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Abstract A database of historic paper properties

was developed using 729 samples of European origin

(1350–1990), analysed for acidity, degree or poly-

merisation (DP), molecular weight of cellulose,

grammage, tensile strength, as well as contents of

ash, aluminium, carbonyl groups, rosin, protein, lignin

and fibre furnish. Using Spearman’s rank correlation

coefficient and principal component analysis, the data

were examined with respect to methods of manufac-

ture, as well as chemical stability of paper. Novel

patterns emerged related to loss of DP and accumu-

lation of carbonyl groups and acidity with time and the

role of lignin and rosin, as well as rate of degradation

(k = 10-5 year-1) at room conditions. In-depth under-

standing of long-term degradation of lignin and rosin

is needed to better understand the relationships

between composition and degradation of historic

paper. This study highlights the importance of mining

significant volumes of analytical data, and its vari-

ability, obtained from real historic objects.
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Introduction

As one of the first globalised industries, papermaking

was introduced to Europe in the 12th Century (Burns

and Lindgren 1996; Hunter 2011). After the invention

of the printing press in the fifteenth Century in Europe

and until the advent of digital media, it served as an

almost exclusive data carrier. As a consequence,

libraries and archives are now tasked with the

management of kilometres of shelving. While estab-

lished conservation practices are enshrined in inter-

national standards (BS:4971 2017), and manual and

industrial papermaking has itself been the subject of

intensive historical research (Clapperton and Hender-

son 1947; Stromer 1993; Lucas 2005), our knowledge

of long-term material degradation is still mainly based

on the inference from accelerated degradation exper-

iments using a small selection of model and historical

material samples (Zou et al. 1996a; Barański et al.

2005; Strlič and Kolar 2005). To overcome this

limitation, our research focuses on the survey of a

large collection of historic papers of European origin,

presenting the most comprehensive database of chem-

ical and mechanical material properties with a view

not only to investigate patterns of raw material use

throughout history, but also to explore any interde-

pendencies between composition and degradation that

can have a bearing on conservation research and

practice.

The database contains 729 historic paper samples of

European origin (1350–1990). The samples cover

three categories: (i) rag papers (gelatine); (ii) ground-

wood-containing papers (groundwood); and (iii)

bleached-pulp containing papers (bleached). In addi-

tion to the date of sample production (dat), 14

properties that define paper compositions and state

of degradation are of interest: viscometric degree or

polymerisation (DP) and molecular weight (MW,

g mol-1) of cellulose, tensile strength (TS, N),

grammage (grm, g m-2), acidity (expressed as pH),

contents of ash (ash, %), aluminium (Al, mg g-1),

carbonyl groups (car, mmol g-1), rosin (ros, mg g-1),

protein (pro, %) and lignin (lig, mg g-1), as well as

the content of three sources of fibrous material that

were mainly used for historic European paper (2)—

groundwood fibres produced directly from wood using

thermomechanical processes (woo); cotton, linen and

hemp rags, or native cotton fibres (cot); and partly

delignified wood-derived cellulose fibres using vari-

ous bleaching methods (cel).

Materials and methods

Sample selection and categorisation (gelatine,

bleached, lignin)

1373 naturally aged paper samples were collected for

the purpose of the SurveNIR project, spanning over

the fourteenth to the twentieth century. Geographi-

cally, the samples were obtained by donation of

purchases through antique shops in diverse European

countries (Fig. 1a). 67% are known to be of European

origin, i.e. the volumes have been published in a

European country, it is therefore possible to assume

that paper was made in Europe as well. For 4% of

samples, the publisher was either US or from

elsewhere, while for 30% of samples it isn’t possible

to unequivocally determine the origin, however, as

they were written/printed in European languages it is

possible to claim that the majority of papers in the

current study came from European sources that exhibit

a range of variability in properties and represent the

most important paper types in Western libraries,

archives and museums, including rag papers, bleached

pulp containing papers, groundwood containing

papers, post-1990 produced papers and coated papers.

Despite significant effort, the samples produced before

1800 are significantly under-represented.

For the purpose of the research presented in the

paper, only pre-1990 and non-coated paper samples

were selected to reduce the diversity of papermaking

practices and because papers produced post-1990 are

predominantly alkaline and thus stable. Coated sam-

ples were not taken into account as coating technolo-

gies need more in-depth historical research.

Initially, the samples were categorised as rag papers

(i.e. gelatine-sized, denoted as ‘gelatine’) on the basis

of the presence of papermaking sieve marks and

random orientation of fibres, indicative of manual

sheet formation. Classification into ‘bleached’ or

‘groundwood’ categories was primarily based on

fibre furnish analysis, i.e.\ 20% of groundwood fibres

was considered to be bleached paper category and

[ 20% as groundwood paper category. The sec-

ondary criterion was the content of lignin, if this was
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[ 50 mg/g, paper was considered to be groundwood

paper category and if less, it was considered to be

bleached. Categorisation is thus partly based on

conservation experience and partly on chemical

analyses.

Samples for analysis were taken from areas without

print, ink or visible degradation due to water or mould,

in order to achieve representativeness and reduce the

interference of minor factors contributing to degrada-

tion. To conduct all the analyses, several pages from

each book were necessary, taken from the centre of a

book, with 1-cm margins discarded, to avoid any edge

effects.

Date of production (dat)

For the purpose of the research presented in the paper,

only pre-1990 and non-coated paper samples were

selected to reduce the diversity of papermaking

practices. The age of samples (Fig. 1b) was deduced

from the age a volume has been printed, although

paper could have been manufactured prior to printing.

For manuscripts, determination of age (dat) was often

not possible and the database contains 92 out of 137

rag papers that do not have an associated date. There

are 597 out of 729 samples in the database with dat

available.

Where the approximate period of production could

be obtained from contextual information (a non-dated

paper within a collection of dated papers, manuscripts

or printed books), then the median date was taken as

dat, e.g. 1400–1450 was translated to 1425.

Fibre furnish analysis (cel, cot, woo)

Quantitative fibre furnish analysis was carried out to

determine the percentage composition of cellulose,

cotton and wood-derived fibres based on BS 7463-1

(1991): groundwood fibres produced directly from

wood using thermomechanical processes (woo); cot-

ton, linen and hemp rags, or native cotton fibres (cot);

and partly delignified wood-derived cellulose fibres

using various bleaching methods (cel).

Approximately 250 mg was sampled from different

parts of each paper sheet and prepared according to the

standard procedure. The number of crossings of

various types of fibres with the counting line was

counted under an optical microscope and the mea-

surements were transformed into proportion by weight

by application of weight factors. Woo, cot and cel

were determined for all the 729 samples in the

database.

Degree of polymerisation (DP)

Degree of polymerisation (DP) was determined vis-

cometrically based on BS ISO 5351 (2004). Intrinsic

viscosity g of each sample was used to calculate DP

using the Mark–Houwink–Sakurada equation: DP0.85

= 1.1(g) (Evans and Wallis 1987). Each sample was

Fig. 1 a Origin of SurveNIR samples (country of publication);

b the distribution of samples according to age
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measured twice in adjacent areas and the averages of

the duplicates were used for further analysis. It is

worth noting that ground-wood containing papers

were mostly excluded from the viscometric analysis

due to the insolubility of lignin in cupriethylenedi-

amine (1 mol L-1), the solvent used for viscometry.

DP of 446 samples was determined and the standard

deviation of DP is 36.6.

It is worth noting that although there is little

difference between different standards for the deter-

mination of intrinsic viscosity, several different ver-

sions of Mark–Houwink–Sakurada coefficients are

used in the literature which results in deviations in

viscometric DP (Łojewski et al. 2010). Conversions

were applied when comparing the viscometric DP

measured and calculated in this research and the

viscometric DP reported in literature.

Size exclusion chromatography (MW)

Weight-average molar mass (MW, g mol-1) was

determined for samples using SEC of cellulose

tricarbanilate (CTC) based on the method proposed

by (Stol et al. 2002). Samples chosen for SEC were

mostly those where DP could not be determined, and a

random selection of other samples. Following the

modified procedure (Clapperton and Henderson

1947), approximately 0.2 mg sample was used for

the determination of MW relative to polystyrene

standards using the universal calibration approach

with a Hewlett Packard series 1100 chromatographic

system. The determinedMW values were converted to

absolute molar masses using the established correla-

tion between relative MW and absolute MW deter-

mined by SEC coupled to a multi-angle light scattering

photometer [SEC-MALS, the procedure using a GaAs

laser at 656 nm is reported in detail in Balažic et al.

(2008)]. Duplicate determinations were carried out for

616 samples and the averages were used to represent

the MW of each paper sheet, with a standard deviation

of 14159 g mol-1.

It is known that small amounts of lig do not

interfere with MW determination using the CTC

procedure (Potthast et al. 2015). The samples were

filtered prior to injection to remove undissolved lignin,

while low-MW dissolved lignin was disregarded in the

integration step. However, it needs to be taken into

account that large amounts of lignin could systemat-

ically affect the results.

Reducing carbonyl groups (car)

The reducing carbonyl groups (car, mmol g-1) in the

samples were determined by the colorimetric method

proposed by Szabolcs (1961). 10 mg of air dry sample

was sampled and weighed in a test tube with 0.5 mL of

KOH solution (0.2 mol L-1) and 0.5 mL triphenylte-

trazolium chloride solution (0.2%) added. The test

tube was heated in a water bath at boiling point for

10 min and cooled down under running water before

the sample was vacuum-filtered. The sample was then

washed with 10 mL of methanol p.a. and the

absorbance of the resulting solution at 546 nm was

measured using a Varian Cary� 50 UV–Vis Spec-

trophotometer (Agilent Technologies, US). The

amount of reducing carbonyl groups was determined

in mmol g-1 for 717 samples based on the calibration

curve developed using a solution of glucose (0.1%)

with a standard deviation of 0.005 mol g-1.

Acidity (pH)

Acidity of the samples (pH) was determined using the

modified cold extraction method with optimised

sample consumption (TAPPI T509, 2002) (Strlič

et al. 2004). 20–50 lg sample was suspended in 5

lL deionised water overnight and the extraction was

measured using a micro-combined glass electrode (MI

4152, Microelectrodes, Bedford, NH). pH of 725

samples was determined and the standard deviation of

pH determinations is 0.08 pH units.

Aluminium content (Al)

Aluminium content (Al, mg g-1) was determined

using atomic absorption spectroscopy after extraction

of 30–50 mg of sample in 15% HNO3 for 1 h in an

ultrasonic bath (Sonis 4, Iskra, Kranj, Slovenia) at

65 �C. Al was determined in 697 samples and the

standard deviation of aluminium content determina-

tions is 0.21 mg g-1.

Rosin content (ros)

To determine the rosin content in papers samples (ros,

mg g-1), approximately 70 mg sample was sampled

from each paper sheet for rosin content analysis. The

extraction of rosin acids was carried out twice using

2 mL acidified acetonitrile (90% (v/v) acetonitrile and
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10% (v/v) trifluoroacetic acid, 0.1%) in an ultrasound

bath (Sonis 4, Iskra, Kranj, Slovenia) for 20 min. Both

extracts were collected and centrifuged at 3000 rpm

for 5 min (Eppendorf 5408 R, Hamburg, Germany)

before analysed using liquid chromatography coupled

to mass spectrometry (liquid chromatograph Series

200 [Perkin-Elmer, Shelton, CT, USA), 3200 QTRAP

LC–MS/MS system equipped with electrospray ion-

ization source (ESI) (Applied Biosystems/MDS Sciex,

Foster City, CA, USA)]. A reversed-phase column

Gemini C18 with 3 lm particle size and dimensions

150 9 4.6 mm from Phenomenex (Torrance, Califor-

nia, United States) and isocratic elution (1 mL/min)

with mobile phase composed of 70% (v/v) acetonitrile

and 30% (v/v) acetic acid (1%) were used. The results

were calibrated using external standard solutions of

abetic acid (AA) and dehydroabietic acid (DHAA) in

acidified acetonitrile (90% (v/v) acetonitrile and 10%

(v/v) of 1% acetic acid) for quantification. Rosin

content is expressed as the sum of AA and DHAA, the

standard deviation of determinations is 0.25 mg g-1.

Samples selected for analysis were those produced

in the nineteenth and twentieth Century, excluding

samples that were rag samples or alkaline samples

(with the exception of a random selection of the latter).

In order to reduce the number of samples without

all the key variables determined, and thus enable

multivariate data analysis, the amount of ros in the

gelatine samples was estimated to be 0%, as re-sizing

that could lead to significant amounts of both pro and

ros in the same paper was a rare practice. In total, ros

was determined in 715 samples in the database.

Protein content (pro)

Protein content (pro, %) was determined as weight

percentage of dry paper basis using the reagents and

procedures described by Cséfalvayová et al. (2010).

The procedure consisted of gelatine extraction from

approximately 5 mg sample in 1 ml HCl (0.1 mol

L-1) at 100 �C for 1 h and further gelatine hydrolysis

with an aliquot of HCl (6 mol/L) at 100 �C for 18 h to

obtain free amino acids. Excess HCl was removed by

drying, following which the residue was redissolved in

the HPLC eluent and buffered to pH 9.9. Derivatiza-

tion was performed in the automated injection module

of the HPLC by reacting with 9-fluorenylmethylchlo-

roformate (FMOC). The derivates formed are stable at

room temperature, separated at 40̊ C and detected at

262 nm. The values of a specific marker for gelatine,

the amino acid hydroxyproline (which remains

stable in the course of ageing of paper) indicate the

amount of gelatine applied on paper and the amount of

gelatine is calculated using the factor 0.126 that

represents the weight fraction of hydroxyproline in a

typical hide glue. The standard deviation of determi-

nations is 0.23. All samples classified as rag paper

(gelatine) were analysed using this process, and 10%

of all other samples.

In order to reduce the number of samples without

all the key variables determined, and thus enable

multivariate data analysis, the amount of pro in the

groundwood and bleached paper samples from 1850

to 1990 was estimated to be 0%, as re-sizing that could

lead to significant amounts of both ros and pro in the

same paper was a rare practice. In total, pro was

determined in 699 samples in the database.

Lignin content (lig)

Lignin content (lig, mg g-1) of samples was deter-

mined based on the UV spectrometry method pro-

posed by Iiyama and Wallis (1988). 1–1.5 mg sample

was dissolved in 0.5 mL of the solution made from

2.5 mL acetyl bromide, 10 mL glacial acetic acid, and

0.5 mL perchloric acid (70%), at 70 �C. After sample

dissolution, 1 mL NaOH solution (2 mol L-1) and

2.5 mL glacial acetic acid were added, and UV

absorption at 280 nm was subsequently measured

using a Varian Cary� 50 UV–Vis Spectrophotometer

(Agilent Technologies, US). The lignin content was

determined based on the calibration curve established

using alkali lignin (Sigma-Aldrich, Steinheim, Ger-

many). The standard deviation of determinations is

13.56 mg g-1.

In order to reduce the number of samples without

all the key variables determined, and thus enable

multivariate data analysis, the amount of lig in

gelatine paper samples where lig was not analytical

determined, was estimated as the average of lig in

gelatine samples from 1850 to 1990, as re-sizing that

could lead to significant amounts of both ros and pro

in the same paper was a rare practice. In total, 556

samples in the database has lig available.
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Ash content (ash)

Ash content (ash, %) was determined as the residue on

ignition at 900 �C based on ISO 2144 (2000), with

sample size optimised to 0.100 g. The mass of the

residue was determined in duplicate for each paper

sample and the average was used to calculate the

residual as a percentage on oven-dry basis of the

samples. Ash was determined for 702 samples and the

standard deviation of determinations is 1.04%.

Optical brighteners (OB)

Reflectance spectrophotometry was used for the

determination of the presence of optical brighteners.

Reflectance spectra were collected using a Spectro-

densitometer X-Rite 500 and the presence of the blue

fluorescence peak at 430–450 nm was taken as the

indication of the presence of optical brighteners.

Although OB is not used in data analysis as presented

in this paper, the data are offered as part of the

database for 672 samples, where 0 = optical bright-

ener not detected and 1 = optical brightened detected.

Grammage (gra)

The grammage of samples (gra, g m-2) was deter-

mined gravimetrically by weighing 10 cm2 of a

sample. Gra was determined for 501 samples and

the standard deviation of duplicated determinations is

0.95 g m-2.

Tensile strength (TS)

Tensile strength was determined following the mod-

ified standard method ISO 1924-2 (1994). 12 strips of

120 9 15 mm of each sample were prepared. The

measurements were carried out using a Zwick Proline

z0.5 TS instrument (Ulm, Germany), and a 500-N load

cell nominal force was applied (type II), and 6 bar jaw

pressure.

Each jaw pair had a straight and a concave half to

avoid sample breaking, while the test length was

100 mm. Due to the use of already degraded historical

papers with low values and higher standard deviation,

12 strips were used instead of 10 as recommended by

the standard. The maximum and minimum values

were removed from the obtained data set and the

remaining 10 values were used to calculate the mean.

TS was determined for 330 samples and the standard

deviation for 10 determinations was 2.57 N.

Data analysis

Pairwise sets of variables for all samples as well as

gelatine, groundwood and bleached paper categories

separately were analysed using Spearman’s rank

correlation coefficients (Spearman 1904). As some

measurements were missing, different numbers of

samples were used for each pairwise comparison.

Spearman’s correlation was used rather than the more

usual Pearson correlation because the expected ideal

relationship between connected variables was likely to

be monotonic rather than linear. Principal component

analysis [PCA (Wold et al. 1987; Jolliffe 2002; Mardia

et al. 1979; Manly 2004; Jackson 1991)] using the

NIPALS algorithm (Wold 1966) was carried out on

the resulting database using diverse combinations of

variables. All samples with one or more missing

variables were deleted and all variables were stan-

dardised prior to PCA. PCA was performed on the

standardised data matrix using singular value decom-

position. The full data set, as well as detailed results of

correlation analyses, are provided in supplementary

information.

Results and discussion

DP and MW of cellulose are chemical properties that

give rise to mechanical characteristics of paper such as

TS (Zou et al. 1996a). The linear correlation between

TS and DP across the categories (Fig. S.10 in

supplementary information, q = 0.6130) confirms that

DP can be used as indicators of degradation at both

macro and molecular levels. Higher DP on average

have better mechanical properties, regardless of the

type of sizing or fibre, although data scatter indicates

that other variables may play a significant role. The

agreement between MW and DP (Fig. S.7 in supple-

mentary information, q = 0.7805) indicates that

results of further analysis are likely linearly trans-

ferrable between them. The slope of the linear

correlation is equal to 0.77 times the molecular weight

of a derivatised glucose monomer (519 g mol-1),

which agrees with the results obtained from model

paper where viscometric DP is typically 0.66–1.12

times DP calculated from MW (Łojewski et al. 2010;
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Kes and Christensen 2013). Since DP has been the

most frequently studied chemical property in paper

degradation (Łojewski et al. 2010; Ekenstam 1936;

Zou et al. 1996b), we use DP as the main variable for

further analysis. MW is only used where a large

number of groundwood samples are of particular

interest since DP could only be determined for a few

exceptional samples of groundwood.

Exploratory analysis of all samples by PCA reveals

significant associations between paper properties and

degradation (in current state, i.e. not at time of

production), as well as papermaking practices. The

loadings plot of PC2 versus PC1 for all samples

(Fig. 2a) shows the negative loadings for DP and pro

and postivie loadings of lig, ash, ros and car on PC1,

suggesting that PC1 focuses on sizing and the quality

of raw materials that separates the three paper

categories. High pro and low ash are typical for

gelatine paper category since a high content of pro

reflects the practice of surface sizing with gelatine

(Adams et al. 2009). High ros is associated with high

lig, consistent with the fact that rosin sizing was

invented at about the same time as the processes that

allowed wood-derived fibres to be used in papermak-

ing (Hunter 2011). The positive loading for Al and the

negative one for pH indicate that PC2 separates

samples on the basis of acidity, and that low pH is

associated with high Al content which would support

the hypothesis that alum (source of Al), used to

precipitate rosin acids on fibres during bulk sizing, has

a defining influence on paper acidity of the freshly

made papers (Launer 1939).

However, to confirm this association and reduce the

influence of sizing, it is useful to look at a single paper

category, e.g. bleached (Fig. 2b). The loadings plot

for PC2 versus PC1 reveals a similar association: low

pH is associated with high Al, and less so with high

ros and car. The role of lignin remains unclear from

the loading plots. Figure 2c is again a reflection of the

sizing practice, as high pH is associated with high ash,

which is indicative of papermaking practices devel-

oped in the 2/2 of the 20th Century (Hunter 2011),

where high-value fibre materials were replaced with

inorganic fillers and additives, typically calcium and

magnesium carbonates resulting in paper pH[ 8

(Hunter 2011; Strlič and Kolar 2005). It appears

therefore that PC2 separates predominantly older

samples from the more recent ones.

The relationships revealed by PCA are quantified

by correlation and regression analysis for further

insights into the degradation processes of historic

papers. Of particular interest are the clear linear

correlations between DP-1 and dat (Fig. 3a) suggest-

ing degradation kinetics for samples from 1850 to

1990, i.e. mainly bleached paper. Since the linearity

of the correlation complies with the Ekenstam equa-

tion (Ekenstam 1936; Zou et al. 1996b), where the

change in DP-1 is proportional to time, it can be

assumed that the papers were on average stored in

similar conditions, and that their DP at the point of

manufacture was close to DP 2500, as indicated for

papers made ca. 1990. The few exceptions with DP up

to 4000 may indicate the use of less processed fibres,

e.g. cot. The slope of the correlation (k = 10-5

year-1), i.e. the apparent rate constant, agrees with

Zou et al. (1996b) for hydrolytically degraded papers

in natural conditions, suggesting hydrolysis be the

single predominant mechanism of natural degradation

of historic paper (1850–1990).

This hypothesis is further verified by the evident

linearity between car and DP-1 in the larger sample

set in Fig. 2b. To confirm that this linearity complies

with the intrinsic linear correlation between the

concentration of cellulose chains and the number of

reducing end groups that indicates hydrolytic splitting

being the dominant mechanism of cellulose chain

scission (Whitmore and Bogaard 1994), multiple

linear regression (MLR) was carried out for car with

the amount of chain scission of cellulose molecules

(scission) and the two compositional properties that

show the highest Spearman’s correlation coefficient

with car: lig (q = 0.5325, Fig. S.2 in supplementary

information) and ros (q = 0.5934, Fig. S.13 in

supplementary information). Molecular weights of

8000 g mol-1 (Asikkala et al. 2012; Lange et al. 2013)

and 296.32 g mol-1 are taken for lig and ros respec-

tively. Scission is estimated using number average DP

(Kes and Christensen 2013) assuming initial DP of

2500.

Table 1 presents the MLR summary data. It is

evident that scission is most strongly correlated with

car and is likely to be the major cause of the formation

and accumulation of car. The 1:1 proportionality

between scission and car suggests the dominant role

of hydrolytic splitting in the formation of carbonyl
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groups (Whitmore and Bogaard 1994) with their

starting content * 0 (Fig. 3B).

The analysis also provides insight into the reactivity

of rosin and lignin in historic papers which challenges

the possible assumption that the determinable ros and

lig represent their original contents. Ros is found to

have strong effect on car, suggesting that the contents

of degraded ros and remaining ros (as measured, cf.

supplementary information) are correlated. This is

consistent with the well-known instability of rosin,

which via autoxidation leads to rearrangement of

double bonds and formation of endo- and hydroper-

oxides, epoxides, and hydroxyl and keto groups (Prinz

et al. 2002). In the presence of air and light, the

structural transformation of abietane acids starts

within several hours and leads to good yields of

oxidation products in a few days at room temperature

Fig. 2 Loading plots for: a PC2 versus PC1 for all samples with determined pH, car, lig, ash, Al, DP, TS, ros, pro; b PC2 versus PC1

for bleached samples with determined pH, car, lig, ash, Al, DP, TS, ros; c the same as B, except PC3 versus PC2
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(Ren et al. 2015; Enoki 1976; Schuller and Lawrence

1961).

Given the uncertainty in the estimation of the

molecular weight of lignin due to the chemical

variability and the analytical challenge of structural

characterisation (Lange et al. 2013), it is difficult to

draw solid conclusions on its contribution to car based

on MLR. The selected molecular weight of lig is an

approximation only as the real molecular weight of

lignin in degraded paper is unknown. Nevertheless, its

actual value does not affect the strength of correlation

in Table 1, which provides evidence of the absence of

Fig. 3 Scatterplots for (a) DP-1 and dat (N = 290) and (b) car and DP-1 (N = 441), suggesting that acid-catalysed hydrolysis is the

main degradation mechanism of historic samples from 1850–1990, leading to the accumulation of car

Table 1 Summary of the statistics for the MLR of lig, ros and

scission on car. N = 295. R-squared = 0.45

Parameters Estimated

coefficients

SE p value

Intercept 0.0212 0.0020 1.3579 9 10-21

lig 0.5524 0.3875 0.1551

ros 1.0166 0.2664 0.0002

scission 1.1273 0.1006 1.8884 9 10-24

123

Cellulose



a linear relationship between car and lig. Generally,

catalysis plays a major role in the oxidation of lignin

(Lange et al. 2013). Due to the limited presence of

catalysts in historic papers, the amount of degraded

lignin is likely to be very low, especially in papers with

low lignin content, which are mainly used in the above

MLR analysis.

Arguably, acidity is the paper property that is of

defining importance for the rate of degradation of

paper, in addition toDP and environmental parameters

such as temperature, humidity etc. (Zou et al. 1996a;

Strlič et al. 2015). Therefore, we explore pH specif-

ically in more detail for insights into its interactions

with degradation of the three category papers.

Table 2 summarises the Spearman’s rank correla-

tion coefficients between pH and eight individual

measured variables. In contrast with what is revealed

by PCA (Fig. 2), no uniquely high correlation is found

between pH and Al (q = - 0.2466), suggesting

degradation over time has led to much more complex

relationships. Indeed, for all samples, pH is best

related to car (q = - 0.5942), DP (q = 0.6209) and

MW (q = 0.4547) which show a clear dependence

between low pH and high extent of hydrolytic

degradation. Therefore, pH is not only the cause but

also the result of paper degradation. Although the

change in pH may not have been substantial, it is

enough to establish a close association with degrada-

tion which may have largely affected the original

correlation between pH and Al.

Hydrolysis, leading to both low molecular weight

saccharides and their oxidation and formation of low

molecular weight degradation products, including

organic acids (Nevell and Zeronian 1985), may have

the defining effect on pH. lig and ros could also

contribute to acidity. Carboxylic acids (Lange et al.

2013) and enoic acids (Prinz et al. 2002) have been

found to be the degradation products of rosin and

lignin respectively, which can potentially contribute to

the observed high correlation coefficients between pH

and ros (q = - 0.4610) as well as pH and lig (q =

- 0.4717). This provides further evidence that rosin

and lignin may have degraded over time. Furthermore,

the effect of degradation processes on pH is likely to

be pH-dependent, which is mainly reflected in that a

strong correlation between pH and car is obtained for

both bleached (pHmedian = 5.8, q = - 0.5534) and

groundwood (pHmedian = 5.1, q = - 0.4842) cate-

gories whereas for gelatine, the relationship is less

clear (pHmedian = 6.8, q = - 0.2587, Table 1).

It is worth noting the few gelatine papers in the

studied collection that have relatively low pH. These

acidic gelatine papers were mainly produced in the

nineteenth Century (Fig. S.27 in supplementary

information), possibly associated with the increased

use of alum in gelatine sizing to prevent gelatine

spoilage (Fig. S.28 in supplementary information).

Rosin sized papers were occasionally resized with

gelatine to produce paper with improved mechanical

properties (Garlick 1986) and a few examples of

papers containing measurable amounts of ros and pro

exist in the database (supplementary information). It

adds a layer of complexity to the systematic change of

sizing practices over time which lead to the low

dependency of lig, ros and Al on dat (q = 0.1598,

- 0.2125, - 0.0847, respectively).

A closer look at the nineteenth Century further

reveals the variability and uncertainty of practices in

this transitional and experimental period of paper-

making history. Particularly, the transition in fre-

quency of use of woo, cot and cel through time is

highlighted by fibre furnish analysis. As shown in

Fig. 4, although the use of woo fibres is prevalent in

groundwood category samples (Fig. 4a), there are

samples in this category that also contain cot fibres

(Fig. 4b) which are unusual fibre combinations. The

majority of the bleached papers contain more than

50% of cel fibres, however, a number of samples in

this category have a surprisingly low quantity of cel

Table 2 Spearman’s rank correlation coefficients between pH
and selected individual measured variables (cf. supplementary

information)

Variable Paper category

All Bleached Gelatine Groundwood

Al - 0.2466 - 0.2750 - 0.2563 - 0.0718

ash - 0.2505 - 0.1904 0.0811 0.1343

lig - 0.4717 - 0.3082 - 0.1568 - 0.3471

pro 0.2188 n/a - 0.1563 n/a

ros - 0.4610 - 0.5213 n/a - 0.0632

car - 0.5942 - 0.5534 - 0.2587 - 0.4842

DP 0.6209 0.6049 0.5230 n/a

MW 0.4547 0.4406 0.2300 0.2981
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Fig. 4 Distribution of raw

fibre types: (a) woo, (b) cot
and (c) cel through time for

gelatine, groundwood and

bleached paper categories
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fibres (Fig. 4c), which seem to have been replaced

with cot (Fig. 4b), mainly between 1850 and 1900.

These uncertainties not only provide useful informa-

tion for historians of technology but also may have a

bearing on conservation as the presence of higher

quality cot fibres in groundwood category samples

can lead to better than expected mechanical properties

for paper produced in the nineteenth Century.

Conclusions

In this research, we carried out comprehensive char-

acterisation and analysis of a large database of historic

European paper to reveal the underlying relationships

between variables that illuminate the history of

papermaking and paper degradation as interlinked

processes. The uncertain use of fibre sources and

sizing materials reflects the experimentation and

exploration for the best practices in papermaking in

the 19th Century. Acidity of paper in its current state

of degradation is shown not to be only a consequence

of alum-rosin sizing but a complex variable closely

related to degradation of cellulose and possibly rosin

and lignin. The average rate of acid catalysed hydrol-

ysis of cellulose in papers from 1850 to 1990 is shown

to be 10-5 year-1, which appears to be closely

associated with the accumulation of carbonyl groups.

Questions emerge related to degradation of rosin and

lignin, specifically to their contribution to carbonyl

group content and acidity which has so far been largely

overlooked in the literature. This research demon-

strates the extraordinary value of chemical character-

isation of a significant number of historic samples in

the studies of their composition and degradation.
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help with analyses, and to Manfred Anders, Mads Christian

Christensen, Velson Horie, Jana Kolar, Jiri Kolar, Jasna
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