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a b s t r a c t

Iron gall inks are of extraordinary historical significance considering their widespread use for over a
millennium. Due to their corrosiveness, which is a consequence of their acidity and content of transition
metals, iron gall inks accelerate the degradation of the writing or drawing support, which in this study
is rag paper. Characterisation of acidity (pH) and degree of polymerisation (DP) of cellulose in paper is
thus of high interest as it enables the estimation of material stability and assessment of risks associated
with its handling. Based on a well-characterised set of samples with iron gall ink from the 18th and
19th centuries, we developed a near infrared spectroscopic method with partial least squares calibration
for non-destructive determination of pH and DP of both inked areas and paper. Using this method, 27
cidity

ellulose
hemometrics
ifetime prediction

18th and 19th century iron gall ink drawings from the British Museum collection were analysed and
in all cases, inked areas turned out to be more acidic and degraded than the surrounding paper. Based
on the obtained DP data, we were able to estimate the time needed for the inked areas to degrade to
the point when they become at risk of damage due to handling. Using the average uncertainty of the
calculated lifetime, we propose a quantitative stability classification method which could contribute to

vatio
the curatorial and conser

. Introduction

Drawings in iron gall ink on paper are undoubtedly among the
ost exquisite artworks. Apart from their artistic value, they are

ery complex also from the chemical point of view [1,2]. The ink,
enerally a mixture of an Fe(II) compound, gallotannins, gum Ara-
ic and water, was often prepared by the artist him/herself [3,4],
nd hundreds of recipes were passed down, and probably hundreds
ere forgotten. Once exposed to air, the fresh ink starts oxidising

5,6], rendering the ink insoluble, but this process also gradually
eads to decomposition of the cellulosic support as well [7].

The complex reaction system includes acid-catalysed hydroly-

is of cellulose and autoxidation of the many organic compounds
resent in the ink and in the paper. Due to its high variability, the
hemistry of iron gall inks is still not entirely understood, although
t is known that its acidity, the amount of ink applied, as well as the

∗ Corresponding author. Tel.: +44 20 7679 5994; fax: +44 20 7916 1887.
E-mail addresses: m.strlic@ucl.ac.uk (M. Strlič), jana.kolar@morana-rtd.com
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C. Higgitt).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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n decision-making process.
© 2009 Elsevier B.V. All rights reserved.

composition and grammage (or weight) of the paper support are
important factors affecting degradation [8].

Although drawings prior to 1850 may have been made on rag
paper, which would by itself withstand several millennia [9], the
chemical degradation along ink lines results in loss of mechani-
cal properties of the support and its lifetime drastically reduced.
In order to assess the condition of drawings and potential risks of
damage or information loss, it is therefore vital to know the acidity
of paper along an ink line and the remaining degree of polymeri-
sation of cellulose providing mechanical strength to paper. The
procedures for their determination include viscometry for deter-
mination of the degree of polymerisation (DP) of cellulose in paper
[10], size exclusion chromatography for DP of cellulose [11] in ink
lines and determination of pH using micro-combined pH electrodes
[12].

The drawings by Ubaldo Gandolfi (Fig. 1), John Everett Millais,
Luca Giordano, Cosmas Damian Asam and of other celebrated 18th

and 19th century artists, however, can certainly not be subjected
to destructive chemical analyses. While their artistic and historic
value is immense, so is our desire to understand their condition in
order to be better able to preserve them. Spectroscopic methods
are particularly suitable for the analysis of artworks in situ, as often
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ig. 1. Ubaldo Gandolfi’s drawing (BM registration number PD 1946,0713.929)
sed in the study. The areas indicate where non-destructive analyses using
IR/chemometrics have been performed. ©Trustees of the British Museum.

o sample preparation is necessary and portable instruments are

ecoming increasingly available. Near infrared (NIR) spectroscopy

s particularly suitable as the spectra are characterised by overtones
nd combination vibrations and are thus information-rich since
bsorptions of a single bond type appear in the spectrum several

able 1
rawings from the British Museum collection characterised non-destructively using NIR/

Drawing no. Registration no. Ar

1 1946,0713.941 Ga
2 1946,0713.929 Ga
3 1946,0713.1528 Ga
4 1946,0713.1472 Ga
5 1946,0713.925 Ga
6 1946,0713.879 Bu
7 1946,0713.876 Bu
8 1946,0713.875 Bu
9 1980,0628.1 Fa

10 1997,0712.39 Sch
11 1982,1211.1 Mi
12 1997,0712.38 As
13 1897,0505.603 De
14 1897,0505.77 De
15 1897,0505.664 De
16 1897,0505.39 De
17 1875,0508.1231 Be
18 1995,0121.21 Fre
19 1981,0516.10 De
20 SL5223-54 Gio
21 2000,0929.12 Di
22 1980,1011.5 Ca
23 2003,0730.2 Ca
24 1928,1016.11 Me
25 1946,0713.1452 Ga
26 1995,0121.4 Mi
27 1981,0516.8 De
1 (2010) 412–417 413

times [13]. Due to the overlapping bands, the spectra are complex
and difficult to interpret analytically [14]. In order to extract the
information, multivariate analysis is necessary [15].

Chemometric methods, in particular the partial least squares
(PLS) method enable us to interpret NIR spectra quantitatively
[13,15–17]. In the process of method calibration, a well-
characterised and representative set of samples must be used,
and for method validation, a separate sample set is needed. NIR
spectroscopy in combination with chemometric data analysis has
become increasingly used in material characterisation [18] and also
heritage science [19], wherever a sufficiently large set of histori-
cal samples can be collected and characterised using conventional
methods of analysis to provide the calibration data. This is not
a trivial issue due to the variability (and availability) of historic
samples.

Here we report on the development of an NIR method for char-
acterisation of iron gall ink drawings. We developed PLS methods
for determination of pH and degree of polymerisation/molar mass
of both ink and rag paper, and propose a procedure for comparison
of both sets of data to establish which drawings are at most risk
from handling, which could result in mechanical damage.

2. Experimental

2.1. Samples and analyses

For calibration, 285 18th and 19th century rag papers and
85 18th and 19th century rag paper samples with iron gall ink
applications were collected through donations and acquisition. For
determination of paper and ink pH, many arbitrary methods for
determination are available and some have been standardised [12].
However, due to sample size, a modified cold extraction method
using a hollow, perpendicularly cut and sharpened surgical nee-
dle), 5 �L of deionised water was added and left overnight. pH was
determined in the resulting extract using a micro-combined glass
electrode (MI 4152, Microelectrodes, Bedford, NH).

chemometrics.

tist Date

ndolfi, Ubaldo 1728–1781
ndolfi, Ubaldo 1743–1781
ndolfi, Ubaldo 1743–1781
ndolfi, Ubaldo 1743–1781
ndolfi, Ubaldo 1743–1781
siri, Giovanni Battista 1698–1764
siri, Giovanni Battista 1725
siri, Giovanni Battista 1725
ncelli, Pietro 1779–1850

midt, Martin Johann 1770–1780
llais, John Everett 1854
am, Cosmas Damian 1726–1727
lany, Mary 1772–1782
lany, Mary 1776
lany, Mary 1774
lany, Mary 1775
rgmüller, Johhan Georg 1703–1762
y, Johann Jacob 1681–1752
veria, Achille 1800–1857
rdano, Luca 1647–1705

ziani, Gaspare 1704–1767
lletti, Giuseppi 1615–1660
rriera, Rosalba 1734
ngs, Anton Raffael 1743–1779
ndolfi, Ubaldo 1743–1781
llais, John Everett 1853
veria, Achille 1800–1857
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For determination of the degree of polymerisation of cel-
ulose in paper, the standard viscometric method was used
10]. DP was calculated from intrinsic viscosity using the

ark–Houwink–Sakurada equation [20]:

P0.85 = 1.1 × [�].

Due to sample consumption, this method is not suitable for
nks. The molar mass of cellulose in iron gall inked area was
etermined using size exclusion chromatography of carbanilated
ellulose, based on a previously published method [21], which was
lightly modified [11]. Approximately 200 �g of the material was
ecessary to determine relative average molar masses, using the
niversal calibration approach. The weight-average molar masses
f CTC (MW) relative to polystyrene standards were converted to
bsolute molar mass using the established calibration [11]. The MW
alues (absolute mass average molecular weights) were recalcu-
ated to DP by dividing the MW by 537 g/mol (the MW of a fully
arbanilated glucose monomer).

.2. Historic drawings

Twenty seven 18th and 19th century iron gall ink drawings from
he British Museum collection were analysed (Table 1). The mea-
urements were performed on ink areas where the ink was most
hickly applied and where degradation has been shown to pro-
eed fastest [8], on areas with thinner ink application and on areas
ithout ink.

.3. NIR spectroscopy

Near infrared reflectance spectra were measured using a Lab-
pec 5000 spectrometer (Analytical Spectral Devices, USA) with
hree separate holographic diffraction gratings and three separate
etectors; 512 element silicon photo-diode array for the spec-
ral region 350–1000 nm, and two TE-cooled InGaAs for spectral
egions 1000–1800 nm and 1800–2500 nm. The spectra were mea-
ured with a purpose-made accessory which could be used in a
anner which was safe for the drawings and which allowed for

ollection of spectra in the 45◦/45◦ geometry (spot diameter ca.
mm), using a 1 m fibre-optics jumper cable to interface with the
abSpec instrument. UV–vis–NIR spectra were measured over the
ange 350–2500 nm, using 300 scans. Several layers of Whatman
lter paper no. 1 (Maidstone, UK) were used as the background. A
pectralon 99% reflective standard (Labsphere, North Sutton, NH)
as used for calibration.

Each paper and ink sample was analysed three times and spectra
ere averaged to reduce the sampling error. For inks, spectra were

aken on the verso and on the recto side. Spectra were subsequently
anipulated with GRAMS 8.0 software (Thermo Scientific). All the
easurements were performed under controlled temperature and

elative humidity.

.4. Data analysis

The goal of building a multivariate calibration model is to predict
aper and ink properties from a NIR spectrum. A good NIR multi-
ariate calibration model could replace the destructive reference
ethod.
Multiple algorithms were available for analysing experimen-

al results, e.g., PCA (principal component analysis), PCR (principal

omponent regression), PLS (partial least squares), Discriminant
nalysis or various distance functions (e.g., Mahalanobis distance)

22,23]. We chose the PLS spectral decomposition technique to cor-
elate the target property of rag paper and ink samples (pH, DP, and
W) with NIR spectra. PLS regression was performed using Grams
1 (2010) 412–417

8.0 software with an add-on PLS algorithm [24]. Separate calibra-
tion models were generated for each property. The methods for
reduction of the light scatter effect, multiplicative scatter correction
(MSC), standard normal variate (SNV) with or without detrending
and differentiation using Savitzky–Golay algorithm, were consid-
ered as primary pre-treatments for spectral data to help remove
undesirable variations from data and to optimize the PLS models
[25–27]. The optimal complexity of the PLS models was determined
by the leave-two-out cross validation procedure and corresponded
to the number of latent factors resulting in the lowest root mean
squared error of cross validation (RMSECV). Model accuracy was
assessed using root mean squared error of prediction (RMSEP) using
a validation set of samples separate from the calibration set.

Before applying quantitative calculations for the drawings we
used Discriminant Analysis, the PCA/MDR method as a pre-filter to
determine if the unknown spectrum matched the calibration well
enough to give an accurate prediction [28]. The PCA/MDR method
combines the PCA scores and spectral residuals for each spectrum,
representing the spectral data not fit by the PLS calibration model,
and uses them all for the Mahalanobis group matrix calculations.
Including the sum squared spectral residual as a discriminating fac-
tor sets the maximum allowed variation in the factors, and also
limits the range of variation in the residual for a sample. This is
particularly important in the application for drawings because the
outliers could easily be determined during prediction giving us best
assurance of the result. If an unknown is an outlier, i.e. sample of
which spectra differ significantly from those of the calibration set,
the PLS-predicted value for the parameter of interest cannot be
considered reliable.

3. Results and discussion

Prior to ca. 1850, paper production was a manual process,
using rags as a source of raw materials. Even after defibration, and
occasionally bleaching, cellulose fibres remained long and of high
quality. After drying, the freshly made sheets were gelatine sized to
make them suitable for writing/drawing. Despite the use of alum as
a ‘hardener’ for gelatine, which lowered the pH of the size, the bulk
of a rag paper sheet was still saturated with CaCO3 and MgCO3. This
is ideal from the viewpoint of long-term preservation, as cellulose
is most stable in a mildly alkaline macromolecular environment.

During degradation of paper, various acidic degradation prod-
ucts, and absorption of acidic pollutants lead to acidification. The
more acidic a paper is, the faster it degrades, as the dominant
degradation process of cellulose in an acidic environment is acid-
catalysed hydrolysis.

3.1. PLS model development

With the reference samples, following the determination of pH
of paper and ink, degree of polymerisation of paper, and molar mass
of cellulose in inked areas, partial least square calibration using the
same samples was attempted. The PLS methods for determination
of pH of rag paper and of ink (verso) are presented in Fig. 2 and
are highly satisfactory. The standard errors of prediction are the
same order of magnitude as those of the pH measurement method,
which is typically 0.2–0.3 pH units. For ink, two calibrations were
done, both for the recto and for the verso side, with the predictions
slightly better for verso side measurements. The pH as determined

here represents bulk measurements, with the cellulose and size lay-
ers averaged. Considering that the PLS calibration can be obtained
on the basis of NIR spectra at all, it is likely that pH depends on
the content of organic acids and other degradation products which
should give rise to absorption in NIR spectra.
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ig. 2. The PLS calibrations (left) and validations (right) for (i) pH of rag paper, (ii)
nk areas (from top to bottom), based on verso measurements for inked areas. The
amples, and those for ink were calibrated on the set of 60 samples and validated
onfidence interval of regression, respectively.

The degree of polymerisation of cellulose, as well as the molar

ass of cellulose, is crucially important for mechanical properties

f paper. For bleached pulp, it has been shown that retention of
olding endurance correlates with degree of polymerisation [29].
aper with no mechanical resistance, which is difficult to handle
ithout inflicting mechanical damage has been shown to have DP
iron gall ink, (iii) DP of cellulose in rag paper and (iv) MW of cellulose in iron gall
odels for rag paper were calibrated on the set of 180 samples and validated on 50
samples. The full lines and the broken lines represent the regression line and 95%

of about 250–300 [30]. In lifetime calculations, this DP value is often

used as the cut-off value [31].

The PLS methods show excellent correlation between the mea-
sured and modelled values. The SEP values are approximately
tenfold higher than the uncertainties of measurement, which are
ca. 1%. Due to the raw materials used, inhomogeneity of rag papers
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Table 2
The values of pH and DP determined using PLS methods, for the areas indicated in
the drawing in Fig. 1. All NIR spectra were taken on the verso side.

i
f
d
m
m
a
u
c
u
s
m
d
e

3

d
c
o
t
a

o
a
D
n
i
e
t

a
v
r
t
p
l
i
t
i

3

t
w
a
I
e
p
t
i
o

1
t
o
w

Table 3
DP and pH of papers and paper with ink for drawings included in study, ordered by
the time remaining until the iron gall ink area with most ink application degrades
to DP 400, rounded to 100 years. The divisions between lines in the table represents
three possible risk categories.

Drawing Ink Paper Time to DP 400 (years)

DPi pH DPp pH

1 570 6.2 1180 7.3 200
25 590 6.0 1190 7.4 200

2 660 6.0 1420 7.0 300
17 610 6.1 1090 6.9 300

6 630 6.4 960 7.9 500
18 610 5.8 910 5.7 500

9 750 6.4 1160 7.4 500
7 690 6.1 1100 8.0 500

21 720 5.9 1140 7.4 600
4 800 6.2 1250 7.5 700
3 860 6.2 1400 7.3 700

10 860 6.1 1230 8.1 900
23 850 6.2 1220 7.3 1000
24 940 6.4 1360 6.9 1100

8 790 6.2 1020 7.7 1200
5 710 6.2 830 7.0 1300
A B C

pH 6.2 6.4 7.3
DP 800 1000 1400

s usually much higher than that of industrially made paper. There-
ore, the SEP and typical measurement errors cannot be compared
irectly, since the area of sample used for chemical measure-
ent was approximately 1 mm in diameter, while the area of
easurement of NIR spectra was 2 mm in diameter, and addition-

lly, three measurement spots were averaged. For this reason, the
ncertainty of prediction typically combines uncertainties asso-
iated with material inhomogeneity with that of measurement
ncertainty. Also, while every effort was made to make NIR mea-
urements as close to the spot where chemical measurements were
ade, material inhomogeneity can still have an impact on pre-

ictions. The data and results derived below should therefore be
valuated considering the RMSEP values in Fig. 2.

.2. Non-destructive analyses of iron gall ink drawings

Having developed the PLS methods, it was then possible to
etermine pH and DP/MW of iron gall ink drawings. Spectra were
ollected on triple measurement spots on rag paper with and with-
ut ink application. In the inked areas, spectra were collected on
he recto and on the verso side and for calculation of stability, their
verage was calculated.

For the drawing of Uberto Gandolfi in Fig. 1, the resulting values
f pH and DP are given in Table 2. The areas with ink application (A
nd B) exhibit significantly lower pH than the area with no ink (C).
espite the rather thin ink application in spot B, the pH is not sig-
ificantly higher than that of the other inked spot. The differences

n DP show a similar picture: the area of thick ink application (A)
xhibits significantly lower DP than that of paper, while the DP of
he thin ink application is intermediate in value.

For all drawings used in the study, the values for pH and DP of
reas with ink applications calculated using models for recto and
erso give similar values, which is not surprising given that NIR
adiation in the spectral region of interest was shown to penetrate
hrough at least four layers of paper [19]. As a rule, the values of
H and DP obtained for areas with ink applications are significantly

ower than those without. While this is probably expected, it is of
nterest as it offers the possibility to calculate how fast the degrada-
ion of inked areas is likely to proceed relative to the areas without
nk.

.3. Classification of stability

If the time necessary for iron gall ink to degrade until paper along
he ink line loses all mechanical strength can be determined, it
ould then be possible to estimate which drawings are most stable

nd therefore least at risk of mechanical damage during handling.
t is possible to obtain an estimate of this time using the Ekenstam
quation [31] for degradation of linear polymers (see below). Sur-
risingly, the pH of all ink areas and that of paper areas is similar:
he pH of papers without ink was on average 7.3 ± 0.5 and that of
nk areas 6.1 ± 0.2. The rate of paper degradation crucially depends
n paper acidity [32].
In calculations of the above average pH, we excluded drawings
9, 22, and 27, which have been subject to conservation interven-
ion, and 11 and 26, which are considerably more acidic than the
ther drawings in the group studied. In the following discussions,
e also excluded the Delaney collages (13–16), as they exhibited
20 870 5.9 1150 6.8 1600
12 950 6.3 1010 7.6 6500

no areas without ink applications and a measurement of the DP of
paper without ink was not possible. Collage 15 was already in an
extremely degraded state and exhibited cracks along the edges –
the determined value of DP of this paper was 250. Collages 13, 14
and 15 were also considered to be at risk – the average modelled
value of DP of paper of these three objects was 400. This was there-
fore taken as the DP value of paper where the risk of damage during
handling was considered to be high.

Following from the Ekenstam equation [31] for degradation of
linear polymers:

1
DP

− 1
DP0

= kt

where k is the rate constant of chain scission and t is time, and
not knowing DP0 (which was the same for paper without ink and
with ink), we can write two equations for ink (i) and paper (p), and
subtract them, to obtain:

1
DPi

− 1
DPp

= (ki − kp)t

If we now assume that the degradation of ink proceeds at a
significantly higher rate than that of paper, i.e. ki � kp, we obtain:

1
DPi

− 1
DPp

= kit

and thus, we can calculate ki, based on the measured DPi, DPp

and based on the age of a drawing, which is known, at least approx-
imately. Using ki, we can now calculate the time needed for an
ink line to become fragile (DPi = 400) under similar conditions of
storage as they have been until the present time:

t400 = 1
ki

(
1

400
− 1

DPi

)

The values calculated for individual objects are provided in
Table 3 and while a number of assumptions have been made and

the errors on the DP and t values need to be considered, the val-
ues seem reasonable, based on the observations of iron gall ink
drawings from even earlier periods than 18th–19th centuries. The
value of 6540 years for the drawing 12 is less reasonable and orig-
inates in the two determinations, i.e. for DPi and DPp being very
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imilar. In this case, the assumption ki � kp is probably not cor-
ect.

A conservator’s assessment of condition of a drawing will exam-
ne the object as a whole and will depend on a range of factors.
ased on the calculated lifetime it is now possible to add a quan-
itative stability criterion and gain some insight into which objects
re most at risk. Therefore in Table 3 the drawings are ordered by
he time for the object to reach the critical DP value of 400. Given
he uncertainty in these values, it is perhaps more useful to con-
ider classification into categories rather than the absolute values of
ime. We propose such a classification based on the average propa-
ated uncertainty [33] of the time for the object to reach the critical
alue of DP, which is s = 170 years (based on uncertainties in age and
eterminations of DPi and DPp), e.g., category 1: <2s, category 2: 2s
o 4s and category 3: >4s (Table 3). However, it is possible to esti-

ate which objects are most at risk regardless of the classification
sed, and in Table 3 they are ordered by the time for the object to
each the critical DP value of 400.

The above calculation can be used to inform decisions about
hich drawings would benefit most from a deacidification

reatment, if it were considered. To counteract acid-catalysed
ydrolysis, conservators sometimes use solutions or suspensions of
alcium or magnesium compounds, which convert into the respec-
ive carbonates upon drying and lead to neutralisation of acids
resent in paper and ink, and often, antioxidants are added for
urther protection [1]. Such deacidification treatments would have

higher benefit in the case of drawings, which are not most at
isk of mechanical damage. For drawings at high risk of mechanical
amage, material consolidation would be of greater benefit.

The non-destructive analyses and modelling of the crucial
arameters defining paper stability and mechanical strength can
hus inform decision-making by those who are entrusted with the
are of unique works of art.

. Conclusions

Near infrared spectroscopy with chemometric data evaluation
as used to model the degree of polymerisation (and molar mass)

nd pH of paper with and without iron gall ink. Based on the
estructive analyses of 285 rag papers and 85 rag paper samples
ith iron gall ink applications, partial least square methods were

uilt with highly satisfactory validation. Once the calibrations were
btained, pH and DP of a selection of 18th and 19th century iron
all ink drawings from the collection of the British Museum were
odelled based on non-destructive collection of NIR spectra.
In all cases, pH and DP of areas with ink was lower than those

f paper without ink application, which confirms the corrosive
ffect of the ink. However, based on the data, it was also pos-
ible to approximate the time remaining until an inked area of
aper becomes so degraded as to be considered at risk. Based on
he measurements of four objects (where ink lines exhibited signs
f embrittlement) which already reached such a state, a value of

P 400 was considered as the critical value at which mechanical
amage may occur during handling.

Such evaluations offer the possibility to categorise drawings in
erms of stability, which informs their safe use in the collection.
hey also allow prioritisation if a conservation intervention were

[
[
[

[

1 (2010) 412–417 417

to be considered. The proposed quantitative stability classification
could also become part of condition assessment of iron gall ink
drawings.

The proposed NIR/chemometrics approach to non-destructive
characterisation of iron gall inks has been shown to have consid-
erable potential and could find widespread application in heritage
science.
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