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a b s t r a c t 

Papyri from past civilizations represent key information sources to understand historical societies and 

their culture. In general, the most critical information usually derives from the inks rather than the sup- 

ports. In this work, we combine several analytical tools, including vibrational spectroscopies (FT-IR and 

Raman) and SEM/EDX spectroscopy, to characterise the inks of various papyri in the Palau-Ribes collec- 

tion (Barcelona, Spain). The Raman spectra corroborate the presence of soot-based inks as the primary 

type. We use a five-peak spectral model for the deconvolution of the first-order region of the Raman 

spectra, which allows us to derive information about the carbon type of the soot-based inks. Further, we 

propose various Raman band ratios for a thorough evaluation of the graphitization process of carbon and 

possible classification of the ancient inks. At the same time, we use multivariate analysis, mainly assisted 

by cluster analysis, principal component analysis, and the Fisher discriminant functions, to enable an ex- 

cellent alternative way to verify the classification and differentiation of the inks safely as a function of 

the historical time. 

© 2021 The Author(s). Published by Elsevier Masson SAS. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Papyri have been widely used in the Mediterranean basin as a 

eneralized means of knowledge transmission for about four mil- 

ennia, especially during the Hellenistic and Roman periods (S. 

II BCE – VII CE). The Physico-chemical characteristics and stabil- 

ty of the inks and the papyrus supports, which largely depend 

n the historical period, contain valuable information about the 

ncient societies. The papyrus supports have a complex matrix, 

oining compounds with similar chemical structures, where cel- 

ulose, lignin and hemicellulose are the main constituents. Fur- 

hermore, the support material can degrade via oxidation, but the 

rimary degradation mechanism is acid hydrolysis [1-3] , break- 

ng the chemical bonds usually through nucleophilic substitution. 
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onetheless, the structural defects and environmental conditions, 

uch as humidity, exposure to light, especially the iron content of 

he ink and the contact surface between support and ink, can alter 

he degradation process [4-6] . 

The inks traditionally used to write on papyri usually group 

ithin three categories: carbon, mixed and iron gall-inks [7] . The 

hree types of ink contain carbon as an essential component, al- 

hough it is mainly in the carbon-based inks and always mixed 

ith different metalloids, metals and natural pigments [8] . Thus, 

he iron gall-inks incorporate soluble complexes formed between 

annins and iron(II) [9] , which by oxidation transform into water- 

nsoluble iron(III) complexes [ 9 , 10 ]. Further, to improve the stabil- 

ty and colour of the inks, the addition of natural products has 

een common practice but its use changes with the historical pe- 

iod, geographical area and purpose of writing [11] . The previous 

tatements highlight the significant analytical challenge for a com- 

lete characterisation of the ancient inks, mainly due to their com- 

lex matrix, linked to the need not to damage the papyri. Nonethe- 

ess, the variability in the ink composition can provide more di- 

erse and detailed information about each historical period. 
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Any systematic study of the inks using non-invasive physico- 

hemical techniques might potentially shed light on their compo- 

ition and consequently on their potential origin and the possi- 

le presence of degradation [ 1 , 12 ]. The main techniques used for

his purpose include particularly those based on vibrational spec- 

roscopy, such as Fourier Transform-InfraRed (FT-IR) spectroscopy 

 13 , 14 ] and particularly Raman spectroscopy [ 10-12 , 15 , 16 ]. Raman

pectroscopy, however, is very sensitive to both crystallinity and 

olecular structures (short-range order), being usually the analyti- 

al tool of choice to study the structural disorder of the crystalline 

aterial. In this way, Raman spectroscopy is adequate to study 

istorical objects, pigments and carbonaceous materials [16-18] . 

dditionally, scanning electron microscopy/energy-dispersive X-ray 

SEM/EDX) spectroscopy and X-ray fluorescence, the last technique 

sing many times synchrotron radiation for excitation [ 14 , 19 , 20 ],

ave also been used to obtain information about the elemental 

ontent [21-22] . 

According to their components, any possible classification or 

ifferentiation of the ancient inks is of great concern to establish 

otential historical correlations. In this respect, there are different 

tatistical models capable of analysing vibrational spectra and ele- 

ental composition [ 13 , 21 , 23 ]. Thus, the linear discriminant anal-

sis combined with SEM/EDX allowed us to differentiate between 

oman and Byzantine inks [21] . Using near IR spectroscopy and 

artial least squares calibration facilitated the pH determination 

nd the degree of polymerisation of the papyrus supports and 

nks [24] . However, to achieve this purpose, various spectral pre- 

rocessing procedures, such as standard normal variate, Savitzky–

olay digital filter and second derivative, have been widely incor- 

orated to optimize the quality of the chemometrics models [25] . 

. Research aim 

This work aims to achieve a consistent chemical characteriza- 

ion of the inks of seven dated papyri in the Palau-Ribes collec- 

ion (Barcelona, Spain), covering a broad historical period (I CE –

III CE) using FT-IR and Raman spectroscopy, in combination with 

EM/EDX. 

This work also aims to find a possible means for dating and 

ifferentiating the ancient inks using Raman band ratios. For this 

urpose, we involve band areas, band intensities, and full-widths- 

t-half-maximum (FWHMs) of the five deconvoluted bands of the 

rst-order region of the Raman spectra. 

Finally, we compare the results obtained using the above age 

ating approach with those found through different multivariate 

nalyses. 

. Material and methods 

.1. Material 

The inks studied in the Palau-Ribes collection (Barcelona, Spain) 

Fig. SI-1) come from the Byzantine period: VIII century (P. Palau 

ib. Inv. 451), VII century (P. Palau Rib. inv. nos. 6, 14, 209), and the

oman period: II century (P. Palau Rib. inv. nos. 125), and I century 

P. Palau Rib. inv. nos. 66, 158). The samples were dry cleaning by 

lowing pressurized air as the only treatment before analysis to 

void dust contamination. 

.2. Raman spectroscopy 

A high-resolution LABRAN HR 800 UV micro-Raman spectrom- 

ter (Horiba-Jobin & Yvon Spex, France), equipped with an Olym- 

us BX41 microscope (x100) and an XYZ motorized platen for au- 

omatic positioning and focalization of the sample, was used for 
56 
ynamical-vibrational studies of ink particles of ng-size. This spec- 

rometer includes a confocal system with 1200 lines/mm diffrac- 

ion grating covering the spectral range 150-2200 cm 

−1 . The spec- 

rometer incorporates a liquid N 2 -refrigerated CCD Symphony de- 

ector, showing a maximum sensibility in the range of 500-850 

m. The excitation wavelength was the solid-state NdYAG unfolded 

aser at 532.1 nm. We adjusted the laser power in the range of 1- 

00% and the nominal power of the laser attenuated using a filter 

0.3 up to 270 ±0.5 μW, with a maximum irradiance of 5 kWcm 

−2 .

nder these experimental conditions, we assure the minimum in- 

asive character of this technique. The acquisition time was in the 

ange 0.5-60 s, an accumulation integration of 2 and bandwidths of 

00 μm, resulting in a spectral resolution of 1 cm 

−1 . We calibrated 

he instrument using the Raman Stokes stretching vibration (Si-Si) 

t 520.7 cm 

−1 from a crystalline Si flat wafer ordered according to 

he crystallographic face (001). 

We fitted the five component bands for calculating the Ra- 

an spectral parameters using the software LabSpec, © Horiba- 

obin&Yvon and Origin 9.0. The protocol of action started from the 

riginal Raman spectrum, under which the baseline generated re- 

roduces the profile of the fluorescence band. A 3-9 degree poly- 

omial baseline was adequate as a standard protocol, which gen- 

rally coincides with a fluorescence band providing direct informa- 

ion about the material studied. We obtained the fluorescence-free 

aman spectrum by comparing the experimental Raman spectrum 

nd the estimated baseline. The mean square deviation indicated 

he goodness of fit, χ2 , showing potential values equal to unity in 

he case of an exact agreement, values in the range 1-3 some con- 

ergence and above 3 zero convergence. 

.3. FT-IR 

We used an FT-IR Spectrometer THERMO IN 10 (Thermo Fisher 

cientific, Waltham, MA, USA), equipped with a microscope and 

CT detector, KBr beam splitter, and Glow Bar source. We placed 

he papyri and ink samples for analysis on a Specac’s high-pressure 

iamond Compression Cell, designed for in-compartment FT-IR 

pectroscopic transmission analysis. Up to 64 scans were co-added, 

sing a 50 to 100 μm bandwidth and 4 cm 

−1 resolution. The spec- 

ra were baseline-corrected and normalized using the maximum- 

inimum normalization in the Origin 9.0 software to minimize 

roblems from baseline shifts. 

.4. SEM/EDX 

We performed electron microprobe analysis of the papyrus sup- 

orts and inks in a JEOL Scanning Electron Microscope (Model JSM- 

480LV), equipped with an energy-dispersive X-ray detection sys- 

em (Oxford D6679 EDS detector), operated under recommended 

onditions (15 kV acceleration voltage and 5 nA probe current). 

fter treating the sample with the electron beam for 100 s, we 

btained each spectrum, whilst the working distance was 10 mm. 

lectron microprobe operated at 85 Pa to assure the physical in- 

egrity of papyri. We analyse the papyri directly. 

.5. Multivariate analysis 

We used two statistical assays, the F-test, which requires a nor- 

al data distribution, and the non-parametric Kruskal-Wallis test, 

o check if each data set comes from different origins (inks). A 95% 

onfidence level two-way ANOVA test allows us to evaluate the in- 

uence of two discrete independent variables (ink and wavenum- 

er) on the dependent variable (absorbance). However, hypothe- 

is testing in ANOVA assays by the F-test assumes a normal dis- 

ribution of the data and equal residual variance in all treatment 

roups, which, if violated, losses of power can result. Nonetheless, 
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Fig. 1. (A) Normalized transmission FT-IR spectra of the seven inks studied. (B) 

Truncated FT-IR spectra from (A). 
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oderate deviations from normality are possible based on the cen- 

ral limit theorem, especially with few samples. In any case, to 

heck a distribution close to normal, we also carried out the non- 

arametric Kruskal-Wallis test for comparison purposes. 

We selected principal components analysis (PCA) as a well- 

stablished technique for reducing the dimensionality of the mul- 

ivariate data. We linearly combined the original variables into or- 

hogonal (independent) principal components (PCs). Only the most 

ignificant PCs were used but preserving most of the variance. The 

emaining PCs are presumed random noise in the data and ignored 

ithout reducing helpful information representing the data. 

We also used Discriminant Function Analysis (DFA) to differen- 

iate between groups based on the retained PCs. According to the 

uclidean distance between groups in DFA space and following the 

rimarily known hierarchical cluster analysis (HCA), an agglomer- 

tive clustering algorithm constructs a dendrogram. Dendrograms 

raphically represent the spectral similarities and classification of 

he objects (analytes) under study. We used the Origin 9.0 software 

o implement these methods. We select the wavenumber regions 

ssayed, stated throughout the text, from the IR (normalized ab- 

orbance intensity) and Raman spectra according to the most rep- 

esentative functional groups. 

. Results and discussion 

We included a previous characterisation of the papyrus sup- 

orts by FT-IR spectroscopy (Fig. SI-2) in Supplementary Infor- 

ation for reference purposes. Furthermore, we also incorporated 

everal crystallinity indexes to evaluate the crystallinity degree of 

he lignocellulosic material (Fig. SI-3). 

.1. Spectroscopic characterization of the inks 

The FT-IR spectra of the inks ( Fig. 1 A, B) show a carbonyl IR re-

ion stronger than in the supports case (Fig. SI-2), which suggest 

 higher oxidation degree. Minor contributions from the papyrus 

upports are possible since the analyses of the inks were made di- 

ectly without isolation from the support. Nonetheless, the IR spec- 

ra of both supports and inks differ, as stated in their derivative 

orm in Fig. SI-2 (C). The ester function, related to the peak around 

710 cm 

−1 , was noted for all inks, whilst the carbonyl IR peak 

t ∼1667 cm 

−1 , ascribed to α-diketones and α, β-unsaturated car- 

onyl groups, was mainly present in ink 6. Nonetheless, this peak, 

ogether with those at 1324, 797 and 775 cm 

−1 , also correlate 

ith the presence of oxalates [26] . Furthermore, the OH stretch- 

ng vibration picking around ∼3400 cm 

−1 ( Fig. 1 A) is broader 

han the corresponding IR peak from the supports (Fig. SI-2A). 

he crystallization water provides narrow IR bands around 3633 

nd 3698 cm 

−1 due to the terminal OH groups weakly hydrogen- 

onded to oxygens and an abroad maximum at 3350-3430 cm 

−1 

elated to the OH groups involved in water-to-water hydrogen 

onding ( Fig. 1 A, Fig. SI-4). The overlapped weak peak around 

578 cm 

−1 , especially noted for the ink 451, is likely from alkenes, 

sually present in binders. Alkyl chains correlate with IR peaks 

t 1377-1411 cm 

−1 due to CH 2 bending and those attributable to 

H sp 3 stretching at 2915 and 2847 cm 

−1 . Remarkably, the co- 

xistence of the IR peaks at 2915, 1411 and 1377 cm 

−1 could 

uggest the typical binder gum Arabic [27] , containing mainly D- 

alactose, L-arabinose, L-rhamnose and several organic acids, such 

s D-glucuronic and 4-O-methyl-D-glucuronic, although any other 

olysaccharide would also contribute. Gum Arabic acts as a sus- 

ension agent, facilitating the flow of the ink and inhibiting cellu- 

ose degradation. On the other hand, the IR region 1100-1500 cm 

−1 

hows typical features of the aromatic rings. 

Some IR peaks in the fingerprint region also relate to com- 

ounds involving some particular metals and metalloids. Thus, sil- 
57 
con, usually as SiO 2 , typically generates IR peaks at 1070 and 797 

m 

−1 ( Fig. 1 B), together with the band at 1039 cm 

−1 assigned to

he out-of-plane symmetric Si–O–Si mode. Nonetheless, the peak 

t 797 cm 

−1 also links to the C-SH bending vibrations [28] . A sin-

le Mg–O stretching band around 3698 cm 

−1 ( Fig. 1 A) ascribes to 

entrosymmetric hydroxyl groups [29] . Characteristic IR peaks at 

102 and 991 cm 

−1 ( Fig. 1 ) originate from stretching vibrations of 

O 4 
2 − ions [ 30 , 31 ], visible for the ink 6. On the other hand, the

houlder about 810 cm 

−1 ( Fig. 1 B) might attribute to acid sulphate 

–HSO 4 −) [32] . 

Notwithstanding, detection of the mentioned elements was bet- 

er by SEM/EDX spectroscopy ( Fig. 2 , Fig. SI-5). Fig. 2 shows box- 

lots with the main elements found in the inks (and the corre- 

ponding supports for comparison) 6 (VII CE), 158 (I CE) and 209 

VII CE). It is worth noting the absence of lead and copper in the 

nks here studied; the absence of the last one facilitates a possible 

elay in the ageing process of the pigments [33] . The high potas- 

ium and calcium contents probably come from the raw materials, 

hile phosphorous and sulphur link to the possible involvement of 

oth organic and inorganic compounds. The aluminium, potassium, 

nd silicon contents are higher in the inks than in the supports, 

howing some differences depending on the selected papyrus. 

The iron content also predominates in ink against the support 

ince some are exempt from this metal ( Fig. 2 ). As a whole, the

ron content in all inks studied is very similar ( Fig. 3 ), although

he most recent inks (Byzantine) have, on average, slightly higher 

ron levels than the inks from the first centuries (Roman). We used 

n internal reference to compensate for some possible changes to 

stablish a tentative tool for rapid differentiation between Roman 

nd Byzantine inks. Thus, taken the Ca content as an internal refer- 
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Fig. 2. Box-plots of the main elements found in the inks (I) and supports (S) for 

three representative papyri: (A) 6 (VII CE), (B) 209 (VII CE) and (C) 158 (I CE). 
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nce, we found that the highest proportions of some elements (Na, 

e) predominate in the Byzantine period, while others (Si, Al) are 

imilar ( Fig. 3 ). Contrarily, the content of calcium is always higher 

n the Roman inks. We choose calcium as a reference because it 

hows a precise opposite or positive correlation with the other se- 

ected elements for the Roman and Byzantine periods (Table SI-1, 

able SI-2). Only iron show a similar positive correlation for both 

eriods (Table SI-1 and Table SI-2). These plots or any other similar 

re valuable tools to establish initial pictorial differences between 

he Roman and Byzantine inks. 

Micro-Raman spectroscopy provided additional light to the ink 

omposition using the ink-free papyrus as a pictorial substrate and 

nstrumental blank. Fig. 4 A shows the micro-Raman spectra of the 

lack inks 6 (VII CE) and 209 (VII CE), which are comparable to 

hose obtained by other authors [34] for other papyri. All Raman 
58 
pectra (Fig. SI-6) show intense bands in the first-order Raman re- 

ion 110 0–180 0 cm 

−1 , which characterise the carbon-based inks 

 10 , 12 , 15 , 34-38 ]. The two strong, broad peaks of the first-order Ra-

an region picking at 1360 and 1570 cm 

−1 ( Fig. 4 A, B) ascribe

o the C-C stretching vibrations within the polyaromatic structure 

f little organized carbonaceous material. Conclusively, the car- 

on black inks of this work mainly contain the smoke black pig- 

ent (soot or amorphous carbon), although with minor amounts 

f some metals and metalloids. In other words, the main con- 

tituent is carbon structurally disordered by network imperfec- 

ions, mixed with minor contents of some organic and inorganic 

ompounds [ 34 , 39 ], suggesting a plant origin. The inks studied 

annot be grouped as typical iron-gall inks, firstly because the Ra- 

an spectra do not show the typical features of the iron-gall inks, 

nd secondly, the iron levels, similar to those of calcium and potas- 

ium, are only a little higher than those found for the correspond- 

ng supports. However, the typical iron-gall inks have iron contents 

t least ten times higher than the supports [ 15 , 22 , 40-43 ]. 

According to the following degradation sequence, the original 

arbonaceous material of the black inks degrades nanocrystalline 

raphite, amorphous carbon and sp 3 tetrahedral amorphous car- 

on, whose typical features display in the Raman spectra. The best 

ay to know the degree of graphitization of the carbon black inks 

s by deconvolution of the two broad bands at 1360 and 1570 cm 

−1 

 Fig. 4 B) [ 44 , 45 ] and the use of various integrated areas ratios (Ta-

le SI-1). To better understand the inks’ graphite type, we used 

 spectral model of five bands to deconvolution the Raman spec- 

ra’ first-order region [ 38 , 46 ]. The five-band spectral deconvolution 

odel incorporates four Gaussian-Lorentzian bands ( G, D 1 , D 2 , D 4 ) 

deally located around 1580, 1350, 1620, and 1200 cm 

−1 , respec- 

ively, and a fifth Gaussian band ( D 3 ) at ∼1500 cm 

−1 ( Fig. 4 B).

hese five-component bands are the most appropriate to evalu- 

te the first-order Raman spectra of the carbon black ink, although 

heir relative positions and intensities are sensitive to the excita- 

ion wavelength due to the resonance effect [ 47 , 48 ]. The G band,

risen from the doubly degenerate zone centre phonons of E 2g 

ymmetry, appeared in this work at 1562-1581 cm 

−1 (theoreti- 

ally in the range 1500-1630 cm 

−1 ). This band results from the 

ontribution of in-plane stretching vibration of any pair of C sp 2 

toms in both aromatic and olefinic molecules, although the sp 2 

hains alone raise this band even up to 1690 cm 

−1 [ 35 , 49 ]. The

 1 defect band ( K -point phonons of A 1g symmetry), providing Ra- 

an shifts at 1348-1367 cm 

−1 , comes from the breathing mode 

f sp 2 atoms (C = C bonds) in clusters of about six-fold aromatic 

ings [49] . The D 1 band only appears in the presence of in-plane 

efects, edges (as oxides), disorders [45] , and metals and metal- 

oids [50] . The Raman shift of the D 2 band, falling in the range

601-1611 cm 

−1 , typically derives from high contents of oxidised 

p 2 carbons, graphite intercalation compounds, and trace amounts 

f residual mono- or di-benzene species [51] . The D 3 defect band, 

overing values 1464-1531 cm 

−1 , relates to very poorly crystallized 

amorphous) graphite. The intensity of the D 3 band decreases with 

xidation of the amorphous carbon, which usually oxidizes more 

uickly than the graphitic crystallites. Finally, the D 4 band, which 

ppeared in the range 1181-1279 cm 

−1 , assigns to sp 2 - sp 3 bonds or

-C and C = C stretching vibrations of polyene-like structures (hy- 

rocarbons or aliphatic moieties embedded on the disordered car- 

on network). 

.2. Assessing Raman band ratios for grouping of the inks 

Different processes, such as the manufacturing process and 

hermal and oxidative stress, are responsible for graphite disor- 

er, increasing with time. The age of the papyri encompasses the 

hole contribution of all factors affecting degradation. To evalu- 

te the degree of the disorder, we can use several parameters from 
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Fig. 3. Content of Fe, Na, Si, and Al versus the content of Ca for the Roman and Byzantine papyri. 
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R  
he Raman spectra. Among them, the full-widths-at-half-maximum 

FWHM) fundamentally of the D and G bands, the Raman shifts 

f the deconvolution bands, intensity/FWHM ratios and any other 

ossible relationship can provide information about the state of 

egradation. From the deconvolution bands, only D 4 shows some 

hift with age (Fig. SI-7), while the positions of the G and the 

ther D bands are nearly constant (Fig. SI-7). The range of the Ra- 

an shifts of the D 1 (1367-1348 cm 

−1 ) and G (1581-1562 cm 

−1 ) 

ands range equally, denoting some graphitization and suggesting 

he presence of an amorphous phase with a high sp 2 / sp 3 ratio. 

On the other hand, Fig. SI-8 displays the FWHM values of the 

 and D i bands versus the corresponding Raman shifts. Fig. SI-8 

hows that the D 1 and G widths cover a narrower range of wave- 

engths than the other peak ( D 2 , D 3 , D 4 ). Further, the widths of

he Roman papyri (66, 125, 158) take values closer to each other 

han the Byzantine ones (6, 14, 209, 451). In addition, the D 4 

ands show a blue shift for some of the Byzantine papyri (Fig. 

I-7, Fig. SI-8). Some authors have established relationships be- 

ween the G -band position and its FWHM [52] . Thus, large values 

f FWHM G and a G band position above 1580 cm 

−1 indicate sig- 

ificant structural disorder in the presence of the D peaks [53] . 

owever, in this work, we have never found G band positions 

eyond 1580 cm 

−1 (Fig. SI-8). As the defects increase, nanocrys- 

alline graphite forms and the G band is blue-shifted [ 10 , 24 , 25 ],

lthough to a small extent in this work (Fig. SI-8). The aver- 

ge dispersion values of FWHM Di vary according to D 3 > D 2 , 

 4 > D 1 (Fig. SI-8), which suggests the predominance of the 

morphous carbon, oxidised sp 2 and sp 2 - sp 3 bonds (polyene-like 

tructures), as highlighted above for each deconvolution Raman 
and. 3

59 
For a more detailed assessment of the degradation degree of 

he carbonaceous material of the inks and their possible classifica- 

ion, we first evaluated several integrated area ratios ( RA 1 , RA 2 , R’ 2 
nd R’ 3 ) (Table SI-3), widely used in other fields [54] , which involve

 mixed contribution from various of the five deconvolution bands. 

hus, di-benzene species (from D 2 ) together with amorphous (from 

 3 ) and defect-free (from G ) carbon contribute in more signifi- 

ant extension than the very disordered network and metals ac- 

ording to the small values of RA 1 (Table SI-3). The values found 

or RA 1 larger than 0.5 indicate that the contribution from D 1 + D 4 

ould be more significant than that of D 2 + D 3 + G . Similar informa-

ion would provide the values of RA 2 above the unity, indicating 

ignificant contributions from D 1 and D 4 compared to D 2 + D 3 + G .

lternatively, if the contribution of D 1 matches that of G + D 2 , the

arameter R’ 2 would take values around 0.5. Similarly, for R’ 3 but 

onsidering the contribution from D 3 instead of D 2 . According to 

hese results (Table SI-3), amorphization of the carbonaceous ma- 

erial would be the leading cause of degradation of the inks 6 (VII 

E), 66 (I CE), 125 (I CE), 14 (VII CE) and 451 (VIII CE), whilst the

nks 158 (I CE) and 209 (VII CE) would suffer more substantial 

egradation from the presence of metal(loid)s. Nonetheless, most 

f the integrated area ratios ( RA 1 , RA 2 , R’ 2 and R’ 3 ) included in Ta-

le SI-3 vary within a very narrow range, making it challenging to 

nterpret small changes between papyri. 

Consequently, alternative band ratios are worth using based 

n the deconvolution bands’ intensity (peak height) to solve this 

roblem and for a more thorough evaluation of the degradation 

rocess. Thus, the following intensity ratios, R 1 = I D1 /I G , R 2 = I D2 /I G ,

 3 = I D3 /I G , and R 4 = I D4 /I G (abbreviated R i = I Di /I G , where i = 1, 2,

, 4 ) remark the contribution of each deconvolution Raman peak, 



F.J. Pereira, R. López, N. Ferrer et al. Journal of Cultural Heritage 52 (2021) 55–64 

Fig. 4. (A) Original micro-Raman spectra of the inks 6 (VII CE) and 209 (VII CE). 

(B) A truncated micro-Raman spectrum of the ink 66 (I CE) and its spectral decom- 

position in the five deconvolution Raman bands ( G, D 1 , D 2 , D 3 and D 4 ) with their 

convolution band. 
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Fig. 5. Intensity ratios (A) and FWHM ratios (B) versus the seven papyri studied. 
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aken as reference the non-degraded material ( G peak). These in- 

ensity ratios show an apparent inverse relationship with the pa- 

yri age ( Fig. 5 A) and can be used to characterize intermediate- 

nd high-grade graphite [55] . Each R i ratio from the same papyri 

an show some differences from one sampling spot to another due 

o the usual measurement errors and minor heterogeneities usu- 

lly present in these samples, but they do generally not confirm 

he existence of different types of inks [56] . The R 1 ratio, which 

hrives with the formation of sp 3 -bonded carbon-hydrogen clus- 

ers, graphite edges, and small aromatic ring clusters [45] , ranges 

etween 0.9 and 2.0, indicating structural disorder and measuring 

he defect density of the graphite. Values of R 1 above unity sug- 

ests some participation of metals in the graphitization process. 

ontrarily, small values of R 2 , R 3 and R 4 means relatively minor 

mounts of oxidised sp 2 carbons, amorphous graphite, and low lev- 

ls of polyene-like structures, respectively. According to the values 

f the different R i ratios of this work, the ink 209 (VII CE) suf-

ered an intense disorder of the graphite network compared with 

nk 6 (VII CE), which contains more significant amounts of defect- 

ree crystalline graphite. On the other hand, the amount of resid- 

al carbonaceous species (mono- and di-benzene species) in ink 

4 (VII CE) is higher than in ink 6 (VII CE). As a whole, the I Di /I G 
atios take smaller values for the Roman inks than for the Byzan- 

ine inks ( Fig. 5 A). Thus, the I D1 /I G ratios take values around and

bove unity 1.0 for Roman and Byzantine inks, respectively, whilst 

he other intensity ratios ( R 2 , R 3 and R 4 ) have values always below

Roman) and above (Byzantine) 0.5. 

Alternative to the intensity ratios, we also assayed the FWHM 

elationships to characterise the carbonaceous material. However, 
60 
he FWHM G and FWHM Di values grow with the structural dis- 

rder, excitation wavelength and type of carbon [ 35 , 49 , 57 ]. For

his reason, the use the FWHM Di /FWHM G ratios ( Fig. 5 B) is bet-

er to provide more accurate values because both FWHM Di and 

WHM G would experience the same possible alteration compen- 

ating each other. Fig. 5 B shows the FWHM Di /FWHM G (or W Di /W G )

atios against the inks, providing W D2 /W G and W D3 /W G growth par- 

icularly the last one, similarly to the information found in Fig. 5 A. 

Notwithstanding, we also used other plots to establish reliable 

roupings tentatively. Thus, the I Di /I G and W Di /W G ratios versus W Di 

 Fig. 6 ) show that the Roman inks (66, 125, 158) are more closely

rouped compared to the Byzantine ones (6, 14, 209, 451). The 

est differentiation between both types of inks (Roman and Byzan- 

ine) results using the I D4 /I G ( Fig. 6 A) and W D1 /W G ( Fig. 6 B) ratios,

lthough the other two I D1 /I G ( Fig. 6 A) and W D4 /W G ( Fig. 6 B) ra-

ios also provide helpful information. Thus, the older inks showed 

maller values of W D4 for the I D4 /I G ( Fig. 6 A) and W D4 /W G ( Fig. 6 B)

atios and higher values of W D1 for the I D1 /I G ( Fig. 6 A) and W D1 /W G 

 Fig. 6 B) ratios. In summary, this type of plot may be suitable for

stablishing a clear differentiation between the Roman and Byzan- 

ine inks. 

.3. Chemometric analysis 

To establish differences in the origin of the inks, we com- 

ared the IR spectra of the inks in the wavenumber range 700- 

800 cm 

−1 using a two-way analysis of variance. The p -values 

0.01) derived from this analysis ( Table 1 ) indicate dissimilarity 

etween the IR spectra of the inks. Differences in the IR spec- 

ra appear not only in the maximum absorbance but also in the 

eighbouring wavenumbers. A few inks show qualitative similarity 

n their chemical composition but quantitative differences, allow- 
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Table 1 

Correlation matrix showing p -values of the two-way ANOVA test (top box) and the Pearson cor- 

relation coefficient (bottom box) for the seven inks evaluated. 

Inks 66 (I) 158 (I) 125 (II) 6 (VII) 14 (VII) 209 (VII) 451 (VIII) 

66(I) 0.49836 0.08800 0.35200 0.21269 0.18500 0.22570 

0,89794 0,94216 0,58354 0,92931 0,93029 0,96496 

158(I) 0.30298 0.40774 0.21079 0.23490 0.38900 

0,90111 0,80641 0,83483 0,88518 0,93952 

125(II) 0.73025 0.24300 0.03200 0.08200 

0,60599 0,91860 0,99053 0,98118 

6(VII) 0.61205 0.41230 0.66583 

0,47934 0,58393 0,64526 

14(VII) 0.13400 0.05100 

0,93592 0,94925 

209(VII) 0.08700 

0,98177 

451(VIII) 

Fig. 6. The I Di /I G intensity ratios (A) and W Di /W G ratios (B) versus the W Di of each 

defect peak where W is synonymous with FWHM. 
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l  
ng the conclusion that the papyri studied derive from populations 

ignificantly different at the 0.05 significance level (Chi-Square: 

90.18471; DF: 6; Prob > Chi-Square: 1.03618E-59). Notwithstand- 

ng, to avoid the normality distribution of the samples, we also 

pplied the non-parametric Kruskal-Wallis test, reaching the same 

onclusion. 

On the other hand, checking wavenumber regions between 700 

nd 1800 cm 

−1 from the FT-IR data and similarly using the sec- 

nd derivative Raman spectra, the Pearson correlation coefficients 

 Table 1 ) show relationships between inks similar to those de- 

ived from the two-way ANOVA test. The matrix correlation allows 

s to visualize associations existing among the inks by preserv- 

ng the overall coherence of the dataset. No positive correlations 

 p < 0.01) turned out between the inks, indicating dissimilarity 
61 
n their chemical composition. The Kaiser-Meyer-Olkin value was 

.789, while Barlett’s test of sphericity (951.70) reached statistical 

ignificance (p < 0.001), which support the factorability of the cor- 

elation matrix. 

The grouping process using PCA was coherent as a whole 

 Fig. 7 ). Using the same spectral regions from the Raman and FT-IR 

pectra, we can derive 3D plots with a clear grouping of the inks 

I) and supports (S) ( Fig. 7 ). Fig. 7 A shows that the positive values

f PC1 (46.3%) contribute enormously to the inks and the negative 

alues to the supports. However, a less uniform response presents 

he contribution of PC2 (18.2%) and PC3 (13.3%). Fig. 7 B shows that 

he FT-IR spectroscopy data provide a narrower grouping between 

upports than between inks. The contrary derives from the Ra- 

an data ( Fig. 7 A), which explains that the peaks of the Raman 

pectra come from constituents, mainly inorganic, differing in both 

upports and inks. However, the FT-IR spectra show intense peaks 

ue to similar organic functional groups in both supports and inks. 

rouping of the inks alone according to their historical time was 

lso possible using Raman spectroscopy ( Fig. 7 C), with similar re- 

ults to those found using the Raman band ratios ( W Di /W G and 

 Di /I G ratios) ( Fig. 6 B). 

Notwithstanding, the plots using two principal components (PC) 

ith eigenvalues exceeding 1, explaining ∼97% variance, show the 

nks and supports separately grouped ( Fig. 8 A, Fig. SI-9). The lines 

n Fig. 8 A show the projections of the original data onto the 

C axis. Positively correlated variables come together, while those 

egatively correlated are on opposite sides of the plot origin. In 

hese plots, the distance to the origin measures the quality on 

he factor map. Thus, the further away from the origin, the better 

epresented. A similar positive contribution of PC 1 (87.00% vari- 

nce) to both the supports and the inks was evident, representing 

he fundamental contribution from the standard organic compo- 

ents present in the inks and supports. However, apparent differ- 

nces appeared for the PC 2 (10.20% variance) contribution, pos- 

tively for the inks and negatively for the supports, which would 

esult from differences in the metal and metalloid contents in both 

nks and supports. However, individual differences between the 

nks also exist ( Fig. 8 A). The group of the supports is very close,

hich points to some similarity in their components. Contrarily, 

he group of the inks is more expanded, where the ink 6 (VII CE) 

iffers concerning the ink 158 (I CE), and much more with the 

ther inks, which agrees with the results set presented in the pre- 

ious sections. Using the Raman range 10 0 0-180 0 cm 

−1 , a clear

rouping of the Roman inks (66, 125, 158) was also possible (Fig. 

I-10). 

HCA allows us to classify the samples according to their similar- 

ties in chemical composition. Dendrograms from HCA render sta- 

istically significant clusters depending on the D link /D max ratio se- 

ected ( Fig. 8 B). Fig. 8 B shows a dendrogram using the FT-IR spec-
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Fig. 7. 3D plots show a grouping of the inks (I) and supports (S) using 2 nd deriva- 

tive Raman spectra (70 0-180 0 cm 

−1 ) (A) and transmission FT-IR (70 0-180 0 cm 

−1 ) 

(B). (C) Grouping inks alone using 2 nd derivative Raman spectra (70 0-180 0 cm 

−1 ) 

where the blue and green colours represent Roman and Byzantine inks, respectively. 

Inside and outside the circles are the inks or supports from the same period. 
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Fig. 8. (A) 2D plot using the FT-IR range 70 0-180 0 cm 

−1 showing the grouping of 

the inks (I) and supports (S). (B) Dendrograms showing a Euclidean distance applied 

to the FT-IR spectra range 70 0-180 0 cm 

−1 from the supports (in black) and inks (in 

blue) 
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ra range 70 0-180 0 cm 

−1 , illustrating a clear differentiation be- 

ween the inks and the papyrus supports. Thus, a shorter distance 

inkage appeared for the inks 66 (I CE), 125 (II CE) and 158 (I CE),

hich constitutes the first group, including the older inks (Roman 

nks). Meanwhile, the distance linkage is much more than twice 

he others for inks 6 (VII CE) and 14 (VII CE), remarked by the 

ignificant difference in their chemical composition. There is also 

ome similarity between the inks 209 (VII CE) and 451 (VIII CE), 

howing a short distance linkage. Nonetheless, the distance link- 

ge between the papyrus supports is shorter, representing a logi- 

al situation as above stated. Alternatively, HCA allows us to group 

he inks according to age, using Raman and FT-IR spectroscopies 

 Fig. 9 ). 
62 
Notwithstanding, to improve the chances of the best differenti- 

tion between Roman and Byzantine inks, we used the general lin- 

ar discriminant analysis (LDA) to look for a linear combination of 

ariables [21] , finding prediction equations for differentiation be- 

ween the inks. Applying the discriminant function of Fisher, we 

ound several IR and Raman bands very adequate statistically for 

stablishing significant differences between the Roman and Byzan- 

ine inks. Thus, we carried out LDA using intensity peak ratios and 

WHMs of four IR bands selected at 1375-1400 cm 

−1 (Peak 1), 

635-1640 cm 

−1 (Peak 2), 2910-30 0 0 cm 

−1 (Peak 3), and 3335- 

410 cm 

−1 (Peak 4). We found two types of equations for the dis- 

rimination and classification of the inks. First, two classificatory 

pproaches are possible using intensity ratios, or FWHM of the IR 

entioned peaks, according to the equations, 

 

I 
IR = − 7 . 514 + 3 . 473 ( I Peak 4 / I Peak 3 ) (1) 

nd 

 

W 

IR = − 18 . 397 + 0 . 053 ( W Peak 4 ) (2) 

he parameter F I IR takes values below zero for the Roman inks and 

bove zero for the Byzantine inks. However, the contrary occurs 

sing the parameter F W 

IR . 

Alternatively, we also arrived at the two following equations us- 

ng intensity ratios of the IR peaks 4 and 3, 

 

I 
IR = − 21 . 971 + 22 . 658 ( I Peak 4 / I Peak 3 ) (3) 



F.J. Pereira, R. López, N. Ferrer et al. Journal of Cultural Heritage 52 (2021) 55–64 

Fig. 9. Dendrograms grouping the Roman (66, 125, 158) and Byzantine (6, 14, 209, 

451) inks using Euclidean distances applied to the FT-IR spectra range 130 0-170 0 

cm 

−1, and the Raman spectra range 10 0 0-180 0 cm 

−1 . 
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I′ 
IR = − 34 . 782 + 28 . 680 ( I Peak 4 / I Peak 3 ) (4) 

n this occasion, when we applied Eqs. (3) and (4) to one ink, if

 

I 
IR > Z 

I′ 
IR , the ink is classified as Roman, while we grouped the ink

s Byzantine if Z I 
IR 

< Z I′ 
IR 

. 

On the other hand, we can also use the FWHM of the IR peak 4,

nd according to the LDA, we found the two following equations, 

 

W 

IR = − 187 . 760 + 1 . 034 ( W Peak 4 ) (5) 

 

W ′ 
IR = − 157 . 130 + 0 . 945 ( W Peak 4 ) (6) 

imilarly, as above, we applied Eqs. (5) and (6) to one ink. If Z 

W 

IR >

 

W ′ 
IR , the ink is considered as Roman, while it would be Byzantine 

f Z W 

IR < Z W ′ 
IR . 

We also used the Fisher discriminant functions to group the 

nks but working with intensity peak ratios of two Raman bands 

elected at 1330 cm 

−1 (Peak 1) and 1590 cm 

−1 (Peak 2). We found 

he following equation, 

 

I 
R = − 31 . 072 + 25 . 031 ( I Peak 2 / I Peak 1 ) (7) 

he parameter F I R of Eq. (7) takes values above zero for the Roman 

nks and below zero for the Byzantine inks. Nonetheless, the two 

ollowing equations are also possible, 

 

I 
R = − 518 . 568 + 805 . 577 ( I Peak 2 / I Peak 1 ) (8) 

 

I′ 
R = − 457 . 865 + 756 . 893 ( I Peak 2 / I Peak 1 ) (9) 
63 
hen we applied Eqs. (8) and (9) to one ink, if Z 

I 
R > Z 

I′ 
R , the ink

s Roman, whilst it is Byzantine on the contrary situation, Z I R < Z I′ R .

esults from this work show LDA as a useful statistical tool for the 

uccessful classification of the inks. 

. Conclusions 

Vibrational spectroscopies and SEM/EDX behaved properly as 

urface and subsurface analysis techniques to obtain critical in- 

ormation about the chemical composition of the inks. The first 

ifference between inks was establishing plots with several ele- 

ents against calcium as a reference, where aluminium, silicon, 

odium and iron content make the difference. Nonetheless, with 

arious intensity and width ratios of the deconvolution Raman 

ands, micro-Raman spectroscopy resulted in powerful approaches 

or characterizing and grouping the inks. Thus, the low-intensity 

atios ( R i ) relate to the Roman inks, whilst the high values of R i 
oncern Byzantine ones. Similarly, the smaller values of W D4 cor- 

elate with the smaller values of I D4 / IG and W D4 /W G , whilst the

igher values of W D 1 with the higher values of I D1 /I G and W D1 /W G .

onclusively, the use of intensity ratios and width ratios could pro- 

ide utility for the characterisation of ancient inks. 

On the other hand, sorting by the age of the inks was also 

easonably possible by PCA, HCA, and Fisher’s discriminant func- 

ions, which proves that multivariate analyses help and comple- 

ent other analytical tools. Conclusively, the most likely ink found 

n this work turned out to be like the soot-ink type, mixed with 

ifferent small amounts of metals and metalloids (mixed inks). 

otwithstanding, additional research is adequate to fine-tune the 

roposed methodology. 
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