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Abstract

Parchment has been in use for thousands of years, and has been used as the writing or drawing support for
many important historic works. A variety of analytical techniques are currently used for routine assessment of
the degree of denaturation of historic parchment; however, because parchment has a heterogeneous nature,
analytical methods with high spatial resolution are desirable.

In this work, the use of small-angle X-ray scattering (SAXS) and synchrotron-IR (SR-IR) was examined in
conjunction with multivariate data analysis, to study degradation of an extended set of historic parchment
samples and particularly to investigate the effect of lipids and the presence of iron gall ink on the degradation
processes. In the data analysis, shrinkage temperature, lipid content, sample age, presence of ink, and
accelerated degradation were included. The analysis of loading factors in partial least squares regression and
principal component analyses based on SAXS, SR-IR, and other analytical and descriptive data reveals the effect
of lipid removal on diffraction patterns and lipids are found to cause the degradation process in parchment to
accelerate. The effect of iron gall ink is also evident, although the mechanism of ageing is different to that of
natural ageing in the absence of ink. In addition, an historic parchment score from ca. 1750 is examined
demonstrating the significant effect of iron gall ink, and lipids and inorganic soiling on its increased
degradation.
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1. Introduction

Parchment has been used as a writing medium for more than two millennia [1]. Large
parchment-based collections of books and documents are kept in heritage institutions [2],
and it is important to understand and manage material change leading to degradation of
material properties, either induced by the environment or by material properties, including
the properties of writing and drawing media. Of these, iron gall inks, composed mainly of
gallotannins, vitriol (iron(II) sulfate), Arabic gum and water, are particularly known for their
corrosive properties [3].
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Parchment and its main component collagen [4] are complex materials due to their natural
heterogeneity, additionally exacerbated by natural degradation. The collagen molecule
consists of three polypeptide chains with a known amino acid sequence forming a triple helix
[4]. This unique structure of collagen, with numerous intermolecular bonds, allows for
excellent mechanical properties and chemical stability of a parchment object. Due to
numerous degradation processes the collagen structure may become unfolded, turning into
disordered gelatine, which can reduce a parchment document’s ability to be fit for purpose
[5]. It has been shown that lipids in parchment may significantly promote this process, and
that oxidative stress could play a role [6-8], however, more evidence is still needed to
confirm the relative importance of lipid-driven degradation processes.

The routinely used analytical methods and techniques, such as thermal analysis and XRD are
destructive or micro-destructive [6,9], and benchtop spectroscopic methods such as FTIR
and FT-Raman [10-12] may not provide information that is sufficiently spatially resolved. The
development of techniques that would satisfy the need for higher spatial resolution is still
called for.

Shrinkage temperature is often used as an indicator of hydrothermal stability because it is
directly connected with the molecular structure of collagen and the level of deterioration. It
is also well-understood by the end-user community and used in condition assessment of
parchment objects [13-16].

To extract chemical information, infrared (IR) spectroscopy is one of the most popular
spectroscopic tools for the study of parchment [17,18]. The amide I vibration represents the
dominant peak in a parchment spectrum, occurring at 1600-1700 cm-1 and represents a
series of stretching vibrations of the C=O and C-N functions. The amide II peak occurs at
1510-1580 cm-1, is more complex than amide I as it contains a series of bands, and depends
predominantly on the N-H bending vibrations. During degradation, the position and the
intensity of the absorbance maxima of the amide I and II bands changes and can be used to
characterise collagen conformational changes. An increase of OH stretching can be noted at
wavenumbers 3400 and 1650 cm-1, leading to an increase in the intensity of the amide I peak
(1650 cm-1). Carbonyl compounds are observed as a shoulder on the amide I and may also
cause an increase of the peak area [19].

Orientation [5], long-range order [13,16] and diameter [20] of collagen fibrils and their
intramolecular or intermolecular interactions [20,21] can be determined using X-ray
diffraction (XRD). These structural parameters are concomitant with the condition of a
parchment object [13]. XRD has been used to study changes in collagen structure and
accumulation of disordered gelatine during ageing [5,13]. This is a relevant indicator for the
level of degradation of a historic parchment object [5].

The rapid development of synchrotron-based analytical instrumentation allows for the use
of micro XRD [5] and small-angle X-ray diffraction (SAXS) [22], which enable point-to-point
microscale mapping of structural features of sizes ranging from 1-100 nm [16,20].
Synchrotron-based diffraction techniques are often favoured over standard ones because of
the ultra-bright light, more sensitive detectors and better attainable spatial resolution
[13,23]. This is of importance in studies of heritage objects, as the sample size needs to be as
limited as possible.

In this work we investigate the use of synchrotron methods, both SAXS and IR, in
conjunction with multivariate data analysis, to study parchment degradation and the effect
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of the lipid fraction and iron gall ink on the degradation processes. Additionally, shrinkage
temperature was determined for all the samples, while the content of lipids was determined
gravimetrically, after extraction. This combination of traditional and micro-analytical
methods allowed us to examine the effects of material composition on localised degradation
of real (sacrificial) historic parchment samples.

2. Material and Methods

Samples

In the study, 9 historic parchment documents of variable origin were used, obtained
commercially or through donations, produced between 1480 AD and 1900 AD. The samples
were sacrificial, meaning that they were of no documentary or historical value and could be
used for scientific research. An additional document (score) from 1750 AD, exhibiting
localised degradation, was used.

Lipids were extracted from samples with hexane (HPLC grade, J.T.Baker, USA) using Soxhlet
extraction, the duration of extraction was 0 h (immersion only), 1 h or 4 h. After extraction,
the samples were dried in vacuum and equilibrated at room temperature and relative
humidity. The amount of extracted (hexane-soluble) material was determined
gravimetrically.

One half of all parchment samples (extracted and non-extracted) were then subjected to
accelerated degradation in a climatic chamber (Vötsch Climatic chamber, Type VC 0020) at
80 °C and 65% RH for 18 days. The other half was not subjected to degradation. Thus we
obtained a set of 40 samples, differently delipidised and degraded, some additionally
containing iron gall ink inscriptions, as verified using iron gall ink test paper (Conservation by
Design, Bedford, UK).

Shrinkage temperature

Two different systems were used for measurement of shrinkage temperature:

(i) The shrinkage temperature of most parchment samples was determined as described in a
previous publication [8].

(ii) The shrinkage temperature of the historic score from 1750 AD was determined using a
microscope Leica Gallen III (10x) equipped with a hot table. The temperature programme
and the determination of shrinkage temperature were the same as above.

After sampling with a scalpel, a few collagen fibres were immersed in distilled water on a
microscope slide with a central concavity. After separation, the fibres were covered with a
slide and placed on the micro hot table. The temperature was increased at 2 °C min-1 until
the temperature at which shrinking was just observed (this temperature was noted), and
then continued until the process completed.

The average standard deviation of shrinkage temperature measurement was 0.6-0.8 °C, and
the RSD 1-1.5%. The average standard deviation and RSD were determined from five
independent measurements of a sample (n = 5). The amount of sample needed for this
analysis is 30-50 μg.  
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Small Angle X-ray scattering

2D small angle X-ray scattering (SAXS) diffractograms were collected on the non-crystalline
diffraction beamline (I22) at the Diamond Light Source (Harwell Science and Innovation
Campus, UK). The scattering of X-rays by a parchment sample was performed with X-rays of
0.154 nm. The sample to detector distance was 5.5 m. Three measurements were taken at
different positions of the same sample.

Synchrotron Infrared Spectroscopy

To acquire transmission FT-IR spectra, micro samples were prepared in a Diamond micro
compression cell and measured at a room temperature with a Continuum microscope
(Nicolet) equipped with a liquid nitrogen cooled MCT detector. The measurements were
performed using infrared synchrotron radiation from the BESSY II storage ring at the IRIS
beamline. A 32x Cassegrain objective was used to focus the beam onto the sample. The area
of investigation was 50 μm × 50 μm and a total of 256 scans were collected per sample 
spectrum in the wavenumber range between 4,000 and 650 cm−1.

All experimental data is available as Electronic Supplementary Material.

Multivariate Data Analysis

Partial least square regression (PLS) and principal component analysis (PCA) and were
performed using Unscrambler v.9.7 (CAMO, Trondheim) and IBM SPSS Statistics 17 (SPSS
Inc., Chicago, USA), respectively.

PCA is a mathematical visualisation procedure that transforms a number of correlated
variables into a (smaller) number of uncorrelated variables called principal components. The
objective of principal component analysis is to reduce the dimensionality (number of
variables). PCA analysis is used for grouping of data sets according to their similarities and
differences [24,25]. For all PCA work in this paper, untreated centred spectra were used. On
the other hand, PLS enables spectral and measured/observed information to be correlated.
The quality of results in both cases depends on a number of factors, among which the quality
of the reference measurements (X-ray diffractograms, IR spectra etc.) is the most important
[24,26].

In both PCA and PLS, loading vectors can be understood as the weights for each original
variable, and the loading plot will give an overview of the importance of the original
variables. In PLS or PCA, in the loadings vs. variables plot, two variables that are both
positive or both negative are positively correlated, otherwise they are negatively, i.e. anti-
correlated. In PCA, in the PC1 loadings vs. PC2 loadings plot, two variables are correlated if
their loadings appear at close to 0o relative to the origin, if at ca. 180o they are negatively or
anti-correlated, and if at ca. 90o, then the two variables are not correlated.

3. Results and Discussion

3.1. Examination of the effect of lipids with SAXS

The main character of a collagen molecule is the triple helical structural motif [27]. During
ageing, its helical structure transforms into a random gelatinous structure. High proportions
of gelatine can make parchment objects become unfit for the purpose of manual handling.
Since parchment is structurally and chemically inhomogeneous, methods with high spatial
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resolution are needed [13] and synchrotron (SR)-based analytical methods are ideally suited
for its characterization as they are often non-destructive or require a microscopic sample,
often a single fibre [23]. X-ray analysis had already proven useful for the characterisation of
collagen [16,20-22].

In this research, 9 sacrificial historic samples were used, originating between 1480 AD and
1900 AD. Shrinkage temperature was determined using thermal microscopy, and small angle
X-ray (SAXS) diffractograms were collected for the whole sample set. The Bragg order
reflection that corresponds to the lipid phase of parchment samples appears at
approximately 0.22 nm-1 [6]. After 1 h of extraction the 0.22 nm-1 reflection is still observed
(Figure 1). However, after 4 h of extraction the 0.22 nm-1 reflection no longer appears
indicating that the lipid phase of the parchment sample has been removed (Figure 2).

Figure 1: 2D Diffraction image from sample OR10 from 1731, no accelerated degradation, after 1-h extraction
and the corresponding linear trace. The reflection from the lipid phase is still apparent.

Figure 2: 2D Diffraction image and the corresponding linear trace from sample OR10 from 1731, no accelerated
degradation, after 4-h extraction. The reflection corresponding to the lipid phase is no longer visible, indicating
that lipids have been removed.

Partial least squares (PLS) regression is particularly useful to examine quantitative
relationships between whole spectra and reference analytical information. Based on SAXS
integrated intensity profiles for historic parchment samples, a PLS calibration (Table 1) was
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calculated for lipid content of parchment samples, in which the actual lipid content was
determined gravimetrically. Using cross-validation, the optimal calibration was obtained
using 15 latent variables and no spectral pre-treatment. The calibration itself is not
particularly useful for quantitative prediction of lipid content based on diffraction patterns
due to the high root mean square error of cross validation and low R2. This might be a
reflection of the quality of the reference data on lipid content obtained gravimetrically, but
also a consequence of the fact that sample sizes of samples used for extraction and for SAXS
are significantly different.

However, the calibration does indicate that there is a quantitative correlation and thus it
does allow for analysis of the loading plot (Figure 3). From the latter, it can be concluded
that while meridian reflections of the 6th-10th order do contribute to the calibration, the
lipid reflection at 0.22 nm-1 is much more prominent in the loading plot than in original
diffractograms (Figure 1) indicating its important contribution to the calibration. The loading
plot also indicates that there is an anti-correlation between lipid content and meridian
reflections of the 6th-10th order.

Table 1: Partial least squares (PLS) calibration and cross validation data for determination of lipid content in
historic parchment (n = 25). RMSE – root mean square error.

Slope Offset RMSE [%] R
2

Callibration 0.44 0.65 0.16 0.44

Cross Validation 0.32 0.79 1.41 0.23

Figure 3: Loading plot of the PLS calibration for prediction of lipid content in historic parchment based on
diffractograms (n = 25).

The parameters from the diffraction pattern that describe changes in the structural
properties of the collagen lattice are:

(i) Shifts in the periodicity of meridional peaks i.e. the distance at which they appear in
relation to one another. A change in this parameter indicates that the average distance
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between repeating units (in this instance, the gap and overlap region of the staggered array
of collagen molecules in the collagen fibril) has changed.

(ii) The full width at half-maximum (FWHM) of the meridional peaks. The FWHM can be used
to describe the distribution of gap and overlap distances between collagen molecules along
a collagen fibril. If the variation of the gap and overlap period through a collagen fibril
increases then the FWHM will increase for all meridional peaks. Since the variation of the
repeating alignment of collagen molecules in the collagen fibril is very small, this indicates a
structural difference in parts of the collagen fibril.

(iii) The diffuse scatter (represented by the total area under the meridional peaks after
background subtraction) arises from X-rays randomly scattering from non-crystalline
structures. If the diffuse scatter increases then a greater proportion of the area exposed to
X-rays is non-crystalline, indicating that more degraded collagen is present.

(iv) The intensity of the meridional peaks. A greater intensity indicates that more repeating
units have diffracted the X-rays at the same angle. When compared against the amount of
diffuse scatter this parameter can be used to quantify the amount of collagen present in a
sample.

The next step was to test whether there is a degradation pattern exhibited by differently
degraded historic sample with different lipid content.

Figure 4: Loading plot of the PCA, using diffractograms of identical historic parchment samples of different age,
both additionally degraded and not (but none extracted).

In Figure 4, the loading plot for PC1 accounting for 84% of the variability is shown, obtained
after principal component analysis (PCA) using raw diffractograms of identical historic
parchments, pair-wise degraded and non-degraded. None of the samples used in this PCA
were extracted with hexane. Since samples of different age were used, both additionally
degraded and not, the PCA does not separate samples into clear groups, however, younger
and non-degraded samples and older and additionally degraded samples separate along
PC1, with older samples tending towards more positive scores.

The loading trace shows that the 6th-9th orders of reflection are weakly anti-correlated with
the lipid reflection at 0.22 nm-1, indicating that higher lipid content is associated with a loss
of diffraction intensity from the meridional series. Additionally, the diffuse scatter positively
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correlates with lipid reflection, meaning that higher lipid content is also associated with a
higher proportion of non-crystalline material in degraded parchment samples. These findings
infer that there is more degradation of the collagen fibril with higher lipid concentrations.

In order to make data interpretation clearer, the diffractograms for historic parchment
samples were deconvoluted and the data on heights of individual peaks representing
reflections of the 6th-10th order was compiled, including the corresponding shrinkage
temperatures (ST), i.e. temperatures of denaturation, sample age and whether or not a
parchment sample has been subjected to accelerated degradation prior to SAXS
measurements.

In Figure 5, correlations between experimental parameters can be explored. The combined
variability accounted for by PC1 and PC2 is 77%, leading to separation of samples according
to age along PC1 and according to shrinkage temperature along PC2. From the loading plot
shown, it is evident that with natural ageing (represented by age in years) the meridional
reflections of the 6th-10th order decrease. Age is also anti-correlated with shrinkage
temperature (ST), which is commonly understood as a measure of the stability of parchment
[13]. The latter is also lower in samples that have been artificially degraded.

Figure 5: Loading plot for PCA on the basis of data on historic parchment samples: shrinkage temperature (ST),
age and whether or not accelerated degradation has been performed (AccDeg) prior to SAXS analysis,
represented by peak heights of the 6

th
-10

th
reflection.

3.2. The effect of iron gall ink studied by SAXS and SR-IR

Degradation in the presence of inks is an issue where micro-analytical methods are of
particular interest. It is known that iron gall ink has highly corrosive properties and rapidly
leads to substrate degradation due to the high proportion of acids and transition metals in
the ink [3]. It is believed that acid hydrolysis of parchment mediated by iron-gall ink is largely
suppressed by calcium carbonate acting as a buffer. It is not known, however, to what extent
iron gall ink promotes oxidation of parchment. To investigate this issue, we analysed micro-
samples from sacrificial parchment samples immediately beneath where ink had been
applied.
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Figure 6: Loading plot for PCA on the basis of data for historic parchment samples: age and whether or not iron
gall ink was present at the sampling location. SAXS results are represented by peak heights of the 6

th
-10

th

reflection.

PCA was also carried out with data on historic samples with and without ink, of various age,
and of peak heights in SAXS diffractograms. Samples broadly separate according to age (PC1)
and according to whether ink was present or not (PC2). An analysis of the loading plot
(Figure 6) clearly reveals that sample age anti-correlates with peak height, however, there is
little, if any, correlation with the presence of ink. This is of interest, as it may indicate that
degradation catalysed by iron gall ink might proceed differently to degradation in its
absence.

Figure 7: PCA loading plot representing the influence of various experimental factors on relative intensities of
amide I and II bands of a parchment from year 1480, differently pre-treated (31 spectra).
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To extract more data, we carried out SR-IR on micro-samples extracted from sacrificial
historic samples in the presence and in the absence of iron gall ink. We were particularly
interested on how the degradation affects the relative areas of amide I (between 1600 and
1700 cm-1) and amide II (between 1510 and 1580 cm-1) peaks. Relative peak areas were
calculated by deconvolution and normalisation. To visualise the data, PCA was used, and in
the scatter plot, samples clearly separate along the PC1 based on the relative amide peak
heights, while PC2 separates the samples based on whether they have been exposed to
degradation, either due to ink or due to accelerated degradation. The loading plot (Figure 7)
represents the influence of various experimental parameters, such as whether accelerated
degradation was used prior to measurements (AccDeg) or whether the sample was taken in
the immediate vicinity of ink, on the relative intensity of the two amide peaks. It is evident
that accelerated degradation leads to a relative decrease of the amide II peak area, while
natural degradation in the presence of ink does not have the same effect, again indicating
that the mode of degradation is dissimilar.

3.3. Examination of a historic document with localised damage

To visualise the issues discussed above, a score in square-note neume notation from 1750
AD was examined. The script was written in iron gall ink and due to use, lipids and soiling
accumulated on the corner of the page. Samples were taken at a distance of 1 cm from each
other, starting at the corner and moving in a diagonal line towards the centre of the page.
Shrinkage temperature was determined to provide a quick assessment of the extent of
degradation. The results are shown in Figure 8.
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Figure 8: A historic score from 1750 AD, sampled at positions 0-9, with shrinkage temperature of the micro-
samples determined, the results shown in the inset. An additional sample was extracted on the spot marked
with ‘x’, with iron gall ink application. The error bars represent measurement uncertainty for triplicate
analyses.

It is clear that the parchment sheet is more degraded at the corner of the page, where it is
reasonable to assume that lipids contributed to degradation. Their presence has amounted
to a substantial difference in the shrinkage temperature of 10 oC, as shown in Figure 8.
Additionally, shrinkage temperature was measured beneath iron gall ink spot, marked as ‘x’
in Figure 8, where it was 54.9 oC. This series of results clearly demonstrates that natural
degradation of parchment is significantly enhanced by the presence of soiling (incl. added
lipids), as a consequence of years of use.

4. Conclusion

Degradation of historic parchment was investigated using a set of naturally degraded historic
parchments. Additionally, samples were pre-treated using extraction in hexane to remove
lipids, and accelerated degradation in a climate chamber. The following can be concluded:

 Using principal component analysis (PCA) and partial least squares (PLS) regression of
SAXS data, we have shown that meridian reflections of the 6th-10th order the lipid
reflection at 0.22 nm-1 are anti-correlated, indicating that higher lipid content leads
to more degradation. We have also shown that the diffuse scatter – from increased
disorder – increased with lipid content.
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 PCA was used to examine the correlation between X-ray diffraction peaks, sample
age, shrinkage temperature and accelerated degradation. It is evident that with age
the intensity of meridional reflections decreases relative to the sample-dependent
diffuse scatter, as well as the decrease of shrinkage temperature.

 Examination of the effect of iron gall ink on parchment revealed that samples
containing ink degrade differently to naturally aged samples without ink, this
conclusion being supported by both the SAXS and SR-IR data.

 Using an original parchment document significantly lower shrinkage temperatures
were obtained from samples at the corner of a page, where soiling and lipids,
accumulated due to manual handling, has led to more pronounced degradation.

Due to the inhomogeneity of historic parchment, substantial sample sets need to be studied
in conjunction with multivariate data analysis, as the effects of factors influencing the
degradation of such materials are often difficult to separate and study analytically.
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