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Abstract

The chemical and physical properties of 19th and 20th century Chinese papers were investigated using a variety of
material characterisation methods. A reference collection of 178 Chinese papers, dating from 1799 to 1990 was used,
and properties such as pH, degree of polymerisation (DP), lignin content, and tensile strength (zero-span) were deter-
mined. Most of the papers were of approximately neutral pH, had a low lignin content and DP similar to pre-19th
century European rag paper. It was found that the high inhomogeneity and the typical paper thinness affected tensile
testing and as a result, a modified method for zero-span tensile strength test was developed. Using near infrared
spectroscopy (NIR), proof-of-concept partial least squares (PLS) applications were developed for determination of ten-
sile strength, pH, DP and for dating of the samples. For the latter, using post-1900 papers, the error of cross validation
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was 13 years. The presence of lignin was modelled using linear discriminant analysis (LDA), where the model could
distinguish between high and low lignin content with 88% accuracy. Using one or multiple sheets for transmission
NIR spectroscopy led to PLS results of similar quality, which was attributed to material inhomogeneity.
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Introduction

Many libraries, archives and museums house significant
Chinese paper collections. However, there have been lim-
ited studies into the material composition of this paper
type; it has been common to focus on European paper-
making practices at least in Western studies [1, 2]. Com-
pared to European paper, paper from the sino-japanese
cultural realm remains relatively less known. For the
purpose of this research, Chinese paper is defined as any
paper originating from China.

As papermaking spread through China it became a
highly competitive and regionalised practice, and paper-
makers relied heavily on local vegetation for raw materi-
als. Individual recipes by local mills differed, creating a
non-standardised and often secretive industry, as these
recipes were not shared [1, 3, 4]. Adding to this, the end
use of the paper would often determine its material prop-
erties i.e. the fibres used, amount of impurities left in the
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paper, or finishing. As a result, there is a significant lack
of understanding of the material properties of historic
Chinese paper within the generally accessible science
and conservation literature. Yet, such information could
significantly improve our understanding of the history of
this craft and of the care of Chinese paper collections.

Conversely, the general practice of papermaking in
China is well documented [1, 5-8]. The raw materials
varied regionally, and many plants were used for man-
ual papermaking; including hemp, paper mulberry, cot-
ton, ramie, rattan, flax, bamboo, jute, rice, wheat straw,
and blue sandalwood. From the early 20th century on,
both wood pulp and traditional fibres have been used
for machine made papers. The papermaking process and
stock preparation varied between mills, but impurities,
like bark, were generally removed by hand while pulping
was manual or semi-mechanical, using machines simi-
lar to Hollander beaters. Dispersion aids, often the root
extract of Abelmoschus manihot (L.) Medik [9], and addi-
tives, such as kaolin, wood ash or lime [1] were added to
the pulp mix prior to sheet formation. Surface sizing was
not common.
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It is known that Chinese papermaking industry did
not follow Western industrialisation in the 19th century,
and did not rely on the same raw materials [10]. The time
period of particular interest to this research is the 19th
and 20th century, a period of change, where advancing
technologies enabled a shift from handmade to mass pro-
duced machine paper. In addition, the period of interest
includes the Cultural Revolution in China (1966—-1967),
where there was a strong promotion of industrialisa-
tion that introduced lasting changes to the papermaking
industry [10]. This may have had an effect on the material
stability, though no research is currently available.

Paper is a relatively stable organic material; however, its
main structural component cellulose undergoes a series
of degradation processes [11]. These depend on environ-
mental conditions as well as on material composition
[12]. Within this study, traditional destructive analysis
was carried out to explore pH, degree of polymerisa-
tion (DP), zero-span tensile strength and lignin content.
Standardised characterisation methods were used such
as cold extraction for pH, viscometry to determine DP,
and the phloroglucinol spot test for semi-quantitative
determination of lignin content. A modified method for
zero-span tensile testing was developed to allow for the
typically low grammage of Chinese paper. Finally, 178
samples from the UCL Institute for Sustainable Heritage
Historic Reference Material Collection were dated based
on textual analysis.

While these results represent a systematic material
study of the chemical and physical properties of a selec-
tion of modern Chinese papers, the destructive character
of the chemical analytical methods precludes their use in
collections of historic value. Many non-destructive tech-
niques have been used in historic paper research: of the
Fourier-Transform Infrared (FTIR) sampling techniques,
attenuated total reflectance is often used, however, the
requirement to apply pressure during a measurement
makes it unsuitable for fragile objects. Raman spectros-
copy can be very useful for ink and pigment analysis [13]
or characterisation of lignin and cellulose degradation
products [14]. However, the often low signal-to-noise
ratio and fluorescence make it less suitable as a general
characterisation technique. X-ray fluorescence spectros-
copy (XRF) is widely used for elemental analysis; how-
ever, it is routinely used only for elements heavier than
silica [15] and it does not provide any useful information
on the organic components of paper.

Near-infrared spectroscopy (NIR) in conjunction with
multivariate data analysis has been successfully applied
to determination of properties such as pH, degree of
polymerisation (DP), lignin content, mechanical proper-
ties and age in European and Islamic papers [16—-18] and
quantitative imaging applications have been developed
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[19]. NIR spectra contain fewer specific spectral fea-
tures than mid-IR, as overtone and combination bands
overlap, making band assignment challenging. However,
using chemometrics, quantitative information can be
extracted, resulting in a portable, non-destructive and
reasonably affordable alternative to many other spectro-
scopic techniques. Due to the significant differences in
the composition of European and Chinese paper, spe-
cific NIR methods may need to be developed in order to
enable this type of spectroscopy to be used in systematic
surveys of Chinese library and archival collections.

In this research, we explore the material properties of
a large selection of modern Chinese paper to shed light
on their composition, specifically in view of their stabil-
ity and potential conservation issues. We use a reference
collection for this purpose as destructive sampling was
required. However, we also explored the potential for
development of non-destructive NIR methods, which
would allow us to explore historically significant collec-
tions in the future.

Materials and methodology

Samples

The UCL Institute for Sustainable Heritage Historic Ref-
erence Material Collection of Chinese paper was used
(Fig. 1). The samples were selected on the basis of age,
size, method of production (handmade or machine-
made), as well as diversity, such that they represented the
evolving paper production industry within 19th and 20th
century China. Within the sample set, 110 papers were
visually assessed as handmade and 68 papers as machine-
made. The dates are considered as approximate, particu-
larly for samples obtained from antique shops, unless the
samples themselves contained a date. In total, 178 papers,
ranging from ~ 1800 to 1990 (Fig. 2), were used.

To reduce measurement uncertainty, samples were not
taken from within a 1-cm wide margin of a document.
Similarly, areas containing ink, stains or mould were not
used.

pH

Acidity was measured following the TAPPI T 509 stand-
ard [20], with previously suggested modifications [21]:
1.0 £ 0.1 mg sample was extracted in 100 ul of distilled
water and soaked overnight. A Mettler Toledo SevenGo
pH/Ion Meter (Columbus, OH) with a micro-combined
glass electrode was used. For calibration, Mettler Toledo
pH 4.01 £ 0.02 and pH 9.21 £ 0.02 buffers were used at
room temperature. The sample was removed from the
solution prior to measurement. Values were rounded to
the nearest & 0.01 pH unit. The typical measurement
uncertainty was 1-11%. 178 papers were measured in
triplicate and the measurements were averaged.
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Fig. 1 Two typical samples of handmade paper from the reference collection
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Fig. 2 Distribution of dates within the reference collection

Degree of polymerisation

The standard viscometric method was used (BS ISO
5351:2004 [22]). 20 mg of paper was dissolved in 20 ml of
solution, consisting of 10 ml cupriethylenediamine (CED)
and 10 ml deionised water. The efflux time of a solution
was measured in triplicate at 25 °C to 0.01 s accuracy.
Furthermore, triplicate samples of 20 papers were meas-
ured to determine the average measurement uncertainty,
which was 10-15%. For comparison, the measurement
uncertainty for DP of Whatman No 1 filter paper (Maid-
enhead) was determined to be 1%.

Subsequently, to save resources, two separate samples
were tested from the rest of paper samples. If the variance
between the two samples was greater than the previously
observed maximum uncertainty (15%), a third sample
was measured and the average was calculated. 22 sam-
ples were thus additionally measured in triplicate. Out of
these, the Dixons g-test at a 90% level of confidence was
used to determine two individual outlier measurements.

The limiting viscosity number was determined using
the Wetzel-Elliot-Martin’s equation [23], with the mois-
ture content assumed to be 5%, as due to limited sample
availability it was not possible to determine it accurately.
Similarly, ash content could not be determined, however,
since none of the papers contained fillers as contempo-
rary Western papers do, this is not considered to be a
major source of error. The Mark-Houwink-Sakurada
equation was used to calculate DP [24].

The method is not suitable for lignin-containing papers
due to lack of solubility. In 20 handmade papers, bark-
like tissue was removed from the sample. These impuri-
ties, rare and local, could affect the properties of paper
locally, but not at the level of a paper sheet, and were not
soluble in CED. DP was determined for 94 papers that
tested negatively using the phloroglucinol test.

Lignin content

The presence of lignin was determined using the phlo-
roglucinol spot test according to the standard proce-
dure (TAPPI T 401 [25]). Colour change was assessed on
a 3-point scale. 0—no colour change, 1—< 1/4 of fibres
exhibiting colour change, 2—> 1/4 of fibres exhibiting
colour change. 178 papers were tested.

Thickness

Three to five measurements were taken for each paper
using a digital caliper (0.001 mm readability). Dixons
g-test, at a 90% level of confidence was performed to
determine two outlier measurements. 178 papers were
tested.

Tensile strength properties

Tensile strength was measured using the zero-span
method (BS ISO 15361:2000 [26]), modified by using a
Zwick Roell tensile strength instrument BT1-Fr0.5TS.
D14 (Ulm, Germany) with custom-made zero span
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clamps. Several parameters were modified: the strip
length was optimised to best fit the clamps without using
excess material (Fig. 3), while the sample orientation fol-
lowed previous research where zero-span was used to
measure Western handmade papers [27]. Only 45 sam-
ples were available in a quantity large enough that 12
measurements could be performed (84 cm x 18 cm).

Several strip lengths were tested: 60—100 mm. 70-mm
strips were the shortest strips that could be repeatably
positioned in the clamps. The z force (N) and strain
(mm) of twelve 70 x 15 mm strips were measured for
each tested paper. The highest and lowest values were
excluded from calculation of the average, which was cor-
rected for paper grammage to calculate zero-span tensile
strength index, following the standard.

Spectroscopic analysis

NIR measurements were performed using a Polychro-
mix PHAZIR™-1624 Handheld NIR Analyzer (Wilming-
ton, MA), equipped with a tungsten light source, and an
InGaAs detector. Reflectance spectra were collected in
the wavelength interval of 1600-2400 nm, one sample
point per document, with 9 averaged spectra, at 11-nm
resolution. For single-sheet measurements, the sampling
point was chosen such that it was near the sampling area
for chemical and mechanical characterisation, while for
5-sheet measurements this was not possible to ensure.
All the measurements were performed at 20 + 2 °C,
40-45% RH. The white calibration cap was used as a back
reflector. 178 samples were measured.

Multivariate data analysis

Partial least squares (PLS) regression was performed
using the Polychromix Model Generator software (Wilm-
ington, MA) to develop applications for pH, date, and DP
determination. Samples were randomly allocated into
calibration and validation sets. The calibration set com-
prised of 2/3 of the observations, and independent full
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validation was performed using the remaining samples as
a validation set. Due to the small number of samples, only
calibration was carried out for zero-span tensile strength.
Different spectral processing calculations were tested: a
combination of either multiplicative scatter correction
or standard normal variate, and first or second order
Savitzky—Golay algorithm with a three or five-point
window was used depending on the model (Table 2).
The wavelength interval was kept at 1600-2400 nm. The
number of factors was optimised using the validation set.

The root mean square error of prediction (RMSEP) for
each model was calculated using

RMSEP = 4 Lin 0y
n

where y; is the measured and ¥; is the predicted value.

Linear discriminant analysis (LDA) was performed
using XLStat (Addinsoft, Paris) for lignin data classi-
fication, while the pre-processing of the spectral data
was performed in Mathworks Matlab (Natick, MA).
As above, samples were randomly allocated into train-
ing and validation sub-sets. Different spectral process-
ing calculations were tested on both sub-sets in Matlab;
first derivative with a window width of 5, with either
multiplicative scatter correction or standard normal
variate. Principal component analysis (PCA) was then
performed in Matlab to acquire the principal compo-
nent scores [28]. The papers were classified according to
their lignin content on the basis of their principal com-
ponent scores in XLStat. As the measure of accuracy,
the percentage of correctly classified samples (% correct
in Table 1) was used. Within-class covariance matrices
were assumed to be equal, prior probabilities were not
taken into account. Separate method validation was per-
formed using the validation sub-set and the number of
factors was optimised based on % correctly classified
samples.

Fig. 3 The position of the modified clamps and paper used in zero-span measurements
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Table 1 Training, validation, and cross-validation matrices for the best performing LDA models for identification

of lignin, using 5 sheets (above) and 1 sheet (below)

LDA model Training Validation Cross-validation
Low High Total % correct Pre-processing Low High Total %correct Low High (2) Total % correct
(o/1)  (2) (o/1) (2 (0/1)

Low (0/1) 71 9 80 89 f(x), SNV, 4 PC 43 0 43 100 71 9 80 89

High (2) 4 24 28 86 scores 3 8 Al 73 4 24 28 86

Total 75 33 108 88 46 8 54 94 75 33 108 88

Low (0/1) 72 8 80 90 f(x), MSC,5PC 42 1 43 98 71 9 80 89

High (2) 4 24 28 86 scores 1 10 1 91 5 23 28 82

Total 76 32 108 89 43 11 54 96 76 32 108 87

When calculating first derivative (f(x)), the window width of 5 was used

Results and discussion

The distribution of the properties in the sample set vali-
dates many of the statements about material proper-
ties in the available secondary Chinese paper literature.
Where available, paper thickness, pH, DP, lignin content
and zero-span tensile strength were plotted against paper
production date (Figs. 4, 5). The pH values are generally
> 6 well into the 20th century, which confirms the known
absence of use of acidic sizing, as well as low lignin con-
tent in both handmade and machine-made papers [29].
The pattern of DP tends towards higher values with age,

which indicates a gradual change in fibre pre-treatment
or raw material with time, with lower quality fibres hav-
ing been used in later periods. Machine made papers
were observed mainly after 1950, when chemical removal
of lignin became regular practice in industrial paper-
making [30, 31], but it is known that wood pulp was also
imported to China from mid-20th century on [31]. Papers
with high lignin content were not present in the sample
set until 1946, and all were machine made. There is an
equal distribution of low lignin content papers through-
out the period as papermaking by hand was popular until

9.00
8.00 o ®
°8 8 o%o% 3 e
o
7.00 @ 8B o8 © © oog; @ !‘
< ©®3, °
Z 6.00 8 o° o ° g .
o o o &0
5.00 L4
4.00 °
3.00
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
date (year)
0.200
0.180 o
0.160
= feYe)
£ 0.140 o ©®
£ 0120 95 )
-
3 0.100 o e ©® o
g (¢] o © e o 80
% 0.080 8 5 ¥ o
= 000, & ofe &
S 0.060 o o ® oo s ‘ °
0.040 8 % O(gﬂ.o %)
0.020 o o o 8
0.000

1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
date (year)

papers

5000
4500 o
4000 0?©
3500 © o
3000 o o
o 8 (9 [ ]
2500
(=) (e} [ ]
2000 & Oé?% o 9 8
1500 & 5 e Y L,
Qo ©
1000 @ o o ° e O‘ °
500 X A
0
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
date (year)
2500
— 2250 o
oo
= 2000
£ S o
Z 1750 ® o eg -
3 1500 8 0
c [e) o Q o
< 1250 °
§0 o @ ® 04
£ 1000 ° 6 o
o o o
£ 750 o 1o
(9] ° o [e]
% 500
=
£ 250

0
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

date (year)
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mid-1960s and early machine-made papers were often
made using fibres of naturally low lignin content, as well
as chemically delignified fibres (Fig. 5).

The measurements of zero-span tensile strength show a
gradual decrease with age, which is in an interesting con-
trast with DP measurements. This indicates that tensile
properties differently depend on intra- and inter-fibre
bonding in handmade and machine-made papers.

Another specific property of the characterised collec-
tion of Chinese paper samples is low grammage. Fig-
ure 6 shows that handmade papers are biased towards
lower thicknesses. The observed variability in thickness
is higher than that for Western papers from the same
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period: 19th century handmade European papers have
a thickness between 0.07 and 0.14 mm [27], whereas
handmade papers from the sample set have a thick-
ness between 0.01 and 0.17 mm. 20th century West-
ern machine-made papers have a thickness between
0.08 and 0.18 mm [1], whereas machine-made papers
from the sample set measured 0.03 and 0.014 mm. For
determination of thickness, handmade papers exhibited
higher RSD (3-83%) than machine-made papers (1-9%)
for individual samples, which demonstrates higher
dimensional homogeneity in industrial machine-made
papers.

It is important to note that handmade Chinese papers
are also compositionally inhomogeneous, which was evi-
dent from the high analytical uncertainties as observed
for a number of measured properties. Paper thickness
and homogeneity are important for this research as they
affect the repeatability of spectra and thus reliability of
multivariate data analysis, and may also affect the local
stability of paper.

Chemical properties

pH

Paper acidity/alkalinity is a crucial parameter regulating
the mechanisms and defining the rates of degradation
of cellulose [12]. Overall, the pH of the reference collec-
tion averaged at 7.6 (Fig. 7), with only a few handmade
samples having pH < 6. The usual causes of acidity within
paper are well-known: alum/rosin sizing, lignin (causing
acidity due to oxidation), residual chemicals from paper-
making processes, and air pollutants [21].
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Fig. 6 Thickness distributions for handmade (left) and machine-made papers (right) in the reference collection
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There is little evidence within the papermaking lit-
erature of alum sizing or additives being used in 19th
and 20th century Chinese papermaking. Dispersion aid
derived from the mucus of Abelmoschus manihot (L.)
Medik was commonly used [9], but this does not appear
to influence pH [32, 33]. During the 19th and 20th cen-
turies, handmade papers made from ‘traditional’ paper
mulberry, bamboo, and bast fibres such as flax, were
widely used in mass production. These fibres have a rel-
atively low lignin content, compared to wood pulp used
in Europe [29]. Traditionally, chemical bleaching was not
used for handmade papers in China; instead, sun bleach-
ing during drying was common [1]. The distribution of
pH thus does not follow that of 19th and early 20th cen-
tury Western paper, where 70-80% of paper produced
between 1850 and 1990 are acidic [16, 34].

There are only a few papers with pH < 5 in the sample
set. It is known that as the papermaking process became
more industrialised during the mid-20th century, West-
ern practices started to permeate the industry [10, 30]
which could contribute to the lower pH values. Canadian
wood pulp, mixed with traditional fibres was introduced
mid-20th century to some Chinese production mills.
Chemical bleaching and lignin removal was also intro-
duced during this time [31] and it is also possible that
Western acidic paper was imported to China.

Handmade papers exhibited a significant variance in
pH measurements, which is ascribed to inhomogeneous
fibre distribution and localised compositional differences.

The RSD for measurements of the same sample was up
to 20% (0.8 pH units), which is high in comparison with
Western paper, where values of 0.3 are typically observed
[21]. The observed high variance could lead to significant
differences in degradation locally. As well as this, high
RSD may affect the quality of the PLS model, as we will
explore later.

Lignin content

Due to oxidation, lignin leads to low colour stability of
paper [35]. The amount of lignin in paper depends on
the raw material and the paper making process [36].
Using the phloroglucinol test, colour change was visu-
ally observed in 105 samples, whereas 73 papers did not
exhibit any noticeable colour change (Fig. 8).

Many handmade papers exhibited colour change
restricted to individual fibres, indicating mixtures of
lignin-free and ligneous fibres. In some handmade
papers, clusters of lignin-containing fibres were found,
which could result in localised degradation and yellowing
in the future. Homogeneous colour change was observed
in 15 papers, indicating that such paper was likely made
wholly from bamboo or wood-derived pulp.

Degree of polymerisation

DP influences mechanical properties [37] and is thus
an important measure of its fitness for use. It is also an
important variable in the damage function for historic
paper [12, 38, 39].
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As papers with a high lignin content cannot be dis-
solved in cupriethylenediamine, a number of samples
(83) from the reference collection could not be meas-
ured. Prior to DP determination, localised fibre clusters
and other impurities (e.g. remains of bark) were removed
from some samples in order to improve dissolution.
However, this could have affected the measured DP val-
ues as well as multivariate data analysis.

The mean DP values for handmade and machine-made
papers are 1860 and 1240 respectively (Fig. 9). These val-
ues resemble the DP of pre-1850 European rag paper,
which ranges between 810 and 3800 [37, 40]. Few tra-
ditional papermaking techniques reported in East Asia
utilised oxidising, highly alkaline or highly acidic chemi-
cals, with the exception of the use of caustic soda [32, 33],
which could result in pH values above 9, which was not
observed in our study (Fig. 7). Due to the lack of solubil-
ity, less DP data is available for machine-made papers,
although this compares favourably with that of 20th
century European machine-made papers, which ranges
between 200 and 1500 [37, 41].

In relation to the method, the observed inhomogene-
ous fibre distribution and localised impurities in hand-
made papers created significant variance of > 200 DP, i.e.
> 15% RSD was observed for triplicate measurements of
the same sample, in 20 samples. The high RSD may affect
the reliability of multivariate data analysis, as we will
explore later.

Mechanical properties

Zero-span tensile strength

Preliminary tearing tests have shown that handmade Chi-
nese papers have low inter-fibre bonding but high fibre
strength. As the zero-span test is a widely accepted method
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of measurement of fibre strength within a sheet [42], it
was the method of choice, although the role of inter-fibre
bonding in this property is still not fully understood [43].
Another criterion for this choice was that smaller samples
are needed, compared to tensile strength testing.

In previous research on Western rag paper [27], it was
concluded that measuring parallel to chain lines yielded
higher values in the majority of papers due to the grain
direction created by the action of the mould going into
the vat during sheet formation. Our own measurements
confirmed this, however, there was a higher variance
between measurements. It was observed that in many
papers there was an increased concentration of fibres
along chain lines, which led to higher variance. It was
therefore decided to measure parallel to laid lines, 5 mm
from the nearest chain line, to exclude areas with inho-
mogeneous pulp deposits. The results are reported in ten-
sile index (kNm/kg) a measure of inherent strength in the
paper (Fig. 10). As a methodology has been developed in
this research project, there is no directly comparable data
available; however, contemporary softwood kraft paper
has been found to have a lower tensile index between 90
and 120 kNm/kg [44]. Machine-made papers were found
to have a higher zero span tensile index on average. This
could be the result of additives or sizing, e.g. the addition
of starch into the pulp is known to yield higher values for
paper made from softwood fibres [45]. There was no cor-
relation between thickness and zero-span tensile strength
(R? = 0.004). Previous research established a correlation
between DP and mechanical properties of paper [46];
however, our results do not confirm this for zero-span
tensile strength of Chinese paper (R? = 0.08).

Near infrared spectroscopy

While NIR methods have successfully been developed
for characterisation of 19th and 20th century European
paper [16, 17], the results discussed above show that the
significantly different properties of Chinese paper might
require specific methods to be developed. Due to the
low grammage of Chinese paper, a study of the required
number of layers of paper was carried out first to obtain a
spectrum without the influence of the Additional file 1 as
was done for European paper [16].

The spectra of 1-10 layers of paper were measured for
4 paper samples of different thicknesses (sample nos.
48B, 54, 33B, 76). The spectra of 1-9 paper layers were
compared with the spectrum obtained for 10 layers of the
same paper, by correlating absorbance values pairwise
per wavelength (Fig. 11). The data demonstrates that at
~ 5 layers the values R? tend to level-off at > 0.99, while
the slopes are mostly > 0.8. Thus, 5 layers of paper were
explored as a suitable number of layers enabling success-
ful multivariate data analysis. However, since in practice
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it might be difficult to fold an archival document into 5
layers, spectra using 1 layer were also measured and used
for data analysis. From further analysis, 3 samples were
removed as there was not enough material to perform
5-layer measurements, and a total of 173 samples were
thus included in multivariate data analysis.
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Fig. 10 Distribution of zero-span tensile strength for the measured

samples from the Chinese reference paper collection (N = 45)

Prior to multivariate data analysis, PCA was performed
on the spectra to determine any outliers. 2 samples were
found to have significantly different spectra from the
rest. Visual assessment showed that the samples con-
tained pink and brown dyes. As these samples repre-
sented exceptions and as the focus of this research is not
to assess the properties of coloured papers, the samples
were removed from further analysis.

For lignin content, LDA was used (Table 1) as quan-
titative data was not available. As the purpose of this
research was to establish that in principle, lignin could be
quantitatively determined using NIR spectroscopy, sam-
ples with individual fibre colour change (1) or no observ-
able colour change (0) following the phloroglucinol test
were grouped together.

These results show that LDA models could be created
to successfully distinguish between papers with a high
content of lignin (2) and little or no lignin content (0/1).
18 out of the 41 samples with high lignin content came
from 2 volumes consisting of 2 series of 7 and 11 books,
which could have similar chemical properties although
they visually appear different.

There are small, but statistically insignificant differ-
ences between the models. The spectra of a single layer
were taken immediately beside the point where samples
were taken for lignin determination, and the spectra
taken across 5 layers represent averages across 5 sheets.
There is no evidence of material inhomogeneity affecting
the results of classification.
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Multivariate regression models were explored for non-
destructive determination of date, tensile strength, pH
and DP (Table 2).

In Fig. 12, PLS calibration and validation scatter plots
are shown. Being able to date paper is important for sci-
entific, conservation and curatorial reasons: the change
in paper production technology in China that led to
industrial standardisation could be more accurately fol-
lowed, while from a conservation point of view, the age
of a paper in conjunction with its pH and DP could reveal
its stability. It is possible to hypothesise that dating of
paper using NIR is enabled due to the accumulation of

degradation products during ageing, as well as due to
the frequent changes in the manufacturing processes of
historic materials. Both are reflected in the NIR spectra
and these in turn enable dating, as has been shown previ-
ously for paper as well as for photographs and parchment
[47-49]. It is not possible, due to the highly overlapped
NIR absorption peaks, to examine which compounds or
bond types specifically contribute to the success of PLS
regressions for dating.

The success of dating applications ultimately depends
on the accuracy of historic data. These were extracted
from the documents themselves where available, but are

Table 2 PLS calibration and validation parameters for regression models for date, pH, DP and zero-span tensile strength

index (TSI); N—number of samples

PLS model Calibration Validation
N RMSECV Factors R? Pre-processing N RMSEP R?

Five sheets Date 112 21 6 0.6 SNV, MSC 33 24 0.53
Date post-1900 86 9 9 0.67 SNV, MSC 29 15 047
pH 135 05 8 0.66 MSC, S-Golay*, SNV 38 0.7 0.37
DP 63 370 8 084 SNV, MSC, S-Golay** 21 690 0.52
TSI 45 28 8 0.69 MSC, SNV, S-Golay* - - -

One sheet Date 112 21 7 0.64 MSC, S-Golay*, SNV 33 31 03
Date post-1900 86 10 8 0.74 SNV, MSC, S-Golay* 29 13 041
pH 135 0.5 7 0.63 MSC, S-Golay*, SNV 38 0.7 04
DP 63 500 7 0.72 SNV, MSC, S-Golay* 21 720 0.55
TSI 45 30 8 0.63 MSC, SNV, S-Golay* - - -

Due to the low number of observations, independent validation was not carried out for TSI
*First derivative, three-point smoothing, second order polynomial

**Second derivative, three-point smoothing, second order polynomial
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of doubtful quality where supplier data was used instead,
which was mostly the case of pre-1900 samples. For PLS,
calibration was generally more satisfactory using 5 layers
of paper, which probably reflects the amount of infor-
mation that is reflected from a thick sample (5 layers) as
compared to a thin one (single layer). The models can
predict the date of paper with 21 years uncertainty; how-
ever, this is significantly reduced to 13 years for post-1900
samples. These values are very similar to those reported
for European paper [16] which indicates that NIR spec-
troscopy, in conjunction with PLS, is a method that
should be explored further for scientific characterisation
of Chinese paper. Spectra of single sheets, while leading
to less satisfactory calibrations, can for some properties
be considered as acceptable if 5 sheets are not available.

However, the results for pH and DP are less satisfactory, in
both cases the high RMSEP values indicate that the value of
the current best calibrations to preservation is limited. There
could be several reasons for this, to be explored further in
future research: despite the number of samples used in this
research, there is only a limited pH range covered (4.0-8.1)
in the first place, with the vast majority in the range 6-7.5.
Currently, the model is thus able to differentiate between
acidic and alkaline samples; however, to increase the accu-
racy of the calibration, additional acidic paper samples
would be needed. Similarly, for DP it also was not possible
to obtain a reasonable quality of calibration, which could be
due to the high variance of the DP determinations obtained
viscometrically as a result of sample inhomogeneity. In this
case it may not be possible to improve the calibration by
increasing the number of samples, unless a different method
for DP determination is used, requiring smaller samples, e.g.
size exclusion chromatography.

A NIR model to evaluate the tensile properties would
be valuable for preservation in collections that allow han-
dling of the objects, as the strength of thin Chinese papers
is difficult to gauge by handling. However, due to the
small number of samples that were available for mechani-
cal testing, we only present the calibration plot in Fig. 12,
which shows that with a higher number of samples, an
application could be developed in the future.

Conclusions

Systematic characterisation of 178 Chinese papers from
19th and 20th century was carried out using various
known chemical, mechanical and spectroscopic tech-
niques. The examined sample set was randomly col-
lected and could thus be considered as a representative
selection. Compared to Western paper from the same
period, significant differences in the examined proper-
ties were observed. Although the storage history of the
samples is unknown, the following conclusions can be
drawn:
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+ Chinese papers are largely neutral with pH mostly
between 6 and 8, with only a small proportion of
samples with pH < 6 (10%).

+ Lignin content varies, with 23% of samples showing a
significant reaction using the phloroglucinol test. Only
15 samples showed intensive overall colouration.

+ The average DP of the sample set was 1860 for hand-
made and 1240 for machine-made samples. These
values are comparable with European papers of simi-
lar age.

+ Low grammage of traditional Chinese papers is well-
known, and machine-made papers were on average
0.08 mm thick and handmade 0.06 mm.

+ A method for determination of zero-span tensile
strength was developed and 45 samples could be
measured, where enough material was available.

+ A further characteristic property of traditional Chi-
nese papers is inhomogeneity, which led to up to
20% variance between DP measurements, and up
to 0.09 mm difference in sheet thickness within the
same sample. The low grammage also affected NIR
spectroscopic analyses: spectra of 1-10 layers of
paper were compared and from 5 layers on, addi-
tional amount of material (i.e. more layers) was con-
sidered to no longer significantly affect the spectra.

+ PLS regression and LDA models were developed for
1 and 5 layers of paper, for pH, DP, zero span tensile
strength index, age, and lignin content with varying
success. While the model for dating was satisfactory,
the pH model was least satisfactory due to the small
range of pH values of samples in the collection. Mod-
els developed using spectra obtained with a single
layer were comparable to those obtained with 5 lay-
ers, which is ascribed to material inhomogeneity.

Further research is required to optimise the developed
NIR methods for practical application, as increased sam-
ple diversity would be desirable, particularly for pH. Due
to the observed differences with well-studied European
paper, a quantitative understanding of degradation of tra-
ditional Chinese paper needs to be developed, which is
the focus of our future research.
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