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Abstract 

A great number of historic manuscripts, drawings, etc., many of which are stored and/or exhibited in museums, 
archives and various collections contain iron gall inks (IGIs) as base scripting material. Although the severe deterio-
ration effect of IGIs on paper has been recognized and its chemistry has been explored, little focus has been given 
on IGIs on parchment. A study was designed to investigate laboratory iron gall inks containing ferrous sulphate and 
gallic acid (LIG formulation) and with added quantities of gum arabic (LIGG formulation). Specimens marked with the 
above ink types were artificially aged at 80 °C and 80 % RH for up to 32 days. Micro hot table (MHT) thermal analy-
sis showed a decrease in the shrinkage temperatures in inked areas of aged parchment of up to 15.5 °C. Results of 
FTIR-ATR spectroscopy showed intense migration of sulphate ions from inked spots to neighbouring ink-free areas at 
the surface of parchment in both ink formulations, also confirmed by SEM microanalysis results. This effect peaked at 
short-moderate times of artificial ageing, where calcium sulphate was identified and located at the surface of ink-free 
areas. Moreover, early signs for gelatinization of collagen also resulted from analysis of Amide I and II infrared bands, 
where the random coil content increased upon ageing as compared to the helical one.
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Background
Parchment is an important archival material, mostly used 
as support for writing and illuminations, as well as struc-
tural material (book binding, etc.). Historically, parch-
ment was officially introduced in the city of Pergamum 
around the 2nd century A.D., although there is evidence 
for earlier uses [1, 2]. Since then, it has been the main 
material for writing until the emergence of handmade 
paper. Parchment artefacts, such as the Dead Sea Scrolls, 
The Vinland Map and J. S. Bach manuscripts have been 
the research focus for conservators and conservation sci-
entists, investigating deterioration pathways and effective 
methods for conservation [3–7]. These studies provided 

insight regarding the parchment deterioration routes and 
mechanisms [8–10].

Iron gall inks (IGI’s), were first used during the middle 
ages on both parchment and paper. Numerous artists and 
scholars expressed their mastery in iron gall ink, using 
either medium. However, IGI’s are notoriously known 
for inducing severe deterioration mainly on paper, and 
therefore, a large number of studies have been focused on 
understanding and potential reversing this effect. IGI’s on 
parchment have received considerably less attention as 
the interaction between the two materials is not directly 
explored, although a significant amount of research has 
been undertaken separately on these media [6]. A great 
amount of inked, or illuminated parchment artifacts are 
stored and/or exhibited in museums, libraries, private 
collections, archives, etc., and a great deal of these are 
in serious state of degradation. However, it is basically 
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unclear to what extent these have been affected by the 
presence of IGIs.

Regarding IGI terminology, recipes that rely on a great 
variety of natural ingredients, are acceptably termed as 
historic iron gall (or HIG) inks. On the other hand, inks 
based on simple formulations, or the chemically active 
materials that are actually needed, are called laboratory 
iron gall (or LIG) inks.

Parchment
Parchment is a post mortem tissue, composed mainly of 
collagen type I. It has been traditionally produced from 
animal skins, such as goat, sheep, cow, camel, etc., after 
a manufacturing process that varies according to geo-
graphical locations, which mainly includes processing 
with soaking, liming, unhairing, fleshing and drying [11]. 
As a result, residual quantities of chemicals, more impor-
tantly calcium carbonate (as the result of lime exposure 
to atmospheric carbon dioxide) are evident. Other inor-
ganic and organic substances may be found such as alum, 
silicates, oils, tannins, etc., which affect the texture and 
hardness of the material [12, 13]. Significantly, the mate-
rial that is produced has already a degree of deterioration 
related to the initial material in animal skin; this includes 
partial hydrolysis of peptide chains and gelatinization 
[14–16].

A significant amount of research has been undertaken 
on collagen and related materials such as gelatin. Some 
key points of collagen structure include the formation of 
chains in a left-handed 3.3 helix conformation by a basic 
amino acid sequence of approximately 1050 amino acids, 
following the general pattern of Gly-X–Y (where X and 
Y are mainly proline and hydroxyproline units, also var-
ied by glutamic acid, alanine, arginine, etc.). The helical 
chains are turned in a way that a right-handed triple helix 
is formed in a three-dimensional coiled coil geometry 
[17–19]. Formation of coiled coil is favoured by a stag-
gered packing of trimers, according to which a complex 
hierarchical structure is maintained; this is responsible 
for the exceptional stability of the material that nature 
successfully utilizes as skin, cartilage and bone tissue. 
Several types of collagen are known, which have various 
amino acid sequences, and therefore, different structural 
hierarchies. For instance, type I collagen is a hetero-
trimer, i.e. its triple helix has two α1 and one α2 helices, 
while type III is a homotrimer, i.e. it is composed entirely 
of α1 chains. Formation of fibrils through self-organizing 
of collagen chains is a significant feature, which only col-
lagens type I, II, III, V and XI possess [15, 20, 21].

A key feature in the stability of collagen fibrils and the 
overall structural hierarchy is the extended network of 
hydrogen bonding exerted both among amino acids in 
adjacent chains within a trimer, and also, between water 

molecules and certain amino acids in each trimer. At 
this point, the role of water should be emphasized, as it 
plays an extremely significant role in the stability of the 
entire molecule [21–24]. A significant number of water 
molecules, termed structural water, reside inside the tri-
ple helix and mediate hydrogen bonds between carbonyl 
and amino groups from one chain and hydroxyl groups 
of hydroxyproline units from another, while other water 
molecules mediate hydrogen bonding between trimers. 
Finally, helical chains may also cross-link with each other 
through covalent bonding.

Parchment is composed of type I and type III fibrillar 
collagen depending on the animal type, body part and 
age; therefore, the above mentioned complex structure of 
collagen is also present in parchment [11, 15, 16].

The manufacturing process, as already mentioned, 
has a detrimental effect at some level on the structure 
of parchment. Therefore, the material already exists in a 
partly degraded state in relation to collagen: the various 
preparation steps (see above) render a material that has 
significant differences from that in the original skin. This 
means that any further deterioration of parchment due to 
light, heat, moisture, etc., in essence takes the cue from 
already existing defective centers in the material. Nota-
bly, acidic hydrolysis may downsize the collagen fibrils 
seriously altering their conformation and therefore their 
secondary and tertiary structures. Oxidative degradation 
affects mainly the functional side groups, i.e. reduces the 
amine-containing basic amino acids, and increases the 
acidic ones, while in more extreme conditions cleavage of 
the C–N bonds in the backbone may occur [15, 25].

On a higher level, factors that have an effect on the 
structural water molecules may disrupt the tight hydro-
gen bonding network. This may also happen, aided by 
any of the hydrolytic or oxidative mechanisms. Uncoil-
ing of the chains in the triple helix to random confor-
mations finally occurs. As chains are now exposed to a 
denser water environment, hydrogen bonding becomes 
more intense, significantly affecting spectral characteris-
tics (as a key feature throughout the results in this work, 
see “Results and discussion” section). As a result of the 
various degrading processes, the hydrothermal constant 
of parchment has been shown to change on the structural 
and molecular levels. Shrinkage temperatures have been 
observed to decrease upon exposure of parchment to 
hydrolytic and oxidative environments [9, 26].

Iron gall inks
The chemistry of iron gall inks (IGI’s) is complex and only 
recent studies have contributed to an improved under-
standing of some aspects including: (a) development of 
acidic pH, (b) gallic acid hydrolytic formation from tan-
nins, (c) formation of iron (II)—gallate complex, rapidly 
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oxidizing to insoluble blue-black iron (III)—gallate com-
plex, (d) significant quantity of iron (II) ions remaining in 
the ink mixture [27–29].

The colour of an iron gall ink depends on the interaction 
of iron (III) with free gallic acid produced through tannin 
hydrolysis. As a result, in hydrolysable tannins, iron (III)—
gallate coordination complex is responsible for the typical 
blue-black colour, while the analogous ellagate complex is 
similarly coloured. On the other hand, complexes of iron 
with oxidation products of the initial favan-3-ol (or cat-
echin), which are components of non-hydrolysable tan-
nins are brown-green or brown-grey [30, 31]. Moreover, 
ternary complexes of iron (III) with gallate having various 
colours have been investigated, also involving amino acids 
such as glycine. For instance, [iron (III)-gallate] complex 
absorbs at 560 nm, while the ternary complex [iron (III)-
gallate-glycinate] absorbs at 500 nm [28].

At this point, two main structures for the iron (III)—
gallate complex have been proposed, one that iron com-
plexes gallic acid through hydroxyls in a 1:1 ratio [32] and 
another that complexation occurs through both hydroxyl 
units and carboxylates [33, 34]. Chemical structures are 
shown in Fig. 1.

Analytical techniques
Fourier transform infrared (FTIR) spectroscopy pro-
vides valuable information on the various bonding types 
within molecules in materials [35]. It has been extensively 
employed, among others, in studies focusing on changes 
in materials of cultural heritage due to ageing on the 
basis that bonding loss or generation are reflected in cor-
responding changes of specific absorptions in the FTIR 
spectrum [36, 37]. Attenuated total reflection (ATR) is 
a sampling technique that with the help of a crystal of 
high refractive index (usually germanium, diamond or 
zinc selenide) which is in close contact with the sample 
surface takes advantage of the total internal reflection 
phenomenon. In FTIR-ATR spectroscopy, an evanes-
cent infrared wave travels into the crystal with a suit-
able angle of incidence and penetrates into the sample 
approximately by 1–3 mm, where part of the radiation is 
absorbed depending on the bonding in the molecules of 
the material [38–40].

Infrared spectra of proteinaceous materials are char-
acterized by a general pattern in which, main features 
are the Amide A band (absorbing at 3400–3100  cm−1; 
assigned to first component of Fermi resonance between 
N–H stretch and the overtone of Amide II), Amide B 
(3080–3050 cm−1; assigned to the second component of 
Fermi resonance between N–H stretch and the overtone 
of Amide II), Amide I (at 1670–1620  cm−1; assigned to 
carbonyl stretch with contributions from C–N stretch 
and N–H bend), Amide II (at 1570–1520 cm−1; assigned 
to coupling between N–H bend and C–N stretch) 
and Amide III (1240–1200  cm−1; assigned to coupling 
between C–N stretch and N–H bend with contributions 
from C=O in-plane bend and C–C stretch) [24, 41]. Band 
assignments for collagen and related materials fall within 
this pattern [42, 43]; maxima are shown in Fig. 5, while 
assignments can be found in Table 1. To the above bands, 
infrared absorptions of hydrocarbon groups, as well as 
those of functional side groups of amino acids such as 
glutamic and aspartic acid, may be added; absorptions 
of acidic side chains depend heavily on the current pH of 
the material [44].

Moreover, additional information about the conforma-
tion of the protein secondary structure can be obtained 
through deconvolution of the relatively broad Amide I, II 
and III bands. The Amide I is the most extensively stud-
ied mode [45, 46] exhibiting a typical band profile, with 
the envelope shape depending on the actual molecu-
lar environment of the absorbing amide carbonyl bond. 
Further analysis of the Amide I band can be performed 
through spectral subtraction, second derivative, Fourier 
deconvolution and peak fitting [39, 47]. As is the case 
with most proteins, deconvolution and peak fitting can 
be applied on the basis of band broadening due to various 
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(III)—gallate complex proposed by Krekel [32] and d iron (III)—gallate 
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components with similar vibrational energies due to vari-
able extent of hydrogen bonding between corresponding 
NH and C=O groups of adjacent chains within the triple 
helix, beta sheets and random coils. This technique has 
been extensively used and is based on the statistical con-
vergence of convoluting curves within a band envelope 
[48].

Thermal analysis has been employed in the characteri-
zation of materials like leather and parchment [49–52]. 
Damaged parchment has been successfully assessed 
through visual microscopic observation of heated humid 
samples and investigating the shrinkage temperatures 
(Ts) using a micro hot table (MHT) [26, 53–55]. This is 
based on the ability of collagen-based fibers, such as 
leather and parchment to deform upon heating in water. 
More specifically, the two materials in wet state are 
known to shrink in a temperature regime which depends 
on their degradation level.

The success of the technique lies in its simplicity, and 
on the fact that the observed transitions are in good 

Table 1  Assignment of  main infrared peaks (cm−1) 
of standard materials and compounds

Absorption maximum 
(cm−1)

Assignment*

Collagenous materials

 Collagen Parchment

3315 s, br 3302 Amide A: first component of vN–H in Fermi 
resonance with the amide II overtone (over-
lapping with vasO–H (3447 br) and vsO–H 
(3240 br) of structural H2O)

3072, m–w, br 3072 Amide B: (second component of vN–H in 
Fermi resonance with the amide II overtone)

2958 2926 vC–H

1640 s 1644 Amide I: vC=O with small contributions 
from vC–N and δN–H)* [overlapping with 
δH–O–H (approx. 1610) of structural H2O]***

1545 s 1538 Amide II: (vC–N with contributions from 
δipN–H)**

1454 m–w 1448 δCH2 of Pro-

1405 w 1408 δipC–O–H (carboxylic side chains) and δNH2

1340 w 1334 wCH2/δC–H (methine)

1241 m–w 1230 Amide III: (vC–N + δN–H with contributions 
from vC–C and δipC=O)**

1082, 1032 1084, 1031 Breathing of proline ring [69] with carbohy-
drate vC–O and vC–O–C (glycosylation sites) 
[70]/parchment: additional esters [66]

Gallic acid [40, 73, 74]

 3498 vO9H, vO11H

 3366 vO10H

 3284 vO14H (COOH)

 3065, 2996, 2844 vC2–H, vC6–H

 2673, 2632, 2575, 2512 vO14H (–COOH dimers)

 1703 vC=O

 1668, 1648 vC=O (–COOH dimers)

 1612,1542,1484, 1468, 
1427, 1387, 1321

vC=C (aromatic ring vibrations)

 1268 vC–O

 1221 δ(i–p) C–O–H

 1184 vC1–C7 + vC–H

 1099 vC1–C7 + δC–O–H

 1028 Aromatic asym-, sym- breathing, vC1–C7 + vC–
OΗ (phenol)

 904 vC–O +δ(o–o–p) C–O–Η (dimer band) + δ(o–
o–p) of ring

 867 δ(i–p) C–H

 767 δ(o–o–p) C–H (out-of-phase)

 735 δ(o–o–p) C–H (out-of-phase) + τC–OΗ (tor-
sion)

 703 Aromatic ring puckering

 636 Aromatic ring puckering + δ(o–o–p) C–Ο–H 
(phenolic)

 559 δ(o–o–p) C–Ο–H (phenolic)

 492 τC—aromatic ring

Gum Arabic

 3352 vOH

 2932 vC–H

Table 1  continued

Absorption maximum 
(cm−1)

Assignment*

 1604 vasCOO−

 1418 vsCOO−

 1146(sh), 1068, 1035(sh) vC–O

Iron (II) sulfate heptahydrate

 3336 vOH

 1652 δOH in water

 1092 v1 SO4
2−

 977 v3 SO4
2−

 619 v4(asym-) SO4
2−

LIG ink formulation

 3415 vOH in water

 1645 δOH in water

 1094 v1 SO4
2−

 977 v3 SO4
2−

 628 v4(asym-) SO4
2−

LIGG ink formulation

 3439 vH–O in polysaccharide (gum Arabic) and 
water

 2931 vC–H

 1640 δOH in water overlapping with vasCOO− in 
polysaccharide (gum Arabic)

 1424 vsCOO− in gum Arabic

 1083 v1 SO4
2− overlapping with vC–O in gum 

Arabic

 1146(sh), 1035(sh) vC-O in gum Arabic

 604 v4(asym-) SO4
2−

* v stretching; δ bending; d deformation; ip in-plane; sh shoulder

** According to Refs [24, 41]

*** According to Ref [24]
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accordance with other thermal techniques, such as dif-
ferential scanning calorimetry (DSC). For instance, the Ts 
values of parchment in a fresh state are in the range of 
55–60 °C, while those of heavily damaged parchment are 
lower, at 30–40 °C.

In the case of inked parchment, SEM-EDX microanaly-
sis can also be helpful because inorganic components 
may be traced through the elemental composition of sur-
faces and cross sections of the material.

Aims of this work
This work focuses on the effect of laboratory iron gall inks 
in parallel with artificial ageing involving moderate heat-
ing (80  °C) and humidity (80  % RH) on the parchment 
state. Chemical characterisation with FTIR spectroscopy, 
in conjunction with MHT for thermal analysis and SEM-
EDX for elemental microanalysis are employed to inves-
tigate changes in the material. A key parameter in this 
investigation is the combination of these changes with 
molecular information gained mainly from FTIR-ATR 
spectroscopy. A number of simultaneous chemical pro-
cesses involving iron gall inks on parchment may occur: 
potential acidic hydrolytic degradation of parchment 
[15] and iron (III)—mediated oxidation of the organic 
substrate in a fashion analogous to paper [56, 57]; on the 
other hand, tannins contained in ink formulations may 
interact with collagen towards a stabilized medium [58–
60]. Therefore, any investigation undertaken on parch-
ment marked with iron gall inks is nevertheless expected 
to involve counter-acting phenomena which complicate 
analytical observations. For this reason, a simple labora-
tory ink formulation involving no actual tannin, but sim-
ply based on gallic acid, was employed and applied by 
marking on parchment substrate. The basic formulation 
contains iron (II) sulphate and gallic acid as main ingredi-
ents with two variations: one with added gum arabic and 
the other without.

The shrinkage temperature (Ts) provides very impor-
tant information for the conservator, as reduced Ts val-
ues are significant to material damage and can allow the 
conservator to make a well-informed decision to the level 
of intervention that needs to be undertaken. Correlating 
the Ts values with the types of changes on the structural 
and molecular level will eventually lead to better assess-
ing the type of damage (i.e. oxidative, hydrolytic cleav-
age of peptide bonds, gelatinization). A key question 
arises, as to how successfully the molecular information 
gained through infrared spectroscopy can be correlated 
to investigations at the macro- and micro- level and 
how these may be envisaged as a part of a broader study 
that includes a great range of related material in cul-
tural heritage [61]. Any changes in intermolecular bond-
ing recorded through FTIR-ATR spectra, occurring in 

parallel to recorded changes in Ts values, and also differ-
entiate ink-free parchment from inked areas, can be con-
sidered a legitimate basis for such correlation.

Results and discussion
Experimental design
Hydrolysis of collagen in the acidic environment that 
IGIs produce, may degrade collagen fibrils, seriously 
altering their conformation and therefore their secondary 
and tertiary structures. These changes are proposed to be 
evident when analysing the thermal parameters and vis-
ual assessment. On the other hand, hydrolysable tannins 
(for instance, penta- and deca-galloyl glucose) are known 
to bind to collagen; therefore, in the acidic environment 
that IGIs achieve, tannin molecules are expected to sta-
bilize parchment in a similar (but to a lesser extent) man-
ner to leather [16, 59].

In light of the above, isolating the two anticipated coun-
ter-acting effects and excluding the stabilizing effect due 
to tannin-collagen binding is essential in order to design 
an experiment that provides interpretable results. There-
fore, a basic laboratory ink formulation was prepared 
that uses gallic acid as a potential ligand to iron. Binding 
of gallic acid to parchment collagen is much weaker by 
comparison to that of a tannin [60, 62–64].

In the absence of a stabilizing effect, changes in the 
collagenous material are expected to occur and can be 
measured in terms of the hydrothermal constant (shrink-
age temperatures measured by micro-hot table, MHT) 
and by changes in the protein Amide I and II peaks meas-
ured using FTIR-ATR spectroscopy [50, 51, 65].

Laboratory inks were prepared by mixing iron (II) sul-
phate with gallic acid, while gum arabic was considered 
as an extra factor (see “Experimental” section). This way, 
the expected stabilizing effect of tannins was reduced 
at the most possible level in favour of a more controlled 
study which better focuses in potentially degrading 
effects.

The laboratory ink formulation prepared with mix-
ing gallic acid and iron (II) sulphate (LIG ink) produced 
a weak blue-black solution. The second type of ink in 
which, gum arabic was added (LIGG ink) resulted in 
a deep blue-black suspension. Parchment rectangular 
specimens (each 40 × 0.8 mm approximately), were cut 
from a single parchment piece and were stained with the 
prepared inks. In each specimen, three, approximately 
rectangle, ink-stained zones, separated by non-stained 
areas were formed (see Fig. 2). Some of these areas were 
subject to sampling for various analyses (see “Experimen-
tal” section).

Visual macroscopic examination showed that all 
LIGG ink markings on specimens were, as expected, 
darker-coloured than the LIG ink ones. Interestingly, all 
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specimens experienced ink discolouration after ageing as 
the blue-black tint of inks in all cases changed to brown 
(see Fig. 3).

Micro hot table (MHT) assessment of parchment 
degradation
The shrinkage temperatures of micro-samples (in the 
form of fibres) which were removed from inked and 
ink-free areas of parchment were investigated using the 

micro-hot table (MHT) technique (see “Experimental” 
section) from which, shrinkage temperatures (Ts) were 
observed.

The shrinkage temperature values of ink-free parch-
ment areas are shown in Fig. 4a and b, where a decrease 
in Ts is observed. This is expected due to the applied 
ageing conditions. However, in LIG formulations this 
decrease occurs as early as the second day of ageing, 
which is found to happen in parallel to sulphate ion 
migration from inked areas towards ink-free areas of the 
parchment surface; this is supported by SEM-EDX and 
FTIR-ATR data, as discussed in the following sections 
and seen in Figs. 5, 7, 8, 9 and 10, correspondingly.

Different patterns in the decrease of Ts are also 
observed in inked areas between LIGG and LIG formula-
tions (Fig. 4). In the former, where gum arabic provides 
an impeding medium for iron (III), only longer ageing 
times manage to deteriorate the parchment, with temper-
ature decrease (ΔΤ) reaching up to 15.5  °C. In LIG for-
mulations, where a more fluid ink medium was applied, 
deterioration starts earlier, at the second day of ageing, 
with a ΔΤ of 8.1  °C, with ΔΤ reaching up to 12.6  °C at 
longer times. The graphs in Fig. 4c and d reflect the con-
dition of inked parchment taken from specimens of both 
ink formulations.

SEM‑EDX results
Scanning electron microscopy (SEM) showed exten-
sive crystal formations on the surface of all parchment 
specimens after ageing (Fig.  5). Energy dispersive X-ray 
spectrometric (EDX) microanalysis of crystals showed 
sulphur and calcium within the inked areas, as well as the 
neighbouring parchment areas; iron was detected in all 
inked areas, but not in parchment areas, with the excep-
tion of small quantities in LIG specimens after 32 days of 

I1 I2 I3P1 P2 P3 P4 P5 P6
scraped scraped scraped scraped

ink ink ink

ATR-FTIR

ATR-FTIR

ATR-FTIR

KBr-FTIR
ATR-FTIR

KBr-FTIR
ATR-FTIR

KBr-FTIR
ATR-FTIR

KBr-FTIR
ATR-FTIR

ATR-FTIR ATR-FTIR

Fig. 2  Schematic of typical parchment specimen designed for this study of inked and ink-free areas. Areas are designated as: I1, PI, P2, P4, P6: ATR-
FTIR Analysis. I2, I3, P3, P5: Area sampled to make KBr pellets followed by ATR-FTIR analysis

a

b

c

d

Fig. 3  Photos of parchments specimens inked with laboratory 
formulations of iron galls inks without gum Arabic (LIG) a before and 
b after artificial ageing and with gum Arabic (LIGG) c before and d 
after artificial ageing
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artificial ageing. This suggests the migration of sulphate 
and calcium ions from the initially marked spots towards 
ink-free areas of the parchment surface. On the contrary, 
iron ions did not exhibit the same behaviour, as they are 
bound to the gallate complexes; gallic acid in turn, is 
expected to bind with gelatinized collagen [60] and this 
may additionally impede iron mobility. The sulphate and 
calcium ions eventually precipitate as crystalline calcium 
sulphate. The presence of sulphate ions in ink-free parch-
ment areas was confirmed by FTIR-ATR spectroscopy 
(see Fig.  6, the increasing intensity of the absorbances 
in the 1200–1100  cm−1 region, the difference spectrum 
and corresponding assignments in Table 1). Furthermore, 
the crystals appeared to be bigger and fewer in number 
inside ink regions, while those in ink-free parchment 
areas appeared smaller and denser (Fig. 5).

Infrared spectroscopy results
Mid-infrared spectra of powdered KBr samples collected 
by scraping selected spots from each specimen (see 

Fig. 2) were recorded. However, as these samples reflect 
the bulk properties of parchment in inked and ink-free 
areas, they do not provide spatial information on the 
material surface.

FTIR-ATR spectroscopy provided critical information 
to allow for assessment of the iron gall ink formulations 
on selected parchment ink spots and neighbouring ink-
free regions. Furthermore, selected areas within each 
specimen that were previously scraped, revealed ageing 
and inking effects on the underlying layers of the mate-
rial. This way, information from both the parchment sur-
face and near-surface could be gained.

In order to minimize the effect of spatial variation of a 
inhomogeneous material, two (and when possible, three) 
inked spots were analysed together with correspond-
ing ink-free material with a 5 mm distance from the ink 
mark boundary; all spectra were recorded in this man-
ner to ensure reproducible results and were obtained 
allowing for a robust comparison of spectra collected 
from similar areas of different specimens. The viability 
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of spectrum-based comparisons between similarly posi-
tioned spots of different specimens was thus ensured.

Spectra of initial materials
Figure  6 presents the FTIR-ATR spectra of reference 
parchment, collagen, gum arabic, iron (II) sulphate, along 
with spectra of dried samples taken from the LIG and 
LIGG ink formulations. Peak assignments presented in 
Table 1. An understanding of the spectral contributions 

from these individual components helps in the spectral 
interpretation of the inked and non-inked parchment. 
Spectra of collagen and parchment are similar, with few 
exceptions such as the absorption at 1031 cm−1 in parch-
ment which is absent in collagen; this can be assigned 
to aromatic C–C vibrational modes in tannins, and has 
been proposed as a marker for tannin-processing of 
parchment [66].

Specimens with LIG formulation
Ink‑free areas
The FTIR-ATR spectra recorded from the ink-free 
areas of all specimens marked with LIG formulation 
ink are shown in Fig.  7. The most significant change is 
an increase in a broad peak centred at approximately 
1135  cm−1, assigned to the v3 vibrational mode of cal-
cium sulphate and attributed to migration of sulphates 
from inked to neighbouring ink-free areas, a phenome-
non also observed through scanning electron microscopy 
and elemental microanalysis (Fig. 5).

Moderate artificial ageing times (2–8 days) are enough 
for the full extent of migration, where the sulphates 
absorption peak reaches a maximum. The intensities of 
these peaks demonstrate the effectiveness of this phe-
nomenon and confirms previous report for such ion 
migration [16].

The difference spectrum between the longest ageing 
time (32  days) and the unaged specimens is shown in 
curve D of Fig. 7a. The peaks at 3525, 3397, 1127, 658 and 
600  cm−1 reflect changes in the aged specimen and are 
assigned to sulphates detected as their calcium salt (see 
Figures S14 and S15 in Additional file 1), which migrated 
from the neighbouring ink area. In addition, the bands 
at 1616 and 1508 cm−1 reflect changes in Amide I and II 
bands.

Close examination of the Amide I band (Fig. 7b), shows 
a decrease in the intensity of the helical components 
at  ~1655  cm−1 with increasing ageing times and a rela-
tive increase in the contribution of random coils (around 
1630 cm−1). This is supported by deconvolution and peak 
fitting of the spectral region including Amide I and II 
peaks (Fig. 7c, d), which uncovers two main components 
centred at ~1658 and ~1629 cm−1 corresponding to the 
helical and random (or uncoiled) components, respec-
tively. A moderate increase of the uncoiled component 
is observed upon ageing, a possible early sign of change 
in the medium. Additionally, a component assigned to 
water (marked by w) is also observed in all cases [15, 24].

Collection of the spectra from underlying parchment 
in ink-free areas was also possible after gently scraping 
the surface material. No evidence for sulphates migration 
was observed (spectra not shown), suggesting that migra-
tion occurs mainly on the sample surface.

Fig. 5  a Electron micrograph with EDX microanalysis of a parch-
ment sample marked with LIGG ink after artificial ageing at 32 days 
(T = 80 °C, RH = 80 %). Dotted line indicates ink region (left) and 
parchment region (right). At both regions, CaSO4 crystals are recog-
nizable in varying sizes and quantities; original magnification ×500. b 
Magnified electron micrograph with EDX microanalysis of salt crystal 
in a LIGG ink region of parchment sample marked with ink after accel-
erated ageing at 32 days (T = 80 °C, RH = 80 %); original magnifica-
tion ×2000. c Elemental EDX microanalysis spectrum of area in yellow 
frame in 4 (b)
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Inked areas
The FTIR-ATR spectra from inked areas (parchment 
areas P1 or P2 in Fig.  1) are shown in Fig.  8. The spec-
tra are dominated by the parchment peaks, while those 
of ink material are largely overlapped. The difference 
spectrum between inked and ink-free areas of unaged 
specimens (curve D1 in Fig.  8a) reveals the presence of 
ink along with its possible interactions with peaks at 
1606 cm−1 (assigned to the aromatic absorbance of gal-
late and contributions from water [24]) and 1436  cm−1 
(assigned to the symmetric stretch of iron (III)—gallate 
coordination complex [29, 32, 34]). In addition, the peaks 
at 1217, 1152 and 1087  cm−1 can be assigned to vibra-
tions of C–O bonds, including newly formed ester links. 
The peak at ~1028 cm−1, which is also observed in parch-
ment in its initial state (Fig.  6a) and a marker for tan-
nin pre-processing of the material [66], is significantly 
increased, suggesting a hitherto unspecified interaction 
of gallic acid.

Ageing of inked areas did not significantly affect the 
ferrous sulphate absorption (1300–1000  cm−1 region), 
with the exception of the 4 days’ ageing specimen which 

shows a moderate increase, due to formation of calcium 
sulphate (maxima at 1154 and 1110  cm−1) at this early 
stage. On the other hand, a shoulder at 1713 cm−1 (pos-
sibly due to newly formed acidic carbonyls caused by 
hydrolysis), and a marked decrease in the intensity of the 
Amide III region (1235–1200  cm−1) region, are clearly 
seen in the spectrum of the 32 days’ specimen.

The difference spectrum between the inked and ink-
free areas of unaged specimen (curve D1 in Fig.  8a) 
basically corresponds to ink and its possible interac-
tions (aromatics in 1606 and 1508 cm−1, as well as C–O 
stretching at 1217, 1152, 1087 and 1028 cm−1, discussed 
above). The difference spectrum between the 32  day-
aged and the unaged specimen (curve D2) reveals peaks 
at ~1608 and ~1429 assignable to the gallate complex, as 
well as at 1713 cm−1 attributed to carboxylic acids.

Deconvolution and peak fitting in the 1780–1480 cm−1 
region shows the contribution of various components 
in Amide I band. In the spectrum of the unaged speci-
men (Fig.  8c), two components are resolved, a helical 
(1659 cm−1) and an unordered one (1629 cm−1). In addi-
tion, the water component in 1600  cm−1 and another 
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at 1581  cm−1 assignable to the antisymmetric Fe–O–
C stretch of iron (III)—gallate complex [29] were also 
observed; the latter was resolved in spectra from inked 
areas of specimens at all ageing stages, but not from ink-
free areas.

In short ageing times (4  days, Fig.  8d), Amide I is 
resolved in a higher number of components, with that 
at 1629 cm−1 being the strongest one, suggesting signifi-
cant contribution of the unordered state. The multiple 
components at approximately 1690–1660  cm−1 possibly 
reflect interactions of parchment with ink  components. 
At longer ageing times (32 days, Fig. 8e), the component 
at 1628 cm−1 is evidently the most significant, which may 
serve as an early indication for gelatinisation of collagen.

Specimens with LIGG formulation
Ink‑free areas
The FTIR-ATR spectra from the ink-free areas (parch-
ment areas P1 or P2 in Fig.  1) of LIGG specimens are 
shown in Fig. 9. A significant increase in the intensity of 
the sulphate band (1160–1100  cm−1) due to migration 
from inked areas is observed, similarly to the LIG speci-
mens. It is interesting that the higher viscosity of the ink 
did not prevent the effective ion migration, which, here 

too, is located at the surface of parchment, as spectra 
(not shown here) of the underlying layers (areas P3 and 
P5 in Fig. 1), which are exposed after scraping of the sur-
face show no sulphate peaks.

In the difference spectrum (curve D in Fig.  9a), the 
calcium sulphate bands at 3516, 3398, 1124, 660 and 
598  cm−1 are clearly evident regarding the aged speci-
men, together with a small increase in the intensity of the 
band at 1715 cm−1, possibly due to liberation of carbox-
ylic acids through hydrolysis of collagen after 32 days of 
ageing.

A closer look at the Amide I band shows reduced 
1650  cm−1 helical component compared to the ran-
dom coil (Fig.  9b). This is confirmed by peak fitting 
results (Fig. 8c, d for reference and 32 days ageing speci-
men, respectively) where the random coil component 
at 1629 cm−1 of Amide I is more intense in the spectra 
collected from samples from longer ageing times; this is 
also in agreement with the difference peak at 1616 cm−1 
(curve D in Fig. 9a). A similar trend is observed in Amide 
II band with an increase of lower wavenumber compo-
nents, again in agreement with the relatively intense dif-
ference peak at 1508 cm−1 (same curve in Fig. 9a). This 
effect is located at the surface of ink-free parchment 
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areas, as spectra of the underlying layers exposed through 
scraping (not shown), show no such changes.

Inked areas
Spectra of inked areas (I1 in all specimens, as seen in 
Fig.  2) indicate ester formation with a carbonyl absorp-
tion at 1740  cm−1 and additional peaks due to C–O 

links at the 1226–1030  cm−1 range (Fig.  10a). The dif-
ference spectrum D1 in Fig. 10a reflects extra features in 
inked areas of unaged specimens (peaks at 1218, 1144, 
1073 and 1030  cm−1), attributed to ink and its possible 
interactions. These absorptions, which increase with 
ageing and reach their maximum intensities within the 
first 8 days, can be assigned to acid-catalysed formation 
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of esters. At longer times, a marked decrease of these 
bands is observed, which can be explained on the basis 
of subsequent ester hydrolysis under ageing condi-
tions. Curve D2 in Fig. 10a emphasizes the formation of 
esters at 1742 and 1071 cm−1 at the second day of age-
ing. In addition, a broad feature at the 1200–1000 cm−1 
range is observed, along with peaks at 660 and 600 cm−1 
which can be assigned to calcium sulphate (cf. spectra 
in Figures S14, S15, Additional file  1) which is formed 
in this time range. The migration of sulphates is further 
emphasized through comparison between the inked and 
ink-free areas at the maximum ageing period (32  days, 
difference curve D3), where a large decrease at 1124, 660 
and 600 cm−1, assigned to calcium sulphate, is observed.

Focusing on the Amide I and II bands (Fig.  10b), a 
small decrease of the helical contribution at ~1650 cm−1 
and increase of random coil at  ~1630  cm−1 is observed 
upon increasing ageing time. This trend is supported 
through deconvolution and peak fitting. In the unaged 
and 2  days-aged specimens (Fig.  10c, d, respectively), 

two collagen chain components are resolved, similarly to 
other cases discussed above; of these, the helical compo-
nent at ~1655 cm−1 is evidently stronger. This situation 
is reversed at longer ageing times (Fig.  10e), where the 
Amide I band is resolved into numerous helical compo-
nents, while the random coil contribution at 1626 cm−1 
becomes more important. This can be attributed to inter-
actions between ink and parchment, which are more 
intense than those observed in inked areas of LIG formu-
lations (see above).

In addition to the above, peak fitting of Amide II band 
in moderately aged specimens results in a component 
around 1582  cm−1 (similarly to corresponding spectra 
of LIG formulations) assignable to the antisymmetric 
stretch of Fe–O–C bonds in iron (III) coordination com-
plexes [29, 67]. Prolonged ageing (32  days) caused this 
component to shift to lower wavenumbers (~1570 cm−1), 
which may account for changes in the nature of its inter-
actions [67–69] and accordingly, for the brown colour 
shift in all ink marks in aged parchment specimens.
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Experimental
Materials
Parchment from goat skin was acquired from Vellum-
Pergamini (http://www.vellum-pergamini.com), Amfissa, 
Greece.

Iron (II) sulphate heptahydrate was purchased from 
Merck; gallic acid was purchased from Sigma; gum arabic 
(purchased from Exaireton, Athens).

Experimental methodology
Preparation of laboratory iron gall inks
Laboratory iron gall (LIG) inks were prepared simply by 
mixing iron (II) sulphate with gallic acid in deionized 
water. Two variations of Laboratory Iron Gall ink formu-
lations were studied: one with only the two mentioned 
ingredients and no other additive, denoted as LIG ink, 
and another with added gum arabic, LIGG ink.
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Fig. 10  ATR-FTIR spectra of inked parchment areas in LIGG specimens at various ageing times. a full spectra; b amide I and II regions; c peak fitting 
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Preparation of parchment specimens
All parchment specimens (dimensions 0.6  ×  1.2  cm) 
were selected from the backbone area, marked with the 
two ink formulations on the corium face of the parch-
ment according to a scheme described below. For a reli-
able evaluation of results, reference samples of ink-free 
parchment regions in close proximity to the ink areas 
were analysed in parallel. Due to inhomogeneity in 
parchment components, the distances of sampled spots 
for FTIR-ATR spectroscopy between inked and ink-free 
areas were kept below 6 mm.

In each parchment specimen, three inked areas (I1, I2 and 
I3) were defined, which were separated by ink-free areas (P2, 
P3), (P4, P5), with areas P1 and P6 at the edges (see Fig. 2).

Two identical series of the entire parchment speci-
men set were prepared. Series I was analysed with SEM-
EDX, with no further change. Series II was analysed with 
FTIR-ATR spectroscopy as follows: areas I2, I3, P3 and 
P5 were gently scraped with the use of a stainless steel file 
and were analysed with KBr-FTIR spectroscopy. Areas 
I1, P1, P2, P4 and P6 were analysed with ATR-FTIR 
spectroscopy.

Accelerated ageing
The parchment specimen series were subjected to 
accelerated ageing at 80  °C in the presence of humidity 
(RH = 80 %); ageing parameters followed the IDAP pro-
tocol [26] using climatic chamber Vötsch ATLAS-SC 340 
MHG. Different parchment samples examined after 1, 2, 
4, 8, 16 and 32 days of accelerated ageing.

Techniques for data analysis
Micro‑hot table (MHT)
Thermal analysis—shrinkage temperature measurements 
were performed with a Mettler Toledo FP82HT Micro 
Hot Stage thermostatically controlled through a Met-
tler FP90 Central Processor. From each specimen area 
of series I, a few fibers from the corium side were iso-
lated, imbued with deionized water and were accordingly 
placed on glass slides which were finally put inside the 
MHT sample holder.

Shrinkage activity was recorded under a microscope 
(Olympus C  ×  41  ×  40 magnification). A temperature 
range starting from 30  °C up to 85  °C was tested with a 
heating rate of 2 °C/min. In all cases, five shrinkage tem-
perature intervals were recognized, which were in accord-
ance with previous investigations [27, 55, 65]. The onset of 
the third interval is termed as shrinkage temperature (Ts), 
or the temperature at which hydrated fibers shrink.

SEM‑EDX
Samples were carbon-coated to allow for analysis with 
a Scanning Electron Microscope JEOL JSM-5310 with 

Energy Dispersive X-Ray Analyser Oxford Link Isis 
L310. Inked and ink-free areas in parchment samples 
were investigated in order to analyse the diffusion of the 
ink ingredients any potential in the state of degradation 
between these two areas. In each sample, four different 
spots were selected on the writing face (recto).

FTIR spectroscopy
KBr-pellets were analysed with (a): a Perkin Elmer Spec-
trum GX and (b) a Bruker Tensor 27 FT-IR spectrometer, 
both equipped with DTGS detectors. Prior to analysis, 
parchment material was gently scraped by means of a file 
and the resulting powder was mixed with KBr (at approx. 
1:30 w/w ratio) and pressed to form a KBr pellet.

FTIR‑ATR measurements
Fourier transform infrared spectroscopy (FT-IR) meas-
urements were carried out using a Bruker Vertex 70v 
spectrometer equipped with a DTGS detector. The 
measurements were carried out using an A225/Q Plati-
num attenuated total reflection (ATR) unit with single 
reflection diamond crystal in the mid-IR region (350–
4500 cm−1) using a KBr beamsplitter.

Deconvolution and peak fitting of the Amide I and II 
region (1760–1484  cm−1) was undertaken using the 
GRAMS/AI peak fitting statistics routine. In all cases, 
investigated region ranged at 1760–1484 cm−1; baseline 
correction was applied in the above region; statistically 
converging conditions: FWHH 12  cm−1 with sensitiv-
ity set to medium; R2 was 0.9993 or higher and std. error 
was 0.0030 or lower. In the Amide I region, two main 
components were resolved in most cases; one centred at 
1560–1550 cm−1 assigned to helical components in col-
lagen and a second one at 1632–1626 cm−1, assigned to 
random collagen chains. In certain circumstances (see 
“Results and discussion” section) the helical component 
is was further resolved in more sub-components ranging 
from 1690–1650 cm−1.

Conclusions
Laboratory iron gall ink-stained parchment specimens 
were artificially aged under moderate temperature and 
humidity and were studied with FTIR-ATR spectros-
copy, micro-hot table thermal analysis and SEM-EDX 
microanalysis. After combining the analytical results, 
detailed information on the condition of parchment was 
derived based on its interactions with ink components 
under the ageing conditions. Thermal analysis showed 
no actual change in shrinkage temperatures in ink-free 
areas of all specimen upon ageing, until reaching 32 days, 
where decrease is observed. On the contrary, inked 
areas showed considerable decrease upon ageing, espe-
cially in formulations containing no gum arabic (LIG). In 
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addition, calcium sulphate crystals in both inked and ink-
free parchment areas were observed through elemental 
micro-analysis; their presence was assigned to ion migra-
tion from inked areas to adjacent ink-free regions of the 
specimens.

The sulphates migration effect was confirmed and 
further investigated through the FTIR-ATR spectra on 
the inked surface of parchment specimens, which show 
increased presence of calcium sulphate in ink-free areas 
with ageing times. These eventually reach a plateau in 
LIG formulations. Similar phenomenon is observed in 
parchment specimens with gum arabic-containing ink 
formulations (LIGG); however in this case, the effect 
reaches its maximum at the first 4 days of ageing.

In all cases, close examination of Amide I band 
revealed reduction of the helical content (~1650  cm−1) 
with simultaneous increase of the random coil content 
(~1629  cm−1) further supported by deconvolution and 
peak fitting analysis. The Amide II band exhibited simi-
lar trend, particularly in inked areas, where one of the 
resolved components was assigned to iron (III)—coor-
dinated gallate; this was shifted to lower wavenumbers 
upon prolonged ageing.

The combined information gained from the results 
of this work, offers an early sign for deterioration of 
the material, including gelatinisation. The results also 
offer a basis for further investigation on the interactions 
between iron gall inks with parchment. In particular, the 
identity of the gallate complex can be further investigated 
and its possible change of nature could be associated with 
the colour change of IGIs on parchment upon prolonged 
ageing. Additional techniques may also be employed, 
such as SDS-PAGE electrophoresis and/or chromatogra-
phy to investigate possible degradation phenomena of the 
protein under acidic hydrolytic conditions induced by the 
ink environment. Finally, the results in the present work 
need to be compared with analogous studies of historic 
documents having iron gall inks on parchments.
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