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Abstract
The aging behavior of ancient papyri is not entirely understood, although such understanding is crucial for tailored conservation concepts to preserve these precious historical documents for the millennia to come. In a study on accelerated aging, the effect of light on papyrus sheets was studied, and the consequences were monitored by a combination of non-invasive and invasive techniques. Papyrus sheets were aged for two months at 90 °C and 50% relative humidity, with and without the influence of light. Changes at the optical, mechanical, and molecular levels were monitored using CIELAB color measurements, tensile tests, Fourier transform-infrared spectroscopy (FTIR), and size exclusion chromatography—multi angle light scattering (SEC-MALS). Light exposure has severe consequences for the optical and mechanical properties of papyri, reflected by a strong decrease in cellulose chain length and tensile strength. SEC-MALS proved to be the best method to assess the conservation status of papyri due to its clear results and low sample demand. This publication seeks to highlight the effects of light-induced degradation of papyri and to facilitate an understanding of the underlying aging mechanisms, to support in future conservation measures.
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Introduction
Papyri are among the earliest sources of writing in history [1], displaying invaluable insights into ancient medicine, astronomy, religion, and daily life, especially regarding ancient Egypt, Greece, and the entire Mediterranean world [2–4]. Therefore, the conservation of these objects is most important for preserving the contained knowledge for many generations to come.
To find the most suitable, tailored conservation treatments, it is necessary to have extensive information on the material characteristics of papyri and their aging behavior. Ancient papyri often appear to be in quite brittle conditions nowadays, having suffered especially from insects, microbial attacks as well as climatic changes with variations in humidity, temperature, light exposure, and general pollution [5, 6]. Those papyri that survived until the present day experienced mostly slow decay processes over centuries and millennia in dark and dry surroundings, being buried in tombs or just in the sand. After excavation, some papyri were presented to the interested public, adding light as factor influencing the deterioration, and stored in magazines around the world, sometimes at higher humidity levels than those of the Egyptian desert, due to different climatic conditions at the locations of the collections and owing to the common practice to store papyri in one room with other objects that require higher humidity levels as, for example, parchment or historic papers [7].
In this study, the aging process of papyri is modeled through accelerated aging at 90 °C and 50% relative humidity (RH) to investigate the effect of light irradiation on papyri and to allow for comparison of the observed phenomena to previous studies [5, 8–10]. These two parameters were chosen to model decay processes of papyri with an emphasis on degradation phenomena occurring after excavation, i.e., the part of natural aging that cannot be entirely avoided but minimized through the choice of suitable storage and presentation parameters (light, heat, and humidity) at magazines and exhibitions. Higher temperatures accelerate the degradation processes which occur naturally, but more slowly, in lignocellulosic material under ambient temperature conditions [11]; 90 °C was chosen to enable the comparison of our results to a significant recent study on the aging of papyri [8]. While natural aging in the Egyptian desert occurred mainly under dry conditions, the comparably high value of 50% RH was chosen to mimic actual storage conditions of papyri in magazines nowadays. While 35% RH was suggested as ideal humidity for the storage of ancient papyri [12], the actual humidity in magazines is often maintained at higher levels, especially if historic paper, parchment and papyri are stored together [7, 12]. Additionally to the influence of temperature and humidity, consequence assessment of irradiation on papyri is essential when the understandable desire of the public to display ancient papyri in museums is considered. The focus on the influence of light is accounted for by two sample sets, one irradiated by a xenon lamp at 1 W/m2 and one kept in darkness, for a direct comparison. The samples were artificially aged for up to two months. In this way we were able to evaluate the results in the context of previous studies, that used similar time spans [5, 8, 9].
Apart from studying the effects of this accelerated aging treatment and providing extensive material characterization of papyri, the second focus of this study was to provide a comprehensive overview of the methods applicable to analyze these changes in the material. This is of special importance, since there are some accelerated aging studies of papyri in the literature, but with a focus on distinctly different analytical techniques, aging parameters, and even sample material. To give an idea, McGovern [13] focused on tensile properties by determining the folding endurance of papyrus sheets after 72 h at 105 °C. Flieder et al. [5] studied the influence of light, temperature, and humidity but did not apply variations of these parameters in combination. They assessed the results by pH measurements, degree of whiteness, copper number, and zero-span tensile tests. These results are compared to ours and discussed in detail in the Results section. In a recent publication Łojewska et al. [8] used infrared (IR), UV/Vis-spectroscopy, and size exclusion chromatography (SEC) to study the aging behavior of papyri, employing paper as a model substrate for the accelerated aging study. They attempted to choose a model substrate with properties similar to papyri, especially regarding the lignin content. So they chose lignin-rich groundwood paper with respect to a literature source [14], that reported up to double the amount of lignin in papyrus sheets than actually present [15], thereby compromising the suitability of this paper as ideal reference material to study the aging effects of papyri. Apart from that, paper has by design mechanical properties different from papyri, since papyri have a bidirectional orientation, owing to their production in two layers that are pressed together at a 90° angle, whereas the fibers in paper are randomly oriented through pulping and mechanical disintegrating processes in paper production.
Elnaggar et al. assessed the viability of laser cleaning of soiled papyri after accelerated aging for 28 days at 70 °C and 50% RH. Effects of the aging treatment were evaluated using colorimetric measurements, viscometric measurements to determine the degree of polymerization (DP) of the samples, FTIR and SEM–EDX [10].
For the material characterization of ancient and modern papyri, invasive and non-invasive methods should be differentiated, and non-invasive techniques preferred whenever possible, especially if ancient samples are analyzed. Among the techniques with no or minimal sample consumption, spectroscopic techniques (Raman, Fluorescence, Infrared and UV/Vis) and techniques to study the elemental composition (XRF, SEM–EDX, PIXE) have been commonly applied [8, 16–18]. Techniques that elucidate the elemental composition have proven to be especially useful in the analysis of ancient inks, to distinguish iron-gall inks from carbon inks and to detect trace elements indicative of the archaeological context of the sample [19, 20]. These techniques are less powerful if only the organic writing-ground is analyzed, which is the focus of this study.
Analysis of the organic components of papyri has focused on viscometry and size exclusion chromatography-multi-angle light scattering (SEC-MALS) to determine the chain length of the main constituent, the cellulose [8–10]. To study further properties of cellulose, as for instance the crystallinity, X-ray diffraction and nuclear magnetic resonance spectroscopy (NMR) measurements have been conducted [8, 9]. The monosaccharide composition of hemicelluloses and pectic polysaccharides in Cyperus papyrus L. pith has been characterized by different chromatographic methods, applied after hydrolysis [21, 22]. The composition of lignin in ancient papyri and Cyperus papyrus L. stems has recently been investigated in detail using NMR and chromatographic methods, such as pyrolysis—gas chromatography/mass spectrometry and degradation followed by reductive cleavage (DFRC) [23–26]. The lignin content of modern and ancient papyri has been analyzed using gravimetric methods, acetyl bromide soluble lignin (ABSL) and thermogravimetric analysis (TGA) [14, 23, 27]. Among these three methods, TGA frequently led to an overestimation of the lignin content, while ABSL is to be preferred over gravimetric Klason lignin analysis in the analysis of historic materials, due to the lower sample requirement of the ABSL method [15].
To choose the most suitable analytical technique to study the aging characteristics of papyri, we referred to the publication of Łojewska et al., who rated the discriminatory power of methods applied in their study as SEC > FS > FTIR > Raman > XRD [8]. In an extensive study to develop dose–response functions for the degradation of historic papers, Pastorelli et al. chose to use viscometric measurements representing cellulose degradation and CIELAB color measurements as most suitable methods to determine a variety of factors influencing paper aging [28]. To obtain profiles of the entire cellulose chains and to study oxidation features along the (hemi-) cellulose chains, we chose SEC-MALS combined with fluorescence markers for carboxyl groups.
To summarize, this study models the degradation process of papyri by accelerated aging, applying 90 °C for two months, with a special focus on the additional effects of strong light irradiation. Since the majority of ancient papyrus objects in Western collections are stored between glass slides, the papyrus samples analyzed in this study were subjected to accelerated aging between glass slides as well. The results are analyzed regarding changes in optical properties (CIELAB measurements and degree of whiteness), mechanical properties (tensile tests), and changes on the molecular level (FTIR spectroscopy and SEC-MALS). For the first time, labeling of the carboxyl groups in papyri, using the 9H-fluoren-2-yl-diazomethane (FDAM) procedure, was performed to monitor oxidative changes. The results were thoroughly compared to the literature, including an in-depth discussion of which methods are beneficial and meaningful for assessing the degradation state of papyri.
Materials and methods
Materials
Unwritten commercial papyrus rolls were purchased from pgi-versand.de (Volkach, Germany).
To account for differences regarding optical changes during the aging treatment between the deliberately yellowed commercial papyri and papyri that did not experience such a color-changing treatment, CIELAB measurements were conducted on native papyrus pith as well, aged under the same conditions. Therefore, stripes of Cyperus papyrus L. pith were purchased directly from the farmers at Qaramos, Sharqia Province, Egypt. For the aging tests, the rind was removed using a ceramic knife and slices of dry papyrus pith mounted between glass slides, as it was done in the case of commercial papyrus sheets.
Whatman filter paper No.1 was obtained from Merck KGaA, Darmstadt, Germany and used to determine the aging effects on lignin-free cotton linters paper regarding optical and mechanical changes, for comparison. Whatman paper has been frequently used in aging studies in the literature.
For SEC-MALS analysis, DMAc, LiCl and HCl were obtained at the highest purity available from Sigma-Aldrich, Steinheim, Germany. 9H-Fluoren-2-yl-diazomethane (FDAM) for labeling of carboxyl functionalities along cellulose chains was synthesized in our laboratory [29].
Accelerated aging
Light/dark comparison
To study the influence of sunlight, an accelerated aging test was conducted using a Q-SUN Xe-3 test chamber by Q-Lab Deutschland GmbH, Saarbrücken, Germany. Instrument parameters were 90 °C black panel temperature, 55 °C air temperature, and 50% relative humidity (RH). Half of the samples were exposed to light (1 W/m2), the measured light output at the sample surface underneath the microscopic slides was on average slightly smaller, 0.98 W/m2. The samples were aged up to 57 days. The samples were mounted in between two microscope slides to avoid convolving. The transmission spectrum of the slides between 200 and 700 nm is shown in Additional file 1: Fig. S1.
Color measurements (CIELAB color space)
Color measurements were performed on a PCE-CSM 8 spectrometer (PCE Instruments, Meschede, Germany) between 400 and 700 nm as described by Jaxel et al. [30], with a measuring aperture of 8 mm and a 45°/0° illumination/viewing angle. Three spots were measured and averaged for each sample. For the aging studies, three different samples were prepared per time interval, and three spots were recorded on each of them. The same spots were monitored before and after the artificial aging procedure. The results were obtained as L*, a*, and b* values. Lightness, L*, is represented by values between zero and 100, a* represents the color range of green to red, and b* represents the color range between blue and yellow. Delta E is computed as Euclidean distance of the L*, a* and b* coordinates using the CIE76 color difference formula [31].
ISO-brightness
The measurements of ISO brightness were performed according to DIN ISO 2470 [32] on a U-3010 spectrophotometer (Hitachi, Tokyo, Japan). ISO brightness was determined before and after accelerated aging on the same measuring spots.
Fourier transformed infrared spectroscopy (FTIR)
The attenuated total reflection (ATR)-FTIR spectra of the aged samples were recorded on a PerkinElmer Frontier IR single-range spectrometer (PerkinElmer Inc., USA) in the wavenumber range of 4000–500 cm−1. The system was composed of a diamond/ZnSe ATR-crystal and a LiTaO3-detector. The resolution was 4 cm−1. The spectra were baseline corrected using Spectragryph software (Spectragryph Version 1.2.8., Dr. Friedrich Menges, Germany) by setting the coarseness value of the advanced baseline correction function to 25%. The spectra were normalized to unity using the band at 1030 cm−1.
The lateral order index (LOI) was determined according to a procedure for pure cellulose and softwood Kraft pulps [33–35]. The LOI is the ratio of the height of the peak around 1428 cm−1 and the height of the peak around 896 cm−1. The height H1428 was calculated by drawing a baseline from the local minimum at 1490 cm−1 to the local minimum at 1395 cm−1. The obtained baseline ordinate value at 1428 cm−1 was subtracted from the maximum absorption at 1428 cm−1. The height H896 was determined in the same fashion by a baseline from the local minimum at 915 cm−1 to the local minimum at 870 cm−1.
Tensile test
For tensile tests, the Zwick Z020 universal testing machine (Zwick/Roell, Ulm, Germany) was used. The traverse was set to 25 mm. Samples were, on average, 10 mm broad and 0.2 mm thick. Each spot of the aging test was represented by 10 measurements to compensate sample heterogeneity.
Size-exclusion chromatography
Sample dissolution and uronic acid group labeling
The samples were prepared for SEC-MALS following a modified variety of the 9H-fluoren-2-yl-diazomethane (FDAM)-labeling protocol by Bohrn et al. [29], to combine the dissolution of cellulose with group-selective fluorescence labeling of carboxyl groups. 30 mg of papyrus samples were disintegrated for 3 × 20 s in distilled water and left to swell in water overnight. The samples were washed with 0.1 M HCl, acetone, and DMAc. The samples were resuspended in 3 ml DMAc and 1 ml freshly prepared FDAM solution and agitated in a shaking bath at 40 °C for one week. The liquid was removed by suction through a filter paper, and the solid remainder was washed with DMAc, transferred to a dry vial, and agitated in 2 ml DMAc/LiCl (9% m/v) for several days. After dissolution, 0.3 ml of the sample solutions were diluted with 0.9 ml DMAc and filtered through 0.45 µm syringe filters to prepare for SEC-MALS analysis, which was conducted in duplicate.
SEC-MALS
The SEC system was coupled with MALS, refractive index (RI), and fluorescence detectors with automatic injection and four serial columns [36]. DMAc/LiCl was used as an eluant at a LiCl concentration of 0.9% (m/V). Molecular weight distribution and the related polymer-relevant parameters were calculated using the corresponding software programs, based on a refractive index increment of 0.140 mL/g for cellulose in DMAc/LiCl (0.9%, m/V). The following general SEC parameters were used: flow: 1.00 mL/min; columns: four PL gel, mixedA, ALS, 20 µm, and 7.5 × 300 mm plus precolumn; fluorescence detection: excitation: 252 nm, emission: 323 nm; injection volume: 100 µl; run time: 45 min.
Results and discussion
To get an idea of the aging processes in ancient papyri, an accelerated aging setup was chosen for modern commercial papyrus sheets at 90 °C and 50% RH—with and without the influence of light. An almost immediate color change was observed for the samples aged under the influence of light. Thus it was analyzed whether this color change is accompanied by a deterioration of the mechanical properties and an underlying degradation of the main load-bearing element in papyrus tissue, the cellulose chains. CIELAB, FTIR, tensile tests and SEC-MALS measurements were conducted on the aged papyri to monitor the degradation phenomena and to compare the suitability of these methods to monitor the changes.
Already after 2 days, the light-aged samples exhibited a strong color change, which increased with aging time. The samples aged in darkness did not show any significant color changes, not even after two months of aging, as shown in Fig. 1.[image: ]
Fig. 1Comparison of papyrus paper samples aged in the dark (a) and under light influence (b) for up to 57 days


Color change
To quantify the color changes, CIELAB measurements were conducted. L* expresses the difference in lightness (zero to 100), a* the difference in the green–red region b* the difference in the blue–yellow region and Delta E represents the total color change. Delta E values above 2–3 are easily recognized by the human eye.
The color change induced by light irradiation (Fig. 2a) is seen by an increase in Delta E already after two days, then rising with time and reaching a plateau around 10–15 days at Delta E values of 12–13. A small color change is measurable for papyrus samples aged without light, reaching values around 4–5, which should be visible for the human eye but not represent a huge difference in readability of the object. Cotton linter samples showed no measurable color change, neither with nor without light influence during this time span.[image: ]
Fig. 2CIELAB measurements of papyri and cotton linter samples aged with and without the influence of light. a Comparison of Delta E for papyrus and cotton linter samples aged with and without light, b Delta values for light-aged papyrus samples, c Color changes for light-aged papyrus—expressed as difference in L*, a*, and b* and Delta E for comparison, d ISO-brightness for papyrus samples aged with and without light influence. Error bars indicate the standard deviation of nine measurements per time step for the CIELAB measurements


The detailed nature of this color change for light-aged papyri is explained in Fig. 2b and c. The strongest factor is a decrease in yellowness over time, reaching a plateau after around 10 days. Lightness declines the same way, but to a slightly smaller extent. Already after 2 days, a small red shift was detected that stayed constant during the aging period.
Commercial papyrus sheets are deliberately yellowed, as we showed in a previous publication [37]. This process can also be watched in a recent video about modern Egyptian papyrus production [38]. To resemble today’s appearance of ancient papyri, modern papyrus manufacturers use a chlorine bleaching step after a strong alkaline treatment to adjust the desired color—making it brighter—to resemble the optical appearance of ancient papyri. The alkaline treatment reduces the lignin content from around 16% in native Cyperus papyrus L. pith to around 5% in commercial papyrus sheets, as those used in our study [15]. While the alkaline treatment must induce some morphological changes in the papyrus structure, the remaining lignin constituents are still mainly connected via β-O-4ʹ alkyl-aryl ether bonds, the most common inter-unit linkage in native lignin (66% of all inter-unit linkages in commercial papyrus sheets, vs. 85% in native Cyperus papyrus L. pith) [24, 37]. Nevertheless, the alkaline treatment does not alter the distribution and length of cellulose chains in commercial papyri significantly [37]. The alkaline treatment involved in their production limits the suitability of commercial papyri as model samples to study the degradation patterns of ancient papyri. However, since the profile of cellulose chains is similar to untreated papyri and the general production mode resembles the traditional one—pressing Cyperus papyrus L. stripes into two-ply sheets in rectangular orientation without a prior disintegration step as in paper production—the analysis of commercial papyri still presents an acceptable starting point to gain insights into the degradation patterns of ancient papyri. This is especially helpful in the analysis of cellulose chains in papyri, that are otherwise difficult to directly analyze, due to solubility issues resulting from the high lignin content of native papyrus pith [15, 28].
Nevertheless, the alkaline chlorine bleach treatment strongly limits the possibility to transfer results on the yellowing behavior of commercial papyri to papyri produced according to historic descriptions, since a higher pH and bleaching-treatments have strong effects on the mechanism of color change, especially in the case of historic papers [28]. The bleaching treatment employed in modern commercial papyrus production leads to partial chlorination of the residual lignin and extractive compounds [37]. Among these chlorinated compounds, chloro-4-methylphenol, chloro-4-vinylphenol, chloro-guaiacol, chloro-syringol, and chloro-4-vinylguaiacol were detected as chlorinated lignin monomers using pyrolysis–gas chromatography/mass spectrometry [37]. Papyrus lignin is—in its native state—strongly acylated by p-coumaric and ferulic acids [23]. Both were found to be strongly chlorinated in the commercial sheet, as detectable by combining Py-GC/MS with prior methylation (tetramethylammonium hydroxide, TMAH) to avoid thermal decarboxylation. When chlorinated phenols are irradiated by sunlight or xenon light, phenoxyl radicals are formed, which can couple to biphenyls, among other polyaromatic compounds, as shown in a study irradiating 4-chlorophenol on cellulose [39]. As there are many different chlorinated aromatic compounds in the lignin of commercial sheets, there are manifold and very complex ways for radical fragmentations, reactions, and recombinations to form a variety of chromophores absorbing at different wavelengths, thereby producing the color change observed in the CIELAB measurements.
To account for the different optical properties of papyri produced according to historic recipes, described most detailed in Naturalis historia by Pliny the Elder [2–4, 40], native Cyperus papyrus L. pith (Fig. 3a) was subjected to the same conditions of accelerated aging as the commercial papyrus sheets and the optical changes were monitored by CIELAB measurements (Fig. 3b).[image: ]
Fig. 3a Papyrus samples aged for two weeks at 90 °C and 50% RH. Left side: untreated Cyperus papyrus L. pith from Qaramos, Egypt, aged without and with light. Right side: Commercial papyrus samples aged without and with light. b Comparison of CIELAB measurements for pith (left) and commercial papyrus sheets, each time before and after aging—with and without the influence of light. Error bars indicate the standard deviation of nine measurements for each time step


The general trend of optical changes triggered by accelerated aging is similar for native pith and commercial sheets. All samples showed a slight shift toward the red region with temperature, independent of the influence of light (value a*). Lightness (L*) decreased for all samples with temperature and time. This effect was strongly enhanced by irradiation, being especially prominent for the bleached commercial sample. For native pith, a similar visual effect occurs, but to a lower extent, due to the formation of quinoid compounds from the contained lignin, as described for the photooxidation of wood [41]. This decrease in lightness is almost nonexistent when only heat and no irradiation are applied, both for native pith and commercial sheets (Fig. 3b).
The degree of whiteness measurements did not prove useful in the assessment of color changes of papyri (Fig. 2d). Although the spots of measurement were the same before and after the aging process, differences in whiteness through aging were not detectable due to the optical heterogeneity of the samples. The brightness-measurement norm “ISO 2470-1:2016 is limited in its scope to white and near-white pulps, papers, and boards” [32], which did not allow a straightforward application to yellow and brownish papyri.
To summarize, accelerated aging at high temperatures leads to a red-brown color shift of papyrus sheets. The influence of light on the optical appearance of papyri is strong and is already observable after two days. The main effect is a decrease in lightness and especially yellowness. This effect is strongly pronounced for commercial sheets, which are more yellowish from the start. The major share of light-induced browning of commercial papyri occurs within the first 10–15 days, at elevated temperatures. This indicates that facsimiles produced from commercial papyri can show a strong color change upon a short, first period of light exposure, after which only slight further darkening is to be expected. For native papyrus pith, the same mechanisms of decreased lightness and yellowness can lead to an even “whiter” appearance to the human eye within the analyzed time frame, since dry papyrus pith is significantly less yellow from the start. The perceived browning of papyrus sheets produced according to historic descriptions without any deliberate yellowing step is a process that does not happen within four weeks (even under accelerated aging conditions), but over years and decades. Just to give an example regarding color changes of ancient papyri, one 1200-year-old papyrus fragment showed the CIELAB coordinates: L*: 56, a*: 7.2, b*: 21.0. This may serve just as an orientation, that the major contributing factor to the altered optical properties of ancient papyri, to the state we see today, is a strong decrease in lightness. The yellowness of this particular object is significantly below the yellowness of commercial sheets and slightly above typical values for untreated papyrus pith (Fig. 3). Based on the results shown in Fig. 3 it could be speculated that ancient papyri would appear even less yellow, if they had been exposed to light during the last millennia, which was definitely not the case for most papyri that were usually buried underground without light exposure.
Comparison of our results to literature
To our knowledge, there are two artificial aging studies in the literature addressing the effects of light on papyrus, besides one including dark aging, in a study on the feasibility of laser cleaning for papyri. El-Nahawi [42] irradiated papyri, produced according to Pliny’s description for one day with a daylight lamp of 76.400 lx, to study whether Pliny’s mention of “drying the fresh sheets in the sun” leads to an increase in brightness. No significant color change was observed, but a small tendency toward decreased lightness (L*) was detected by CIELAB measurements, which showed the same tendency as the results discussed above.
A more extensive accelerated aging study was carried out by Flieder et al. [5].They produced sheets from Cyperus papyrus L. plants cultivated at the Natural History Museum in Paris and additionally obtained white and brown sheets from Egypt. Which of these was used for artificial aging is not specified in the publication.
These papyrus sheets were aged for up to six weeks using 80 °C, 65% RH in darkness, as compared to a series irradiated by a 1500 W-Xenon lamp, 25 °C, and 50% RH. The aging behavior was studied by the degree of whiteness, pH measurements, copper number, and a zero-span tensile test. The pH decreased for all aging experiments; the copper number increased mainly for brown papyrus and slightly for light-aged white papyrus. Meaningful results for the zero-span tensile strength were not obtained due to sample heterogeneity.
Concerning the degree of whiteness, the study reported a clear decrease for heat-aged and humidity-aged white papyrus sheets. For the light-aged samples, a decrease in yellow tone after one week of aging was reported. This effect vanished during the subsequent weeks of aging, and the degree of whiteness reached the same values as for unaged papyri.
Compared to our results, the main color change observed may have been due to the combination of light and elevated temperature/humidity. Since the color change we observe for samples aged in darkness is much less severe, the elevated humidity of 65% RH (at 80 °C) may itself be a strong cause of discoloration of papyrus sheets. This is in agreement with the observations of Beny et al. at the National Library of Egypt, who analyzed and discussed “excessive amounts of moisture that caused some papyri to darken,” a problem that they accounted for by admitting the least amount of moisture possible [43]. Most likely, Flieder et al. used unbleached papyrus sheets—produced either by themselves or untreated Egyptian samples—where the color change upon light exposure was not as strong as for modern commercial sheets.
Elnaggar et al. assessed the feasibility of laser cleaning on papyri [10]. Within their study setup, model papyrus samples from the Pharaonic village in Giza, Egypt, were subjected to accelerated aging for 28 days at 70 °C and 50% RH; no indication of additional light irradiation was given. After the aging process, they reported a decrease in lightness (L*) from 81.7 to 77.6 and an increase in yellowness (b*) from 20.6 to 23.9. The lightness decrease corresponds well to our data for both commercial sheets and native piths when aged for 25 days without light influence. We detected a trend toward yellowing only for dark-aged pith, but to a much smaller degree. Native pith can be brighter and significantly less yellow than the papyri used in their study [37]. Whether NaOH-yellowed papyri or untreated specimens were analyzed can therefore not definitely be answered by interpreting the published data; a light aging study would bring certainty.
Suitability of FTIR measurements to detect the effects of accelerated aging on papyri
For the public, the optical appearance of an ancient papyrus in museums and collections is the most important feature, since it determines readability and appeal of the object. To determine whether the optical change induced by the artificial aging process leads to other measurable, but invisible changes in the materials’ structure, FTIR spectra were recorded.
The FTIR spectra of aged papyri did not show any clear aging-dependent trend for any band. After light-aging for two months, basically the same spectrum is observed as after two days (Fig. 4a, purple and dark blue lines). The entire spectra, also for the samples aged in darkness, are shown in Additional file 1: Fig. S2. There are higher peaks at 1605 cm−1, 1430 cm−1, 1372 cm−1 and 1313 cm−1 for some samples, but these are generic bands for any cellulosic material, including isolated nanocellulose from cotton linters [44]. Since they show no trend under the applied aging conditions, we cannot draw a conclusion as to specific oxidations or other features of any constituent of papyri. Note the absence of a band around 1510 cm−1, that represents the stretching vibration of the double bond in the aromatic ring and is sometimes even used for lignin quantification [45].[image: ]
Fig. 4Analysis of infrared spectra of aged papyri. a Detail of the infrared spectrum of light-aged samples, focusing on the area of the expected carbonyl and carboxyl bands. Background was subtracted and all spectra normalized to the highest peak of cellulose at 1030 cm−1; b Lateral order index vs. time for aged papyri with and without the influence of light, according to [33–35]


The lateral order index—depicted in Fig. 4b—is an approach for evaluating changes in the crystallinity of cellulosic samples [33–35]. For papyri aged under the conditions applied in this study, no clear trend was observed, either with or without the influence of light. The observed fluctuation for the analyzed samples can be explained by sample heterogeneity—an effect that might be minimized by measuring the same spots before and after aging. Still, the aging conditions used are most likely too mild to affect the crystallinity indices to a clear, measurable degree.
In the context of our study, FTIR did not prove to be a suitable method for studying the aging process of papyri. Despite being a most valuable analytical method in general, FTIR has difficulties to monitor the aging-related oxidation features of papyri, since aldehyde and keto groups on cellulose form hydrates and hemiacetals/hemiketals that do not contribute to the C=O band in FTIR measurements [46]. Also, papyri contain large amounts of carboxyl functionalities from the start [21], in the form of glucuronic and galacturonic acids in hemicellulose and pectin. Any additional cellulose oxidation must be put in relation to a potential degradation of hemicellulose and pectin in papyri if the entire sample is analyzed without fractionation [47].
Effects on mechanical properties and cellulose degradation
Apart from the optical properties, the brittleness and mechanical stability of papyrus objects is the major concern of conservators who need to assess suitable mounting conditions and the long-term stability of the objects.
To check on the effects of high-temperature aging with and without light, tensile tests of the aged samples were conducted. These were compared to measurements of the degree of polymerization (DP) of cellulose by SEC-MALS. The basic question was whether a decrease in mechanical properties could be detected and, if so, if this was also reflected at the molecular level of cellulose, the main structural compound in plant tissue.
For all mechanical tests (except for stiffness, expressed by E-Modulus), the effect of light-aging is most obvious compared to samples aged in darkness. We see a strong decline in tensile strength, and tensile energy absorption as the work necessary to break the papyrus specimen entirely. The tensile tests showed the same trend for papyri and cotton linters, which contrasts with the optical properties of cotton linters after light aging, which did not change at all (Fig. 2a). While the mechanical properties are governed by the cellulose polymer, the optical properties are determined by UV/Vis absorbing components from lignin and hemicelluloses.
The samples aged in darkness did not show a significant decrease in mechanical properties, even after being aged at 90 °C for a month. It becomes clear that the tensile properties decrease severely with light-aging time for papyri. Especially for cotton linters, this dependency appears to be linear.
This trend is not or not as strong found for the E-Modulus. This parameter expresses the stiffness of a sample by focusing on the first and therefore elastic part of the stress–strain diagram, as opposed especially to the tensile energy absorption (until the sample is entirely broken)—a parameter that accounts for the plastic deformation of the samples.
McGovern [13] reported tensile strength and E-Modulus values of 32.73 N/mm2 and 2.69 GPa, respectively, for Cyperus Papyrus L. pith test specimen, which were, on average, twice as thick as our test bodies (McGovern: 0.4 mm). These results are in a similar order of magnitude to our values (Fig. 2c). In this publication, a hot press (2.76 MPa, 177 °C, 60 s) was used for comparison. After this treatment, tensile strength increased to 48.95 N/mm2, E-Modulus doubled, and strain decreased. McGovern also conducted an aging test, heating the samples for 72 h to 105 °C. After this, the folding endurance (double folds) decreased from 12 to 2.5.
Papyri are different from paper in being bidirectionally oriented by production, when two stripes are pressed together in a perpendicular arrangement. At first, one of these layers will bear almost the entire force in the tear direction of the test instrument. This layer—as any part of Cyperus Papyrus L. pith—consists of vascular bundles and parenchymatic tissue between them. The vascular bundles are much denser and consist of long cellulose fibrils “glued” together by lignin and hemicellulose. The parenchymatic tissue consists mainly of cellulosic material separated by huge voids, providing the necessary flexibility to ultimately fold the sheets into rolls. Therefore, papyrus paper can be regarded as a “composite” material. It can be imagined that at first the entire force is concentrated on the vascular bundles, which contribute most of the strength and stiffness to the material. These did not seem to be affected severely by the aging conditions, as expressed by the E-Modulus (Fig. 5c).[image: ]
Fig. 5Aged papyri compared to cotton linters for a tensile strength, b tensile energy absorption, and c E-Modulus. Error bars indicate the standard deviation for ten measurements per time step


Once the vascular bundles start to break and the range of plastic sample deformation is reached, it depends on the integrity of the parenchymatic tissue, whether it breaks immediately or is just plastically elongated. It can be concluded that the effect of light harms the parenchymatic tissue especially strong, since it is less dense and therefore exposes more surface area to irradiation than the denser vascular bundles.
For ancient papyri, the strong degradation of parenchymatic tissue is found in a similar fashion, sometimes just leaving a net of vascular bundles of the object, as depicted in Fig. 6.[image: ]
Fig. 6Example of degradation of ancient papyri. Partially, only the vascular bundles remain and form a loose net instead of a closed surface. b Depicts a close-up of the document in a, where the network-type structure due to degradation is nicely visible. Photos: with kind permission from University Library Leipzig, Papyrus, and Ostraka Collection, P. Lips. inv. 1460 [48]


Integrity of cellulose and hemicellulose
SEC-MALS of the (hemi)cellulose—especially if coupled to labeling of carbonyl and carboxyl functionalities—does not only reflect the loss in mechanical strength on the molecular level, but also provides an in-depth understanding of the chemistry of aging processes in papyri. This is best described by the relative distribution of cellulose and hemicellulose chains regarding their length and changes thereof with aging time. In this study, SEC-MALS of papyri is coupled for the first time with the labeling of carboxyl functionalities to detect differences during the aging process with respect to uronic acids.
Figure 7a and b present the molecular weight distributions of papyrus celluloses, depicting the molecular weight on the x-axis and its relative abundance as the y-axis. Therefore, longer chains are found on the right side of the graph. This is mirrored for the chromatograms in Fig. 7e and f, which show the chromatographic elution in SEC with larger molecules eluting first. The chromatograms for the aged samples in Fig. 7a and b are given in Additional file 1: Fig. S3.[image: ]
Fig. 7Top row: Molecular weight distributions of artificially aged papyri without (a) and with light influence (b), as detected by SEC-MALS. Middle row: c Decrease of weight-average molecular weight (Mw) and carboxyl groups (COOH) with aging time. To visualize the degradation of cellulose alone (without the hemicellulose contribution), the chromatograms were deconvoluted and only the Mw of the cellulose peaks (right side of a + b) was considered. Error bars indicate the standard deviation of two measurements per time step for the amount of carboxyl groups. d Different populations of (hemi-)cellulose chains in light-aged papyri. Long chains (red) are degraded and the Mw is shifted to shorter chains lengths (blue). Hemicelluloses are found in the green peak. The chromatogram of an unaged papyrus sample (gray) is shown for comparison. Bottom row: Example chromatograms/RI-signals (gray) of samples aged for 22 d in darkness (e) and for 43 d under light influence (f). The colored lines in e + f reflect the fluorescence of the MALS detector, especially for f with the light-aged samples


The analysis of papyrus cellulose at the molecular level is usually more sensitive compared to tensile tests, which suffer from larger error margins. This is especially true for anisotropic materials such as papyrus. SEC usually reports molecular changes long before they reach concentrations that can be detected by mechanical testing. Aging under dark conditions yields just a moderate decrease in molar mass (Mw-10%, Fig. 7c), the cellulose part proves rather resistant after two months of heat aging. While the overall molar mass distribution did not change significantly for papyri in darkness, a stronger decrease in the high molecular weight fraction of cellulose was observed when the samples were aged under the influence of light. While the average molar mass seemed to reach a plateau after 15 days (Mw-23%, Fig. 7c), the distribution showed significant changes afterwards (Fig. 7b). Deconvolution of the molar mass distribution data indicates a second high molar mass polymer population (Fig. 7d), indicative of radical-induced degradation. Both fractions (Fig. 7d) show a distinctly different behavior in solution, which is visible from different slopes of molar mass and retention time; the latter corresponds to the hydrodynamic volume of the sample (Fig. 7e). Considering the pristine condition of the non-irradiated samples, the cellulose degradation mechanism of the irradiated papyrus can be explained by radicals formed by the photolysis of the chlorinated lignin compounds or hemicelluloses in the commercial sheets. Radicals lead to cellulose oxidation by H-atom abstraction and the formation of carbonyl and carboxyl moieties throughout the cellulose chain that can result in the formation of chromophores and chain cleavage initiated by light irradiation [49–51].
Hemicellulose is expected to be found in the low Mw region, contributing to the smaller peak of bimodal distribution. Compared to the larger cellulose peak, the relative amount of the lower Mw region did not decrease. It comprises smaller chains for long-time light-aged samples (Fig. 7b, left part) and increases relative to the cellulose peak (compare Fig. 7e and f, gray lines). This can be explained by the coelution with shorter cellulose fragments. The behavior of light scattering signals with aging time (Fig. 7f) is particularly interesting. There may be different reasons for the drastic change in slope in the hemicellulose fractions, but most likely this effect is connected to an increase in fluorescence induced by chromophore formation from hemicelluloses and smaller fragments [52]. Dark aging does not cause such effects. In line with this observation is the decreasing content of uronic acid groups during aging (Fig. 7c). Papyri naturally contain a significant amount of carboxyl functionalities, with major contributions from glucuronic and galacturonic acids from hemicelluloses and pectin [21]. The stronger loss of uronic acids with light-induced aging can be seen as an indicator of a higher reactivity of the hemicellulose/pectin parts, relative to cellulose, in papyrus during aging.
Comparing the strong immediate degradation of long cellulose chains at light exposure, levelling off after 15 days (Fig. 7c) to the almost linear loss in tensile strength (Fig. 5a), it seems probable that not just the very long cellulose chains determine the mechanical properties of papyri, but the linkages between different structural elements in papyrus tissue. When looking at the microscopic structure of ancient papyri, the parenchymatic tissue is often strongly degraded (Fig. 6 and [53]), whereas the dense vascular bundles are comparably well preserved. It is conceivable that in the case of light aging long cellulose chains are degraded first, also for statistical reasons, whereas the major effects in decreasing the mechanical properties of papyri result from slower, successive cleavage of bonds between lignin, hemicelluloses and resulting deterioration of inter-component adhesion with cellulose. The length of cellulose chains levels off at comparably high values.
Comparison to literature
To the best of our knowledge, there is just one previous report of a SEC-MALS measurement of papyri in the literature. Łojewska et al. [8] analyzed one modern and one ancient papyrus sample, derivatizing the OH-groups of the cellulose chain with phenyl isocyanate and dissolving the molecules in THF. They obtained a DP of 5700 for modern Papyrus paper and 800 for the ancient sample. However, this derivatization method has been shown to affect cellulose integrity by chain shortening and oxidation so that the results might be less reliable.
There are huge differences concerning the calculation and elaboration of cellulose DP depending on the method and solvent. Castro et al. [9] used viscosity measurements in 0.5 M cupriethylenediamine (cuen) to measure the DP. For papyrus stripes, they obtained a starting DP of 590, which decreased to 123 after being exposed to 100 °C for 500 h and to 236 after being exposed to a Xenon arc lamp (1000 W/m2) at 65 °C and 25% RH for 500 h. Elnaggar et al. [10] report a DP of 1547 for non-degraded papyri and an even higher DP of 1768 after accelerated aging for 28 days (70 °C, 50% RH). Not all methods of analyzing cellulose DP are equally suitable for different lignocellulosic materials. In the scope of the TAPPI standard T230 for viscosity determinations it is mentioned, that the method is mainly suitable for bleached cotton and wood pulps, as well as for conventional kraft pulps of up to 4% lignin [54]. Given that native Cyperus papyrus L. pith contains around 16% of lignin, around 25% of hemicelluloses and in total less than 50% of cellulose [15, 27], the applicability of viscosity measurements to analyze the degree of polymerization of cellulose in papyrus objects is yet to be confirmed.
For the calculation of DP, we used the weight-average molecular weight (Mw) of the entire distribution of cellulose and hemicellulose [55]. For the relative cellulose Mw decrease with aging time (Fig. 7c) the Mw of the cellulose peak alone was taken, in order to illustrate the strong initial degradation of cellulose chains. The starting DP of papyrus cellulose in our studies was 3000, which stayed constant after aging in darkness, but decreased to 2500 after aging under the influence of light.
Conclusion
Papyri might suffer severely from the influence of light, as shown in this study for commercial papyrus sheets. The effect was not observed under the same humidity conditions in the absence of light. The cellulose degradation is related to radical mechanisms caused by chlorine-containing compounds which were introduced by bleaching of the yellow-colored papyrus sheets to make them appear less yellow. Upon light-aging, a photo-induced color change toward brown appears almost immediately, at least after two days, as clearly detectable by the human eye, but also reflected in CIELAB values. ISO-brightness and FTIR did not provide conclusive information for analyzing this effect.
The color change is accompanied by a strong decrease in tensile strength and tensile energy absorption while maintaining a constant E-Modulus. This indicates that the load-bearing vascular bundles remain largely intact, while the parenchymatic tissue is strongly weakened—an effect commonly observed for ancient papyri as well. At the molecular level, this degradation trend is reflected by a decreasing cellulose DP with irradiation time. SEC-MALS proved to be the most reliable and detailed method for assessing the conservation status of papyri, especially considering the low sample consumption, as it provides accurate molecular data (chain length and oxidation degree) on the molecular level.
Ancient papyri did evidently not experience a chlorine-bleach treatment, as used in the production of modern commercial papyri, although the latter are often regarded as analogous to historic papyrus paper—especially in the production of facsimiles. Therefore, the aging behavior of ancient papyri can follow different pathways and might show degradation patterns different from contemporary commercial papyri, which must be analyzed in detail in the future. The analysis of these model samples showed that papyri might suffer severe consequences from light exposure, at least after certain pretreatments. Therefore, for exhibition purposes, it is recommended to minimize light exposure to ancient papyri and exclude light entirely when papyri are stored. Most definitely, direct exposure to sunlight should be avoided.
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