3
	kinsei gusoku
	20th



	2017.Mor.6
	6_1
	kinsei gusoku
	early 20th



	2017.Mor.7
	7_6a, 7_6b
	kinsei gusoku
	17th



	2017.Mor.8
	8_1
	kinsei gusoku
	17th



	2017.Mor.8
	8_9
	kinsei gusoku
	early 19th



	2017.Mor.9
	9_6
	mukashi gusoku
	late 19th



	2017.Mor.10
	10_1
	kinsei gusoku
	early 20th
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Table 2. ATR-FTIR signals of water interaction with cellulose I (cotton) and II (viscose).
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	Water

    ν ˜     (cm−1)
	Cotton

    ν ˜     (cm−1)
	Viscose

    ν ˜     (cm−1)
	Assignment





	3600–3560
	
	
	ν OH, loosely bound water [20]



	
	
	3484, sh
	ν O(6)H, free or weekly bound (primary alcohol)



	
	
	3440, sh
	ν O(2)H, free or weekly bound (secondary alcohol) [45]



	
	3460–3410
	
	O(2)H⋯⋯O(6), intramolecular [44,45,47,49]



	
	3375–3340
	3356
	O(3)H⋯⋯O(5), intramolecular [44,45,47,49]



	
	3310–3230
	
	O(6)H⋯⋯O(3′), intermolecular [44,45,47,49]



	3300–3100
	
	
	ν OH, strongly bound water [20]



	
	
	3151
	O(2)H⋯⋯O(2′) and/or O(6)H⋯⋯O(2′), intramolecular [44,45,47,49]



	1643–1634
	
	
	δ OH of adsorbed water [37,56,57,63]
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Table 3. Results of analyses of samples from Morigi collection.






Table 3. Results of analyses of samples from Morigi collection.





	Sample
	Recognised Material (by Microscopy)
	Recognised Material (by ATR-FTIR)





	1_11
	cotton
	cellulosic (no lignin)



	5_3
	paper
	cellulosic (with lignin)



	6_1
	synthetic
	rayon-viscose



	7_6a
	cotton
	cellulosic (no lignin)



	7_6b
	cotton
	cellulosic (no lignin)



	8_1
	bast fibre
	cellulosic (no lignin)



	8_9
	cotton
	cellulosic (no lignin)



	9_6
	swelled cotton
	mercerised cotton (NaOH)



	10_1
	swelled cotton
	mercerised cotton (NH3)
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