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ABSTRACT
Iron gall inks (IGIs) played a central role as a writing medium in Western countries, leaving behind a vast legacy and significant

conservation challenges. This study presents a twofold methodological approach to investigate the physicochemical behaviour of

IGI-based formulations found in historical Portuguese sources. Fresh and 6-month naturally aged precipitates and supernatant

solutions (dried inks) were characterised, and the impact of IGIs on Whatman paper over ageing was studied using attenuated

total reflectance Fourier-transform infrared (ATR-FT-IR) spectroscopy, Raman and Mössbauer spectroscopies and X-ray diffrac-

tion (XRD). Iron(II) sulphates comprised the primary crystalline phase in the precipitates, while the dried inks consisted of

distinct Fe(III)-polyphenol (PPh) complexes. Over time, Fe(III) Mössbauer parameters supported complex structural alterations.

IGI-induced degradation on aged mockups was attested by Fe(II) oxalate formation until total depletion of the Fe(III)-PPh frac-

tion. pH, ATR-FT-IR and degree of polymerisation analyses suggested that cellulose oxidation is the primary degradation mech-

anism, and the physical properties and XRD corroborated that the cellulose structure became disordered over ageing. The ink with

the higher weight ratio of Fe(II) sulphate:gallnuts (unbalanced) exhibited the most aggressive action on the support. The results

confirm that the more unbalanced the ink composition, the more severe its impact, with ink concentration per surface area also

being a critical factor in paper decay.

1 | Introduction

Black inks produced from various materials began as early as the
third millennium BC [1, 2]. In the mediaeval period, iron gall ink
(IGI) became the preferred medium for writing, mainly due to its
indelibility [3, 4]. IGI spans a range of dark colours, from purple–
black to grey–brown, depending on its formulation, that is, the
components, relative proportions and production methods [2, 3].
Its essential ingredients are green vitriol (a variety of hydrated

sulphate richer in iron, also named caparrosa), polyphenol com-
pounds (particularly hydrolysable tannins) of plant origin, such

as gallnuts, and a binder like Arabic gum [5, 6]. When Fe(II) sul-

phate is added to the polyphenol (PPh)-rich extracts, Fe(III) com-

plexes, responsible for the IGI black colour, are obtained. The

stronger stabilisation of the Fe(III) over Fe(II) ion by PPh ligands

leads to the rapid oxidation of the Fe(II)-pyrogallate complex in the

presence of atmospheric oxygen. Binding to polyphenol ligands
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lowers the reduction potential of Fe(II), which typically oxidises
slowly in the presence of oxygen, accelerating the iron oxidation
rate. Over time, water-insoluble, dark pigments precipitate while
forming a framework between the organometallic structures [7–9].

The Fe(III)-gallate complex has long been regarded as the primary
contributor to IGI colour [9, 10]. However, works on Mössbauer
spectroscopy have failed to detect Fe(III)-gallate-based complexes
in the analysed inks [11, 12]. This finding is further corroborated
by the work of Diaz Hidalgo et al. [13] and Teixeira et al. [7] who,
using high-performance liquid chromatography–electrospray ion-
isation tandemmass spectrometry (HPLC–ESI–MS), reported that
the IGI chromophore is primarily composed of iron complexes
with pentagalloylglucose and hexagalloylglucose ligands.

Severe decay is often associated with IGI, which endangers
worldwide historical written documentation, much of which is
already in catastrophic condition. Cellulose degradation is chiefly
governed by two mechanisms, that is, acid-catalysed hydrolysis
and metal-catalysed oxidation, and IGI is expected to intensify
both processes [14, 15]. Hydrolysis of the β-(1,4)-glycosidic bonds,
linking the D-glucose units in the cellulose supramolecular struc-
ture [15, 16], has been considered by some authors to be the
primary mechanism [17, 18]. The contribution of the IGI com-
ponents to acid hydrolysis, namely gallic acid (GA) and iron sol-
vation complexes, has also been highlighted in several works.
During IGI complex formation, the deprotonation of polyphenol
molecules occurs upon bonding to the Fe(II) ion, resulting in a
pH drop of one unit [9, 16, 19]. Additionally, various acidic addi-
tives, such as vinegar (often used in IGI production), may also
impact the medium acidity [20].

On the other hand, polyphenol compounds, such as GA, can
behave as reducing agents for the Fe(III) ions in the presence
of atmospheric oxygen and moisture [21, 22]. Fe(II) ions play
a key role in the well-known Fenton reactions, forming reactive
radicals that broadly promote cellulose oxidation [15, 23].
Nevertheless, these Fe(II)-driven reactions would increase the
pH during ageing since hydroxide ions are produced. It was then
argued that only minimal Fe(II) is needed to activate the cellu-
lose oxidation mechanisms. In contrast, Fe(II) oxidation in the
presence of oxygen and moisture, similar to the rust-like forma-
tion, will induce a pH decrease with the release of hydrogen ions
[14, 19]. Moreover, Barański [24] pointed out that oxidising some
hydroxyl to carbonyl and/or carboxyl groups in the cellulose
backbone weakens the glycoside bonds close to those groups,
making them prone to breaking.

Liu et al. [25] attested that IGI does not alter the dominant deg-
radation path experienced by cellulose alone at similar moisture
content, suggesting that this parameter may be a key factor
for the primary degradation mechanisms. Furthermore, the
authors verified that IGI increased the rate of paper degrada-
tion by more than 50% compared to uninked papers under
the experimental conditions of the study [25]. Hydrolysis plays
a critical role in IGI-induced paper degradation; however,
when the moisture content is low, oxidation may become a rel-
evant mechanism leading to cellulose chain scission. Briefly,
cellulose degradation appears to result from the synergistic
action of both mechanisms, with IGI being one of the critical
components.

Although IGIs share the same basic ingredients, variations
in their formulation and preparation methods might reflect

regional, temporal and functional differences. Little is known
about the IGIs used in Portuguese documentation, whether civil
or religious, or about the specific formulations behind them. To
our knowledge, the study by Díaz Hidalgo et al. [13] remains the
only detailed research of a Portuguese recipe, considered the
oldest known, found in the Chancelaria de Braga cx. 31
(1464). Understanding the historical and material context of
Portuguese written heritage depends in part on uncovering
the specific ink formulations used in its production. Archival
research led to the identification of two IGI formulations from
the 17th and 18th centuries, hereafter referred to as R1 and
R2, respectively. Details about the documentation where these
formulations were found, as well as their translations after tran-
scription, can be accessed in the Supporting Information (SI)
Experimental section.

Neevel [26] noted an official advertisement from the British
government in 1889 indicating that ’a stable black IGI should
not contain more than three parts of gallnuts to one part of iron
(II) sulphate’. According to this author [26], gallnuts contain
ca. 55 wt% of tannins. Thus, a ’stable black IGI’ (later called
a balanced ink) should ideally have a molar ratio of 3.6:1.0
(iron sulphate:tannic acid). This reasoning has been widely
accepted and replicated in the literature [11, 13, 27]. Both
R1 and R2 formulations are unbalanced (Table 1), with a sur-
plus of iron sulphate relative to the polyphenol content of the
gallnuts (assumed to be tannic acid), although R2 is notably
more unbalanced.

This study adopts an integrated approach, combining multi-
analytical characterisation with physical testing to examine
these ink formulations. The investigation was twofold: i) the
analysis of fresh and 6-month naturally aged precipitates, along
with the corresponding supernatant ink solutions after drying;
ii) the evaluation of ink behaviour on model paper, applied
through writing and brushing to simulate historical usage
and decoration, and the assessment of their impact on the cel-
lulose support under artificial ageing. We also examined the

TABLE 1 | Summary of the ingredients and quantities to recreate the

iron gall inks in the formulations.

Ingredients R1 R2

Gallnuts (g) 86.04 114.72

Tannin content (g)a 47.32 63.10

Caparrosa; FeSO4·7H2O (g) 57.36 114.72

Arabic gum (g) 28.68 86.04

(FeSO4·7H2O:tannin:Arabic gum)
weight ratiob

1.2:1.0:0.6 1.8:1.0:1.4

(Iron sulphate:tannin) molar
ratioc

7.6:1.0 10.8:1.0

Water (mL) 700 1050

Vinegar (mL) — 350

Pomegranate peel 1/3 of a fruit
peel

—

aAccording to [26], gallnuts contain 55 wt% in tannins.
bWeight ratio normalised for the tannin content.
cMolar ratio calculated based on the molecular weights of Fe(II) sulphate
(278 g mol−1) and tannic acid (1701.19 g mol−1) [11, 26].
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degradative effects of IGIs in relation to their degree of chemi-
cal imbalance. Lastly, we sought to recreate IGIs based on
Portuguese sources, addressing the significant gap in the
national literature on this subject.

2 | Experimental

2.1 | Ink Preparation According to the Historical
Formulations

Analytical grade FeSO4•7H2O (99.1%) from Merck (Germany),
GA (98.0%) and tannic acid (98.0%) were purchased from
Acros Organics (Thermo Fisher Scientific Inc, Massachusetts)
and used along with ultrapure water (MiliQ-IQ, Sigma-
Aldrich, Germany), to prepare the solutions. Arabic gum in grain
form from Acacia senegal (L.) Willd. was purchased from Kremer
Pigment (Germany), while pomegranate and white vinegar were
sourced from a local store. Gallnuts were collected in Idanha-
a-Nova from the ground, having fallen from trees of the genus
Quercus, primarily Quercus robur L. and Quercus pyrenaica
Willd., the dominant species in the region. The fig branch
was gathered from a fig tree in Montemor-o-Novo, Portugal.
Table 1 details the IGI formulations described in the SI
Experimental section.

2.2 | Precipitates and Dried Inks

Freshly prepared IGI solutions (200mL) for both inks were filtered
1 week after preparation using Büchner funnels (at room temper-
ature (RT) for 30min) with Whatman filter paper no. 1 under vac-
uum. The precipitates obtained were lightly rinsed with water,
dried at 25°C in an oven for 2 h, transferred to amber-
coloured vials (preventing light exposure), and stored at RT
(ppt samples). The supernatant solutions were then centrifuged
(5min at 5000 rpm) to remove any remaining solids, placed in
Petri dishes and left to dry in an oven (25°C for 48 h). After evap-
oration, the dried inks (dried supernatant solutions) were collected
and stored in amber-coloured vials at RT (d samples). The

procedure was repeated for IGI solutions at RT, and they were pro-
tected from light after 6 months of natural ageing (Table 2).

2.3 | Mockups and Artificial Ageing Procedure

Isotropic Whatman qualitative filter paper no. 1 (Sigma-Aldrich,
USA) with a grammage of 80 g m−2 and a thickness of 140 μm
was used as the cellulose support for the mockups. This type of
paper does not entirely reflect ancient writing paper since it is
made of pure cotton and has no sizing. It also has no filler
agents [28]. Nevertheless, precisely because of its simplicity,
which eliminates the interaction of fillers and sizing and allows
the analysis of the cellulose support’s behaviour alone, it has
been widely used as a paper model in several studies [15, 28, 29].

The historical R1 and R2 ink formulations were applied to the
cellulose support either by writing with a quill pen or by brushing
with a Da Vinci 374 flat brush (size no. 0). These application
methods were chosen to simulate traditional writing and paint-
ing techniques employed in historical documentation. The ink
volume applied per mockup was kept constant and adjusted
according to the sheet size. For brushing, a smaller surface area
was used to concentrate the ink application (Table SI.8). Sets
composed of a variable number of sheet strips in different sizes
were prepared according to the chemical characterisation and
physical tests to be performed (Table 3). The top part of the
sheet strips was intentionally left ink-free to facilitate hanging
the mockups on a rack during the ageing tests using pure cot-
ton threads.

TABLE 3 | Whatman mockup strip details: size and volume of the applied ink per strip, application method and the total number of mockups

prepared per ink reproduction (R1 and R2).

Mockup strip details

Size, w × h, cm2
Volume of ink
per sample, μL Application method

Analytical characterisation Brushed/written

Colourimetry, pH, Mössbauer
spectroscopy, SEM/EDS,
ATR-FT-IR, DP, XRD

6.5 × 2.5 15 10

Physical characterisation Brushed/written

Dry zero-span 15.0 × 2.5 35 10

Tensile strength and
Young modulus

21.5 × 1.5 30 12

Bursting strength 10.0× 10.0 92 10

TABLE 2 | Sample identification and respective ageing period.

Fresh samples,
1 week

Naturally aged,
6 months

Precipitates R1_ppt1
R2_ppt1

R1_ppt2
R2_ppt2

Dried inks R1_d1
R2_d1

R1_d2
R2_d2
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The mockups were artificially aged per ink reproduction (R1 and
R2) in a climatic chamber (Fitoclima 150 EDTU) to prevent in situ
contamination. Separately, a third batch of uninked paper was
artificially aged to act as a control (reference samples). The proce-
dure was conducted according to ISO 5630–3 [30] (65% RH and
80°C). Ageing periods were defined for 0, 4, 5, 6 and 7 weeks,
labelled as t0, t1, t2, t3 and t4, respectively. A set comprising ten
mockups (five brushed and five written) was removed at each
period. The mockups were then left at RT for at least 72 h.
Reference samples and mockups were labelled as in Table 4.

3 | Analytical Characterisation

3.1 | Colourimetry

A portable Data Colour Check Plus II colourimeter was utilised
for SCE colour measurements under the D65 standard illuminant
and a 10° viewing angle. The L*a*b* coordinates within the
CIELAB colour space enable the assessment of colour changes
over the ageing period. L* expresses the lightness (0= black,
100=white). a* and b* are the chromaticity coordinates (green:
a* < 0, red: a* > 0; blue: b* < 0, yellow: b* > 0). To quantify the
overall colour difference and the changes in individual L*a*b*
coordinates following ageing, the values of ΔE∗

ab and ΔL*,
Δa*, Δb* were calculated. The ΔE∗

ab was estimated according
to the UNI EN 15 886:2010 protocol [31]. Calibration of the
instrument was performed using a white tile and a black trap.
To ensure reproducibility, three measurements were taken of
both unaged and aged reference samples, as well as in the inked
areas of the unaged and aged mockups. The results are presented
as the average of these three measurements.

3.2 | pH Measurements

The measurements were carried out using a HI-14 143 flat-tip pH
electrode (HANNA Instruments Ltd) coupled to a portable
HI-99 171 pH metre. The equipment was automatically cali-
brated using pH 4.0 and 7.0 buffer solutions before the analysis.

The pH measurements of the fresh extracts from the gallnuts and
the inks before their application to paper were performed by
immersing the electrode directly into the solutions. The mock-
ups’ analysis was conducted by pipetting a drop of ultrapure
water (MiliQ-IQ, Sigma-Aldrich) onto the area of interest,
and the electrode was placed in contact with the wet surface
and held in place until the pH value stabilised (�30−50 s).
Five measurements were taken per sample on randomly selected
inked areas, and the results were averaged.

3.3 | Mössbauer Spectroscopy

Mössbauer spectra were collected in transmission mode at 295
and 80 K using a conventional constant-acceleration spectrom-
eter and a 25 mCi 57Co source in an Rh matrix. The velocity
scale was calibrated using α-Fe foil. Isomer shifts (IS) are given
relative to this standard at RT. The absorbers were obtained by
separately packing the samples—dried inks, precipitates or
mockup fragments—in Perspex holders. Only inked fragments
of the brushed mockups were used because they had more ink
per surface area, ensuring the accuracy of the measurement.
Low-temperature measurements were performed with the sam-
ple immersed in a bath cryostat filled with He exchange gas. The
spectra were fitted to Lorentzian lines using a non-linear least-
squares method [32].

3.4 | Variable-Pressure Scanning Electron
Microscopy Coupled With Energy-Dispersive
X-Ray Spectroscopy (VP-SEM/EDS)

The mockups were studied using a VP Hitachi S-3700N SEM
(Hitachi High-Tech Europe GmbH, Germany) coupled with a
Bruker XFlash 5010 SDD EDS spectrometer (Massachusetts).
The resolution of the EDS detector is 123 eV at the Mn Kα
energy line. The samples were placed on a thin conductive car-
bon tape and analysed under a pressure of 40 Pa. An accelerat-
ing voltage of 20 kV was used for the chemical analyses and
imaging in backscattered electron (BSE) mode. Semiquantitative
data on elemental composition were obtained using Esprit1.9
software.

3.5 | Fourier-Transform Infrared Spectroscopy
With Attenuated Total Reflection (ATR-FT-IR)

Infrared analyses were performed on a Bruker Alpha spectrometer
(Bruker Optics and Microanalysis GmbH, Germany) controlled by
OPUS 6.5 software and coupled with a single-reflection diamond
ATR module. The spectra were obtained in the ATR mode in the
4000–350 cm−1 region, with a spectral resolution of 4 cm−1 and 128
scans. The background spectrum was collected before the analysis
of the samples. Advanced ATR correction was applied using Opus
6.5 software. To facilitate the comparison of spectra, a manipula-
tion command from the Opus 6.5 software based on the Min/Max
normalisation method was employed. This method scaled the
spectral intensities, setting the minimum absorbance unit at 0
and the maximum at 2. Published data and the IRUG database
were used for spectra interpretation.

TABLE 4 | Samples identification (id), ageing conditions and ageing

period.

Sample id Ageing conditions Ageing period

S_t0 Unaged reference sample None

R1w_t0 Unaged mockups

R1b_t0

R2w_t0

R2b_t0

S_ti Aged reference sample i= 1, 2, 3 and 4

R1w_ti Aged mockups

R1b_ ti

R2w_ ti

R2b_ ti
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3.6 | Raman Spectroscopy

The Raman spectra were recorded in a Bruker MultiRAM
RFS27 FT-Raman spectrometer. The 1064 nm laser was used at
a power of 4 mW, and 2000 scans were recorded for each sample.
Spectra interpretation was carried out based on published data.

3.7 | Degree of Polymerisation (DP)

Viscometry determination based on the UNE 57 039-1:1992 stan-
dard method was conducted to estimate the average DP using a
2mL glass capillary viscometer (Schott and Gen, Germany) and
cupri-ethylenediamine (CED) solvent (Sigma-Aldrich). For each
sample, 50 mg was dissolved in 25 mL of water in a 100 mL bottle
with a screw cap, which contained five pieces of electrolytic copper.
Subsequently, the samples were placed in an automatic shaker for
20min to facilitate the disintegration of the cellulose fibres. Then,
25mL of CED solvent was added to each bottle, tightly capped, and
the remaining air was expelled manually. The solution was left
under mechanical agitation for 120min. Finally, each solution
was added to a viscometer submerged in a constant-temperature
bath at 25.0± 0.1°C, and the efflux times were estimated. After
that, the intrinsic viscosity [η] was calculated, and the DP values
were obtained according to the Mark–Houwink–Sakurada equa-
tion, DPα =K× ½η�, where α= 0.905 and K= 0.805 [33]. The study
was conducted only on mockups subjected to the t2 ageing period
(R1 ink) and the t1 ageing period (R2 ink), as well as on respective
reference samples.

3.8 | X-Ray Diffraction (XRD)

Powder XRD was used to characterise the dried inks and
precipitates. The mockups were analysed in the micro mode
(μ-XRD). Analyses were conducted using a Bruker D8
Discover X-ray diffractometer (Billerica, Massachusetts)
equipped with a Cu Kα source and a LYNXEYE linear detector.
All measurements were performed from 10° to 75° 2θ, with an
increment of 0.05° 2θ and a scan speed of 2 s/step. For the
μ-XRD analysis, a zero-background sample holder was used.
The spectra were interpreted in accordance with the ICDD
database (International Centre for Diffraction Data, US) and
the literature. The crystallinity index (CrI) was calculated from
the μ-XRD patterns using Segal’s method (1959) [34] to assess
the degree of crystallinity:

CrI =
I200 − Iam

I200
× 100 (1)

where I200 is the maximum intensity of the peak corresponding to
the plane with the Miller indices (200) at around 22.7° 2θ, and Iam
is the intensity of the non-crystalline material (minimum posi-
tion between the (200) and the (110) peaks) at an angle between
18° and 19° 2θ. The background was subtracted from the diffrac-
tograms before CrI evaluation using a baseline correction in con-
stant mode (Origin Pro 8.5 software). The baseline was estimated
for the full-region diffractogram (10°–70° 2θ).

The accuracy of Segal’s approach has been controversial since it
presents drawbacks [35]. As French (2013) [35] has emphasised,
in Segal’s method, crystallinity measurements in general pro-
vide only an approximate indication of the relative proportions

of crystalline and amorphous cellulose, without resolving
molecular-level details. The Segal CrI is simple to apply using
standard diffractometer data and is straightforward to interpret.
For these reasons, despite its limitations, Segal’s method contin-
ues to be used as a first approach to assessing the crystallinity
of cellulose.

The crystallite size of cellulose was also deduced using the
Scherrer equation [36]:

L=
K � λ

β � cosθ
(2)

with L being the apparent crystallite size, K the Scherrer constant
with the value 0.94 for spherical grains, λ the wavelength of the
radiation used (0.15406 nm for CuKα1 radiation), β the full width
at half maximum (FWHM) in radians, and θ the Bragg angle in
radians. The FWHM value was calculated using Origin Pro 8.5
software. This calculation involved curve fitting estimated
through Gaussian deconvolution after applying a baseline correc-
tion to the 10°–30° 2θ region of each diffractogram.

3.9 | Physical Characterisation

The physical (structural and mechanical) properties of refer-
ence samples and mockups were determined before and after
the accelerated ageing procedure. Following ISO standards,
several tests were conducted to evaluate the impact of the inks
on the cellulose support. The tests were performed on the aged
mockups after 5 weeks (t2) for R1 and 4 weeks (t1) for R2 age-
ing. These specific ageing periods were also selected for the
viscometry study due to the physical fragility of the R2_t1
mockups at this point. Measurements were performed with
the number of replicates specified in Table 3. All samples
were stabilised overnight in a conditioned room that met the
criteria of the ISO 187:2022 standard (23± 1°C and 50± 2% RH)
prior to testing. Detailed information on all tests, the corre-
sponding ISO standards, and the instruments used is provided
in Table 5.

4 | Results and Discussion

4.1 | Inks and Precipitates Characterisation

The initial phase of this work involved a visual assessment and
pH measurement of the freshly prepared inks. The ink solutions
R1 and R2 presented a black colour with a greyish hue, although
R1 appeared lighter than R2. The deeper colour of R2 likely
resulted from its longer extraction time of 9 days compared to
R1’s 2-day extraction. Additionally, using vinegar as a solvent
may have enhanced the extraction of polyphenols (PPhs),
thereby increasing their availability for ink production [7].
Furthermore, in R2, the molar ratio of iron sulphate to tannins
is 10.8:1.0, compared with 7.6:1.0 in R1, indicating a higher avail-
ability of iron for forming Fe–PPhs complexes, as Sistach &
Espadaler [43] observed.

The gallnut extracts for inks R1 and R2 exhibited pH values of
3.19 ± 0.08 and 3.03 ± 0.02, respectively. The longer extraction
time indicated for R2, along with the use of a mixed solvent
(water and vinegar), likely contributed to the slightly lower
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pH of the R2 extract. Regarding the freshly prepared inks, the
obtained pH values of 2.21± 0.01 for R1 and 2.04± 0.04 for R2

agree well with those reported in the literature [7, 44]. The reason-
ing behind the deprotonation occurring when the Fe(III)-PPh
complex forms [9, 13] can explain the decrease in pH in the inks.

4.1.1 | ATR-FT-IR and Raman Spectroscopies

Representative spectra for the fresh and 6-month-aged, dried inks
and ppts are presented in Figure 1. Iron sulphate, dried gallnut

extracts, and commercial gallic and tannic acids are discussed
separately to facilitate the interpretation of the sample spectra
(Figure SI.1 and Table SI.3).

According to Falcão e Araújo [45], the bands at 1619, 1423,
1224, and in the range 1080–1038 cm−1 in the dried inks spectra
(Figure 1a) are generally associated with PPhs compounds.
The features at 1713 and 1320 cm−1 are distinctive of hydrolys-
able tannins, while those at 1080, 885 and 754 cm−1 indicate
gallotannins. Besides, the bands at 1080 cm−1 (νasym(SO4

2−)),

TABLE 5 | Structural and mechanical tests, as per respective ISO standards, and the instruments used.

Instruments ISO standard

Structural tests

Grammage (g m−2) Mettler Toledo PB303 Delta range analytical balance (Mettler
Toledo, Ohio, USA).

ISO 536:2019 [37]

Thickness (μm)
Apparent density (g m−3)
Specific volume (m3 g−1)

Adamel Lhomargy Micrometer MI20 (Adamel Lhomargy,
Roissy-en-Brie, France)

ISO 534:2011 [38]

Air permeability Bendtsen
method (mL min−1)

Andersson & Sorensen Bendtsen Smoothness and Porosity
Tester Gurley densometer (Andersson & Sorensen,

Copenhagen, Denmark)

ISO 5636:2014 [39]

Mechanical tests

Dry zero-span
(kgf 15 mm−1)

Pulmac Z-span 1000 (Pulmac Systems International, Williston,
Vermont, USA)

ISO 15 361:2000 [40]

Tensile index (Nm g−1) Thwing-Albert VantageNX universal (West Berlin, NJ, USA), ISO 1924-2:2008 [40, 41]

Young modulus (MPa)

Bursting index (kPa m2 g−1) Messmer Burst tester 1555 PN (DKSH, Zurich, Switzerland) ISO 2758:2014 [42]

FIGURE 1 | Full region ATR-FT-IR spectra of the (a) dried inks (R1_d1, R1_d2, R2_d1, R2_d2) and (b) precipitates (R1_ppt1, R1_ppt2, R2_ppt1, R2_ppt2)

and ingredient (iron sulphate), along with corresponding insets (2000–400 cm−1). Wavenumbers marked with (*) denote characteristic bands associated

with the Fe–PPh complex in the ppts (1727, 1614, 1446, 1339, 1080, 987 cm−1). The spectra are normalised and were vertically offset for clarity. R1 (recipe

of the IGI formulation from Codex 99); R2 (recipe of the IGI formulation fromMemorial of The Secular Canons of St. John the Evangelist Congregation).
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987 cm−1 (νsym(SO4
2−)) and 601 cm−1 (δasym(SO4

2−)) are also
characteristic of iron sulphate [46] (Figure 1a, Table SI.4). The com-
plexation of PPhs with iron induces changes in their characteristic
vibrational features [46, 47]. For instance, the band at 1031 cm−1

(νsym(C─O)) in the gallnut extract spectra (Figure SI.1) shifts to ca.
1055 cm−1 (with a smooth shoulder at ca. 1091 cm−1) and
1080 cm−1 (with a shoulder at 1038 cm−1) in the Fe–PPhs com-
plexes present in R1 and R2 inks, respectively. Similar shifts were
reported by Espina et al., [47] who attributed them to interactions
between iron and –OH groups on the aromatic ring. Another
distinctive feature is the reduced intensity of the 1227 cm−1 band
(νsym(C─OH)) from the gallnut extract, which appears at
1224 cm−1 in R1 ink and as a subtle shoulder at 1225 cm−1 in
R2, providing evidence for the formation of Fe–PPhs complexes
[13]. This reduction aligns with observations by Guo et al. [48]
in their study of functional metal–phenolic networks. These spec-
tral changes suggest that the development of IGI colour can be
associated with iron-catecholate or iron–gallate binding through
the phenolic ring, as previously reported [13]. Furthermore,
Espina et al. [45] connected a band shift from 731 to 750 cm−1

in the Fe–GA spectrum to iron coordination with phenolic –OH
groups. A corresponding band at 754 cm−1 in R1 and R2 spectra
supports this interaction. Lastly, a reduction in the intensity of
the ca. 870 cm−1 band, also noted by the authors [47], is mirrored
in our data: the band at 888 cm−1 in the gallnuts spectrum nearly
disappeared in the R2 and decreases in intensity with a downshift to
885 cm−1 in R1, further indicating Fe–PPh complex formation.

Moreover, the well-defined band at ca. 1713 cm−1 (ν(C─O)) con-
firms the presence of a free –COOH group [49]. However, it is
well established [50] that upon deprotonation, the carboxylate
group typically exhibits two strong bands: one in the 1650–
1540 cm−1 (νasym(COO

−)) region and another in the 1450–
1360 cm−1 region (νsym (COO−)). Deacon & Phillips [51] utilised
the position and separation between these bands (Δν) to distin-
guish between different carboxylate coordination modes.
Specifically, the separation of 150–200 cm−1 can be indicative
of chelating and/or bridging coordination modes in metal–ace-
tate complexes. In our spectra, the bands at ca. 1578 cm−1

(νasym(COO
−)) and ca. 1423 cm−1 (νsym(COO

−)) show a Δν of
155 cm−1, consistent with iron chelation via the carboxylate
group. This suggests that, in addition to the phenolic ring, the
IGI complex may also form through interactions involving the
COO− group. A band at ca. 601 cm−1 (ν(Fe─O)), associated with
catechol ring vibrations in Fe–PPhs complexes, was also observed
[47, 52], further supporting this coordination. Additionally,
bands attributed to iron sulphate are present in the dried ink
spectra, with the more intense band at 1080 cm−1 in R2 com-
pared to R1, corroborating the excess of this ingredient in the
R2 formulation.

TheATR-FT-IR spectra of the ppts (Figure 1b) and their correspond-
ing band assignments (Table SI.5) predominantly display features
characteristic of iron sulphate, previously discussed. This indicates
that excess reagent precipitated over time. As reported in the litera-
ture [53, 54], the spectra closely resemble that of melanterite, par-
ticularly the features at 3450, 3371 and 3251 cm−1, which are
associated with the –OH stretching vibrations. However, these
bands appear more resolved and upward shifted in the ppts spectra
compared to the starting material. In addition, minor bands and
shoulders attributable to the IGI complex suggested that a minimal
amount of Fe–PPh also precipitated from the solution.

Furthermore, the bands observed at ca. 1100–1090, 987 and
601 cm−1 in the spectra of the dried inks and the ppts may also
have contributions from gypsum. This compound is likely
formed by the reaction of excess sulphate ions with calcium from
the binder, primarily Arabic gum, which is known to contain sig-
nificant amounts of this element [55]. Additionally, Arabic gum
may also contribute to the spectral features at ca. 1619, 1423, 1224
and 1090 cm−1 in the spectra of the dried inks. This information
is detailed in Table SI.4.

The Raman spectra for the R1 and R2 ppt exhibited similar char-
acteristics (Figure SI.2, Table SI.6), consistent with features typi-
cally assigned to iron–polyphenol complexes found in IGI. No
bands corresponding to iron sulphate were detected. The overall
signal intensity is low, likely due to the low laser power used dur-
ing measurements (FT-Raman, 1064 nm laser at 4 mW) to pre-
vent sample degradation. The broadness of the bands suggests
a low degree of crystallinity, contrasting with the sharp features
reported by Ponce et al. [9] for crystalline Fe(III) gallate. While
the major bands of our spectra align with previously published
IGI spectra [49, 56], differences in their intensities were observed.
The IGI spectra are characterised by two main bands: 1485–
1465 cm−1 and 1350–1295 cm−1 (high to medium intensity)
and a shoulder at 640–490 cm−1 (medium-to-low intensity)
[49, 56]. For iron complexes of GA or pyrogallol (PY), bands have
been reported at 1470 (ν1), 1322 (ν2) and 576 (ν3) cm

−1 for GA–Fe,
and 1464 (ν1), 1299 (ν2) and 600 (ν3) cm

−1 for PY–Fe [47]. The ν1
band is attributed to the benzene 19b vibration (ν(C─C)) coupled
with C─O stretching (ν(C─O)) and C─H in-plane scissoring
(δ(C─H)) in CH2 groups, with significant contributions from
the stretching of carbon atoms bonded to oxygen. This band,
which is weak in free phenol groups, intensifies upon complexa-
tion with iron due to changes in polarizability and often domi-
nates IGI Raman spectra [9, 47]. However, in our spectra, it
appears slightly less intense than the band observed at
1420 cm−1. The ν2 band, located between 1345−1295 cm−1, is
attributed to C─OH stretching (ν(C─OH)) and in-plane bending
modes (δ(C─H), δ(OH)), and is sensitive to the polyphenol struc-
ture [47, 49]. The region at 1331–1336 cm−1 was found to be the
sightliest, most intense in the spectra of Iberian inks and refer-
ence compounds prepared by Díaz Hidalgo et al., [57] closely
matching our observed band at 1338 cm−1. The ν3 band reflects
the stretching modes of the new Fe─O bonds (ν(Fe─O)), result-
ing from complexation between the iron cation and oxygen
atoms in polyphenolic compounds. The position of the
ν(Fe─O) bands can vary depending on the molecular environ-
ment [47]. A broad band in the 640–490 cm−1 region, also
observed by Lee et al. [58] in two 19th-century inked parchment
documents, appears in our spectra between 600 and 560 cm−1.
Additionally, less intense bands of the Fe–PPhs complexes were
observed around 1580, 1430, 1395, 1290, 1217 and 1100 cm−1,
with their relative intensities varying depending on the phenolic
precursor [47, 56]. Espina et al. [47] reported strong bands for TA
and GA at 1711/1613 cm−1 and 1692/1615 cm−1, respectively,
attributed to the carboxylic acid C─O stretching (ν(C─O)),
and the benzene ring 8a stretching (νsym(C─C)) [47, 49].
These bands significantly decrease upon iron complexation, with
the higher wavenumber bands nearly disappearing and the lower
bands shifting to 1580 cm−1 (TA) and 1576 cm−1 (GA), consistent
with our spectra, particularly the feature at ca. 1580 cm−1.
Additionally, our spectra display two strong bands [9, 50] at
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1580 cm−1 (νasym(COO
−)) and 1420 cm−1 (νsym (COO−)), with a

160 cm−1 separation, indicating the presence of deprotonated car-
boxylate groups. This supports ATR-FT-IR results and suggests
the involvement of carboxylate groups in Fe(III) chelation within
the IGI complex.

Collectively, the ATR-FT-IR and Raman results reinforce the
roles of both phenolic and carboxylate groups in the formation
of the IGI complex.

4.1.2 | XRD

XRD was used to investigate the crystalline fraction in the dried
inks and ppts (Figure SI.3). Melanterite was absent in both fresh
and 6-month-aged dried inks. The less hydrated phases, rozenite
and szomolnokite, were present in both R1 inks, while szomol-
nokite was the predominant phase in R2 dried inks. The drying
conditions at 25°C over 2 days likely inhibited the nucleation and
growth of the more hydrated iron sulphate phases. Burgaud et al.
[59] similarly observed rozenite in the crystalline fraction of dried
ink residues from laboratory-prepared IGI, along with a mixture
of rozenite and szomolnokite in artificially aged samples.
Gypsum was more prevalent in R2 inks, likely due to a higher
weight ratio of Arabic gum relative to tannins and caparrosa
in the formulation. In contrast, gypsum was absent in the aged
R1_d2 sample, likely because it had already precipitated in the
corresponding R1_ppt2 sample.

Rozenite (FeSO4•4H2O) (PDF ID: 00-019-0632) was the domi-
nant crystalline phase in the fresh ppts (R1_ppt1 and R2_ppt1)
for both inks. After 6 months of natural ageing (R1_ppt2 and
R2_ppt2), melanterite (ideal formula: Fe(H2O)6SO4•H2O)
(PDF ID: 00-22-0633) became the primary phase, though it
was already present in the fresh ppts. This phenomenon likely
resulted from hydration, with the crystal structure adapting to
accommodate more water molecules, thereby increasing the
unit cell volume while maintaining the same space group
(P21/b) [60]. In R1_ppt2, szomolnokite (FeSO4•H2O) (PDF
ID: 00-74-1332) was also identified, potentially due to dehydra-
tion during drying (25°C, 120 min) and subsequent storage
under ambient conditions. The stability fields for melanterite,
rozenite and szomolnokite at RT or higher, depending on the

RH, are well documented [54, 61, 62]. Gypsum was detected
only in the aged ppts, as previously showcased by the ATR-
FT-IR data. IGI appears to be entirely amorphous, as no
XRD pattern could be attributed to either the IGI-dried ink
or the IGI-ppt. Similar results were reported by Ponce et al.,
[9] who observed that the IGI-ppt and the Fe(III) gallate crys-
tals became amorphous after 1 day to 2 weeks of exposure to
air, and even more rapidly during artificial ageing (100°C and
high RH).

A summary of the results is presented in Table 6.

4.1.3 | Mössbauer Spectroscopy

Mössbauer spectroscopy is fundamental for assessing the oxida-
tion state and coordination environment of iron and monitoring
its changes during chemical transformations. It is worth noting
that assigning most of the Fe(III) doublets to specific compounds
is challenging or virtually impossible, as similar Mössbauer
parameters can be obtained from different compounds with anal-
ogous iron environments. Moreover, in some compounds, the
iron atoms may be surrounded by different environments,
namely in the second or third coordination spheres, resulting
in slightly different Mössbauer parameters. Due to the high IS
and quadrupole splitting (QS) values and the broader range of
these values in the case of high-spin Fe(II) phases, attempts
to identify Fe(II) containing compounds are easier than for
high-spin Fe(III) compounds. Tentative assignments of the
Fe(II) doublets, as well as some trends in the Fe oxidation state,
may be deduced from the present Mössbauer study. The spectra
of the dried inks (Figures SI.4, SI.5) and the ppts (Figures SI.6 and
SI.7) consist of Fe(III) and Fe(II) doublets with distinct param-
eters (Table SI.7), except for R1_d1 and R2_d1, which show dou-
blets with similar parameters, although with different relative
areas at 80 K. For R1_d1 at RT, only a Fe(III) doublet is present
(Figure SI.4), while at 80 K (Figure SI.5), a Fe(II) doublet is also
observed. The same behaviour was noted for R1_d2 and R2_d1 inks.
The absence of a Fe(II) doublet at 295 K is consistent with the fact
that the dried ink samples contained a paste-like phase at this tem-
perature, in addition to a solid phase. Fe(II) in all the dried inks is
presumably only present in the paste-like phase, except for R2_d2

TABLE 6 | Crystalline phases identified in fresh and naturally aged ppts and dried inks.

Samples Crystalline phases

Melanterite Rozenite Szomolnokite Gypsum

R1_d1 — ✓ ✓ ✓

R1_d2 — ✓ ✓ —

R2_d1 — — ✓ ✓

R2_d2 — — ✓ ✓

R1_ppt1 ✓ ✓ — —

R1_ppt2 ✓ — ✓ ✓

R2_ppt1 ✓ ✓ — —

R2_ppt2 ✓ — —
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ink, where a second Fe(II) contribution from the solid phase was
observed at 295 K. This means that the recoilless factor f of Fe(II)
in the paste-like phase is vanishingly small at 295 K, while at 80 K
this phase is frozen, and f becomes finite. This paste-like phase was
likely due to an excessively short drying period, which was insuf-
ficient to completely evaporate the solvent.

On the other hand, the parameters of the Fe(III) doublets in
R1_d1 and R2_d1 are different from those in R1_d2 and R2_d2
(Table SI.7). This suggests that changes may occur in the
Fe(III)-PPh complex over time. While Fe(III) doublets are asso-
ciated with the solid phase, it is possible that Fe(III)-containing
compounds are also present in the paste-like phase. Nevertheless,
the parameters are indistinguishable from one another. As sum-
marised in Table SI.7, dried inks are significantly more oxidised
than the ppts. This finding aligns with the ATR-FT-IR spectra of
the dried inks, which strongly indicate the presence of Fe(III)-
PPhs complex, contrary to the ppts’ spectra (dominated by iron
sulphate). Additionally, XRD results show no evidence of Fe(II)–
Fe(III) mixed phases or Fe(III) phases in the dried inks, support-
ing the conclusion that Fe(III) is solely associated with PPhs in
the Fe(III)-PPh complexes.

Regarding the ppts (fresh and aged), the Fe(II) parameters
(Table SI.7) may be assigned to rozenite and melanterite, which
have similar parameters. In contrast, the more oxidised dried
samples, that is, R1_d1, R1_d2, and R2_d1, exhibit Fe(II) param-
eters that align closely with those of szomolnokite (FeSO4•H2O)
[11, 22, 63]. This iron phase was identified through XRD anal-
ysis in the dried inks. Both the XRD and 80 KMössbauer studies
confirmed the presence of iron sulphate in the dried inks, as
inferred from ATR-FT-IR results. Besides, these techniques sug-
gested that all three Fe(II) sulphates are present in R1_ppt2 and
R2_d2. Overall, these findings suggest that during ink prepara-
tion, depending on the ratio of the main ingredients, several Fe-
containing compounds may form and evolve over time.

Further insights were gained regarding the IGI chromophore
complex. The Fe(III) doublets observed in R1_ppt1 and R1_d2
showed the same parameters as one of the doublets reported
by Ponce et al. [9] for the IGI precipitate and crystalline
Fe(III) gallate, respectively. These compounds were synthesised
using analytical-grade FeSO4•7H2O and a GA solution, with
potassium hydroxide employed to dissolve the GA during the
crystal synthesis. The authors attributed the observed doublets
to amorphous and crystalline forms of Fe(III) gallates [9].
However, Ponce et al. [9] also identified additional Fe(III) dou-
blets with QS> 1.0 mm s−1, which do not appear in our spectra.
Moreover, the remaining doublets observed in our spectra do not
match those reported for synthetic crystalline and amorphous Fe
gallates in the literature [9, 11, 12]. Interestingly, the estimated
Fe(III) parameters for R2_ppt1 are, within experimental error,
similar to those reported by Gust and Suwalski [64] for a
Fe(III)-PPh mono-complex formed from Fe2(SO4)3•nH2O and
oak tannin (OT). This complex, classified as a CI-type, is sug-
gested to exhibit a catecholate binding mode [64]. According
to the authors, the number of phenolic groups on the aromatic
ring—provided that there are at least two in ortho-positions—
and the structure of the residue in the PPh ligand did not seem
to affect the IS and QS parameters for the Fe(III)-PPh mono-
complex. As a result, the Mössbauer parameters appeared con-
sistent across different ligands. Specifically, the parameters
for Fe(III) mono-complexes with catechol, PY, GA and OT

do not differ significantly and are better described by a CI-type
complex.

In summary, the combined results from ATR-FT-IR, Raman,
XRD and Mössbauer spectroscopy suggest that the ppts from
both inks contain an amorphous phase, ranging from�10% to
30%, due to the formation of a Fe(III)-PPh complex network.
This is accompanied by a larger crystalline fraction predomi-
nantly composed of various hydrated Fe(II) sulphates, primarily
rozenite and melanterite. All the sulphate phases are assumed to
be part of the crystalline fraction. As Burgaud et al. [57] suggested
regarding GA, we also believe there is a competition between PPh
compounds and sulphate ions for iron binding. This likely
accounts for the prevalence of iron sulphates in the ppts of both
inks despite the differing solubility of Fe–PPhs complexes and
iron sulphates in aqueous media. Hydrolysable PPh compounds
can act as reducing agents in acidic environments, inhibiting
Fe(II) oxidation and likely preventing the formation of mixed
Fe(II)–Fe(III) phases, as demonstrated by Burgaud et al. [59].
Furthermore, although both inks are unbalanced, the extraction
of the PPhs was likely less efficient than anticipated, which
explains the low IGI fraction in the precipitates, where iron sul-
phates dominate (>70%). Conversely, the dried inks are primarily
composed of the IGI complex in solution, with 5%< iron sul-
phate content < 30%. Rozenite and szomolnokite were identified
in R1 dried inks, while the patterns for R2, both fresh and aged,
were dominated by szomolnokite.

Regarding the IGI complex, iron–gallate complexes can be found
in both the IGI precipitates and dried inks, though they are more
predominant in the latter. Iron binding primarily occurs through
the catecholate group, while ATR-FT-IR and Raman analysis fur-
ther confirm the involvement of the carboxylate group. These find-
ings are consistent with the literature, [6–13] supporting that
various Fe–PPhs complexes contribute to the colourant formation.

4.2 | Mockups Characterisation

4.2.1 | Appearance, Colour and pH Study Over Ageing

The inks in the solution appeared black with a greyish hue but
turned light grey when applied to paper, showing colour differ-
ences between R1 and R2 mockups. Photographic images of
the brushed and written mockups are shown in Table SI.8.
Given that the colour difference (within one std) between
the brushed and written mockups for the same ink displayed
similar behaviour, we focused our discussion solely on the
brushed mockups.

The L*a*b* coordinates for R1b_t0 are 77.2± 1.1; −0.8± 0.1;
−1.1± 0.1, while for R2b_t0, they are 70.5± 0.9; 1.2± 0.4;
2.5± 0.6. R2b appears darker due to its slightly lower L* values.
R1 has a greater contribution of green and blue (a*, b*< 0), while
R2, with positive a* and b* values, displays a higher presence of
red and particularly yellow. Hence, R1 appears subtly bluish,
whereas R2 is more yellowish.

Artificial ageing resulted in darkening and a shift towards a brown-
ish colour, with R2 retaining a slightly more yellow hue. The
underlying causes of these colour changes are not yet completely
understood. Based on a chromatographic study, Ferretti et al. [29]
identified intermediates or side-products arising from the oxidation
of GA to ellagic acid, as well as from the subsequent degradation of
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ellagic acid-catalysed by Fe(III). The authors [29] attributed these
reactions to the darkening observed in IGI.

To evaluate the impact of artificial ageing on colour, we com-
pared the aged mockups (for each ageing period) and the refer-
ence (S) samples to the unaged samples, expressing the result as
global colour variation (ΔE∗

ab) (Figure SI. 8a, b, Table SI. 9 and
subsequent discussion). The ΔE∗

abvalues consistently exceeded
the perceptibility threshold (ΔE∗

ab = 3.0), indicating noticeable
changes to the naked eye.

Whatman paper presents an almost neutral surface pH
(6.55 ± 0.31 for the S samples). When the inks were brushed,
the pH values decreased by�42% for the R1 mockups and�58%
for R2 (Figure SI.8c and Table SI.10) due to the acidity of the
inks. During artificial ageing, a slight decline in pH was observed
in both the reference samples and the mockups. Notably, the R1

ink exhibited a more pronounced drop in pH. Similarly, Ciglanská
et al. [65] reported an immediate pH drop following the applica-
tion of IGI on parchment samples, with further decreases noted
during artificial ageing.

4.2.2 | Iron Oxidation State and Coordination
Environment Over Ageing

Fe57 Mössbauer measurements were carried out on the three sets
of samples: S_t0 (reference samples), unaged (R1b_t0 and R2b_t0)
and aged (t1 and t2) mockups. The estimated parameters are pre-
sented in Table SI.11, and the spectra in Figures SI.9 and SI.10.
No Fe was detected in the reference sample spectrum collected
over several days, confirming that the observed doublets in the
mockups resulted from the ink or the potential products caused
by its interaction with the cellulose support. The notable differ-
ences between the unaged mockups and the dried inks suggest
that the compounds in IGI are highly unstable and promptly
react upon contact with the cellulose support during ageing.

Both R1b_t0 and R2b_t0 appear more oxidised, with complete oxi-
dation observed in R1b_t0. In R2b_t0, a small amount of Fe(II)
was identified as szomolnokite (Table SI.11). Interestingly, the
IS and QS values for Fe(III) in these mockups are similar, within
the experimental error, to those reported by Gust and Suwalski
[64] for the CI-type Fe(III)-PPhmono-complex prepared with GA
and OTs, featuring catecholate binding (Mössbauer spectroscopy
in Inks and Precipitates Characterisation section). For the aged
mockups, the Fe(III) doublets (Table SI.11) do not match those of
synthetic crystalline or amorphous Fe gallates reported in the lit-
erature [9, 11, 12]. After the first ageing period (t1), both R1b_t1
and R2b_t1 showed a substantial reduction in the Fe(III) ions. In
R1b_t1, �60% of the Fe appears as Fe(II) oxalate, while the

remaining Fe(III) doublet exhibits different parameters from
those found in unaged R1b_t0 (except for the IS) and R2b_t0
mockups. After 5 weeks of ageing (t2), all the Fe in the R1b_t2
mockups was found to be present as Fe(II) oxalate. In the R2

mockups, Fe(III) was reduced entirely during the t1 ageing
period, with Fe(II) primarily attributed to Fe(II) oxalate and a
minor fraction originating from szomolnokite. Notably, Fe(II)
has also been detected in both historical IGI samples [66–68]
and modern model samples [11], ranging from ca. 15% to 52%
of the total Fe content [69]. As ageing progresses, the Fe(II) oxa-
late fraction increases while szomolnokite decreases in R2b sam-
ples. The presence of oxalates in these samples is significant, as
oxalic acid is a byproduct of the oxidative degradation of many
organic compounds [70]. In the context of IGI on paper, oxalic
acid may result from the degradation of the binder (typically
Arabic gum), PPh compounds and cellulose support materials
[67, 67, 71–74] or from a combination of these factors. The oxa-
late ion can then compete with sulphate for Fe(II), leading to the
formation of Fe(II) oxalate.

4.2.3 | Morphological Features

The unaged mockups, both brushed and written, displayed an
atypically smooth and barely visible ink layer, contrasting with
the characteristic textured appearance of historical IGIs [17, 27].
This morphological aspect is attributed to the use of Whatman
paper, a thin, unsized cotton paper without fillers, that readily
absorbs the ink into its fibres. Upon artificial ageing, the mockups
showed a substantial accumulation of dispersed particles on the
fibre surface (Figure 2). These particles appeared as agglomerates
of micro-sized prismatic, needle-like or rod-shaped crystals.

The ageing process involved exposure to a hot, humid and aerated
environment over several weeks, promoting crystal formation in
the inked areas. Fe was detected in these crystal agglomerates,
either alone or associated with S (Figure 2). However, EDS alone
cannot determine their precise composition. As shown by
Mössbauer spectroscopy, oxalates formed during artificial ageing
and became predominant in both mockups after 4 weeks (Table
SI.11). Notably, Fe(II) oxalate was absent in the unaged mockups,
as well as in the fresh or aged inks and precipitates, indicating
that its formation is linked with IGI degradation.

4.2.4 | ATR-FT-IR and DP

ATR-FT-IR played a crucial role in characterising the mockups at a
molecular level and inmonitoring ageing-related changes in the cel-
lulose support fostered by the presence of IGI. All spectra (Figures 3
and SI.11) showed the typical features of cellulose I [75–79], with

FIGURE 2 | R2b_t1 mockup showing dispersed Fe-rich crystals on the inked area (left); a close-up micrograph of the crystals (centre); and corre-

sponding EDS spectrum (right).
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characteristic bands at ca. 3328 and 3290 cm−1 (ⱱsym(OH) of
intra- and intermolecular H-bonding), 2895 cm−1 (ⱱ(CH2)),
1631 cm−1 (δ(OH) of adsorbed water), 1427 cm−1 (δ(CH2)) in
crystalline cellulose I), 1361 cm−1 (δ(CH)) in crystalline cellu-
lose I), 1318 cm−1 (δ(CH2)), 1161 cm−1 (ⱱasym(C─O─C)) of
the β-(1-4)-glycosidic bond), 1107 cm−1 (ⱱsym(C─O)) at C3 of the
glucopyranose ring) and 898 cm−1 shoulder in cellulose I
(ⱱsym(C─O─C) at β-(1-4)-glycosidic bond). Furthermore, seven
IGI-specific bands at ca. 1652–1620, 1448, 1426, 1320, 1106,
1031 and 987 cm−1 (previously identified in the Inks and
Precipitates Characterisation section and Tables SI.4 and SI.5)
were also observed in the mockups’ spectra.

Ageing induced clear spectral changes in the mockups compared
to the unaged and reference samples. Only the most significant
alterations in band shape or position are discussed here. The band
at 3328 (ⱱsym(OH)) (Figure 3a) became slightly narrowed and
downshifted, while the band at 3290 cm−1 (ⱱsym(OH)) showed a
marked decrease in intensity, particularly in the R1 mockup.

Alterations in the OH– features can be associated with the cleav-
age of intra- and intermolecular H-bonds, indicating structural
changes in the cellulose support. This observation is consistent
with previous studies, irrespective of the model paper [77, 79].
Additionally, a slight drop in intensity and an upward shift of
the 2895 cm−1 (ⱱ(CH2)) band further support an increase in
amorphous cellulose content in the aged mockups [77]. In the
carbonyl region, bands at 1631 cm−1 (R1) and 1620 cm−1 (R2)
were observed. Although commonly attributed to δ(OH) of
bound water, these bands may also reflect early oxidation

products, as suggested by Łojewska et al. [80]. The authors con-
ducted an in situ ATR-FT-IR study in which the bound water was
desorbed from paper to evaluate the features in the carbonyl
region alone. Based on this, the authors proposed a sequential
oxidation mechanism for the C─OH groups in the glucopyranose
rings, producing a variety of compounds where the carbonyl
groups (band ca. 1620 cm−1) corresponded to partial oxidation
and the carboxyl or aldehyde groups (band ca. 1730 cm−1) indi-
cated the final oxidation stage. Additionally, Henniges et al. [81]
highlighted that the interpretation of carbonyl formation in cel-
lulose is complex: hydrolytic cleavage (chain scission) generates
reducing ends, while oxidation introduces carbonyls along the
chain without necessarily causing chain scission. These two pro-
cesses are thus intimately linked but mechanistically distinct.

In our samples, although the bands at ca. 1631 cm−1 (R1 mock-
ups) and 1620 cm−1 (R2 mockups) were influenced by bound
water due to the 65% RH during ageing, comparison with the
S samples spectra (Figure SI.11) revealed an increase in band
intensity, particularly in the R2 mockups. Hence, this behaviour
is consistent with the C─OH oxidation to carbonyl groups, as
observed by Łojewska et al., [80] suggesting that IGI intensifies
oxidation relative to traditional paper ageing.

The bands at 1427, 1361 and 898 cm−1 are commonly associated
with cellulose I, and changes in their shape and intensity are
often used to study variations in the degree of crystallinity
[46, 82, 83]. Tribulová et al., [84] in their examination of cellu-
losic materials treated with different metal salts (e.g., Fe(II),
Cu(II)) and subjected to artificial ageing, reported that the

FIGURE 3 | (a,b) FT-IR full-region spectra for the unaged (t0) and aged (t1–t4) R1b and R2b mockups, respectively, with insets focusing on the region

of interest (1800–700 cm−1) and highlighting major spectral differences associated with structural changes in the cellulose support. A purple asterisk

indicates key bands associated with cellulose crystallinity. The spectra are normalised and vertically offset for clarity, with colour grading to enhance

visualisation. R1b (mockup with ink from recipe 1 applied to the cellulose support by brushing); R2b (mockup with ink from recipe 2 applied to the

cellulose support by brushing).
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broadening of these bands indicated a more disordered structure.
During artificial ageing, the 1427 and 898 cm−1 bands in the
mockups showed greater broadening than in the S samples, sug-
gesting a reduction in cellulose crystallinity [76]. This decrease
can be attributed to the presence of IGI.

To further explore the impact of IGI, we estimated the DP of the
mockups before and after accelerated ageing using the viscosity
method [15, 25]. The results were then compared to those
obtained for the Whatman paper (Figure SI. 12). In the literature
[15, 19, 85, 86], the DP is often estimated from intrinsic viscosity
using the Mark–Houwink–Sakurada equation (Experimental
section). However, variations in DP values may occur due to dif-
ferences in the coefficients (α and K) employed, as reported in
prior studies [86–88]. Furthermore, it is known that when used
directly on oxidised cellulose, it may underestimate absolute DP
values. Therefore, the focus here is placed on the trends observed
between samples [80]. Despite these potential discrepancies, our
DP values and their ageing trends over time aligned well with the
findings of Zaccaron [15], who studied Whatman paper contain-
ing IGI under artificial ageing conditions.

Our S samples exhibited decreasing DP values, with a more sub-
stantial drop observed after the 4-week ageing period (S_t1)
(Figure SI.12). In contrast, a much smaller decreasing trend
was noted after 5 weeks of ageing for S_t2. Similarly, the mockups
displayed an overall declining trend in DP during the ageing pro-
cess, irrespective of the ink used. This trend intensified in the
brushed mockups R1b_t2 and R2b_t1 compared to their written
counterparts R1w_t2 and R2w_t1.

The pronounced impact of the brushed mockups highlights the
influence of concentrated ink. This behaviour aligns with the
findings of Rouchon et al. [19] who established that oxygen is
the primary driver of cellulose depolymerisation, especially in
iron-containing samples within an acidic medium, where chain
scissions are mainly ascribed to oxidative mechanisms. The
authors [19] also noted that iron, especially Fe(II), catalyses deg-
radation via Fenton-like reactions, even in very low oxygen con-
ditions, and highlighted that depolymerisation occurs faster in
concentrated samples, primarily due to the higher Fe(II) content.
Similar conclusions were drawn by Zaccaron [15]. Although only
minimal Fe(II) is required to initiate Fenton-like reactions, the
surplus of Fe(II) in concentrated inks increases the likelihood of
these reactions [19]. Oxidation appears to be the primary process
responsible for degrading our mockups, particularly the R2

mockups. Although R2 ink on paper is slightly more acidic than
R1, the acidity of both inks tends to level over time (Figure SI. 8c),
suggesting that acid hydrolysis is unlikely to be the main cause of
the fragility already observed in the R2 mockups after 4 weeks
of ageing.

In short, the DP results corroborate the trends observed in ATR-
FT-IR data, reinforcing the idea that oxidative mechanisms play a
critical role in cellulose degradation in our mockups. The impact
of the R2 ink is notably more severe than that of R1, with the
brushed mockups showing the most considerable degradation.

4.2.5 | XRD

Whatman paper presents a high degree of crystallinity, which can
experience significant alterations due to ink interaction [89].
XRD analysis was performed on the mockups to investigate
the structural changes during ageing. Native cellulose (cellulose

I) exists in two polymorphs, Iα and Iβ, with chains organised in
sheets packed in a parallel configuration, which structurally dif-
fer [36, 90]. Figure SI.13 shows the XRD patterns for the unaged
and aged S samples, as well as the mockups, including the cor-
responding Miller indices. All samples are confirmed as Iβ-type
cellulose, based on the diffraction peaks at ca. 14.7°, 16.8°, 22.7°
and 34.5° 2θ, corresponding to the Miller indices ð110Þ, (110),
(200) and (004), respectively [36, 90]. Under our analytical con-
ditions, the peaks (012) at 20.3° 2θ and (102) at 20.6° 2θ, which
typically appear as shoulders on the (200) peak, were absent. This
absence allowed a straightforward estimation of the Segal amor-
phous intensity at 18.2° 2θ [34, 91].

A decrease in the intensity of the (200) peak and a broadening of
the ð110Þ and (110) peaks indicate a crystalline-to-amorphous
phase transformation during ageing [89]. This change was subtle
in the support material alone (S samples), becoming more pro-
nounced only in the S_t4 sample. In contrast, the mockups exhib-
ited significant changes much earlier: noticeable broadening of
the ð110Þ and (110) peaks start at the t1 period, and the ratio
of their intensities continued to increase throughout the ageing
process (Figure SI.13b, c). The (200) peak, which was initially
more intense after the 4-week ageing period, gradually sharpened
and decreased with prolonged ageing.

The CrI was estimated using Segal’s method [34]. For the S_t0
sample (Table 7), this parameter exhibited a value of 87%, which
is in good agreement with previously reported values for
Whatman paper [34, 92]. This value decreased in the S_t4 sample,
indicating the impact of artificial ageing on the support. The
unaged S sample seemed to present higher crystallinity than
the unaged mockups R1b_t0 and R2b_t0, suggesting that the
ink itself may have interfered with the cellulose structure.
This finding is consistent with both the ATR-FT-IR and the

TABLE 7 | The crystallinity index (CrI (%)) and the apparent

crystallite size (L (nm)) for the (200) peak.

Sample id CrI (%) L(200)

S_t0 87 5.27

S_t1 87 5.16

S_t2 86 5.28

S_t3 86 5.32

S_t4 79 5.32

R1b_t0 78 5.63

R1b_t1 78 5.94

R1b_t2 77 6.04

R1b_t3 78 6.06

R1b_t4 57 6.26

R2b_t0 70 5.84

R2b_t1 77 5.90

R2b_t2 79 6.07

R2b_t3 79 6.19

R2b_t4 67 6.39
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DP results. Additionally, the increased background in the diffrac-
togram further indicated the lower crystallinity of the mockups.

During artificial ageing, the CrI of R1b tend to remain stable until
the t3 period. In contrast, R2b_t2 showed an increasing trend in
CrI, a phenomenon previously linked to a selective breakdown of
less stable amorphous regions in the cellulose matrix during ini-
tial ageing stages [92–94]. Besides, Chen et al. [95] reported that
transition metal salts selectively degrade the amorphous regions
of cellulose, thereby enhancing the CrI. In the later stage of
ageing (t4), the CrI of both R1b and R2b mockups present a drop-
ping trend. This reduction has also been reported in the litera-
ture [84, 92, 94], suggesting that the crystalline regions are now
undergoing degradation. This trend is consistent with the
broadening of 1427 cm−1 and 898 cm−1 bands observed in the
ATR-FT-IR spectra during ageing, indicating a shift towards a
less ordered structure.

An increase in both the L(200) and CrI values is typically associated
with a reduction in the amorphous regions [96, 97]. However, our
results showed an opposite trend: although L(200) values generally
increased in the mockups, the CrI decreased. A similar trend was
observed in the S samples. This behaviour in the crystallite size
may be attributed to the sharpening of the diffraction peak at
22.7° 2θ during ageing. A tentative explanation, based on the work
of Driemeier et al. [98] on the structural evolution of cellulose crys-
tals from sugarcane subjected to various treatments, suggests that
such peak sharpening could result from the aggregation of some
laterally joined microfibrils, leading to aggregated crystallites larger
than the original individual microfibrils. Additionally, recrystallisa-
tion may occur in specific regions where ’nuclei’ for crystallite
growth form during annealing at a constant temperature, contrib-
uting to an overall increase in average crystallite size [99].

Young’s modulus of fibres reflects the cellulose chain organisa-
tion, that is, highly oriented fibres have higher values, while
those with medium-to-low orientation show reduced moduli
[94, 100]. The IGI impact on the support became evident through
the significant decrease in this modulus over time (Figure SI.14).
The brushed mockups presented the smallest drop, with reduc-
tions of 77% and 78% for R2b_t1 and R1b_t2, respectively, com-
pared to their unaged counterparts. Cocca et al. [94] observed
a similar trend in their testing of Whatman samples subjected
to chemical oxidation treatments, which only partially replicates
the IGI-induced degradation. Interestingly, the written mockups
showed a less pronounced difference, highlighting the impact of
higher ink concentration per surface area on the degradation pro-
cess. Regarding the S samples, a decrease in Young’s modulus
was observed from the t0 to t1 ageing period, followed by an
increase during the t2 ageing period. This trend has been simi-
larly reported in the literature [94, 101] for cellulose samples sub-
jected to artificial ageing in a climatic chamber.

4.2.6 | Physical Properties

The structural characterisation of the unaged and aged S samples
(S_t0–t2) and mockups (R1b_t0, R1b_t2, and R2b_t0, R2b_t2)
involved measuring key parameters such as grammage, thick-
ness, apparent density and the air permeability using the
Bendtsen method (Table 2 and Table SI.12). Here, we focus
on the mechanical properties which were evaluated through var-
ious tests, including tensile strength, bursting strength and dry
zero-span (Figure 4).

The tensile strength test measures the maximum stress a material
can withstand before breaking (ISO 1924-2:2008 [41]), while the
bursting strength test assesses the material’s resistance to rupture
under applied pressure (ISO 2758:2014 [42]). Unfortunately, the
fragile condition of the aged mockups compromised the reliabil-
ity of the bursting strength measurements, so this test was only
conducted on unaged mockups. The dry zero-span test evaluates
fibre damage, considering factors such as fibre cell wall thickness
and fibre diameter [102]. No considerable differences were found
between the unaged and aged S samples across the various tests
(Figure 4). In contrast, the tensile strength of the mockups
decreased markedly with ageing, dropping by 70% for R1w_t2
and 90% for R1b_t2 (Figure 4a). Analogous trends were obtained
for the R2 mockups, in agreement with findings reported by

FIGURE 4 | Variation in physical properties of the cellulose support

when IGI is used and artificially aged: (a) tensile index (N m g−1);

(b) bursting index (kPa m2 g−1); (c) zero-span (kgf 15 mm−1). Colour grad-

ing is used for better visualisation.
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Feber et al. [103]. It is worth noting that the unaged mockups (t0)
exhibited no substantial variation compared to the unaged S sam-
ples, indicating that the ageing process amplified the IGI’s impact.
Moreover, the dry zero-span test (Figure 4c) showed a pattern sim-
ilar to that of tensile strength in the aged mockups, suggesting that
the the presence of ink compromised the fibres integrity.

Briefly, the physical tests evidenced the detrimental effect of IGI
on the physical properties of the paper support. Although both R1

and R2 mockups showed comparable decreases in the physical
performance, the R1_t2 sample underwent an additional week
of ageing relative to R2_t1, highlighting the more aggressive
nature of the R2 ink formulation.

5 | Conclusions

In this study, we present a comprehensive, multi-analytical
investigation of IGI reproductions, examining both precipitates
and dry inks, their evolution during ageing, and the impact of
the inks when applied to cellulose supports (mockups). Both
IGI formulations include an excess of Fe(II) sulphate relative
to gallnut content (ingredients), with R2 showing the greater
imbalance. The precipitates primarily consisted of a crystalline
fraction of various hydrated Fe(II) sulphates (rozenite and mel-
anterite) along with a minor fraction of amorphous Fe(III)-PPh
complexes. Natural ageing has led to a decrease in the fraction of
amorphous Fe–PPhs complexes and an increase in Fe(II) sul-
phates. The presence of these hydrated Fe(II) sulphate phases
mirrors the ability of the PPh compounds to act as reducing
agents, thereby limiting iron oxidation. Conversely, in the dried
inks, Fe(III) in the IGI complex consistently emerged as the dom-
inant phase. Vibrational spectroscopy indicated that the catechol
ring or carboxylic acid group (gallate) from the PPhs was
involved in complex formation. Mössbauer spectroscopy sup-
ported these findings, providing estimated parameters for the
Fe(III)-gallate and the Fe(III)-PPh mono-complexes with binding
occurring through the catecholate group. Furthermore, differen-
ces in the Fe(III) doublets between fresh and 6-month-aged dried
inks suggested that the IGI complex structure underwent
changes during ageing.

In the mockups, Mössbauer spectroscopy revealed a progressive
reduction of Fe(III) and the formation of Fe(II) oxalate over time,
with complete depletion of Fe(III) occurring after 4 to 5 weeks of
ageing, depending on the ink formulation. Fe(II) oxalate forma-
tion has been linked to the IGI’s role in promoting the degrada-
tion of cellulose support. The combined spectroscopic study
provided new insights into the IGI complex within the mockups.
The Mössbauer parameters were consistent with Fe(III)-PPh
mono-complexes involving catecholate binding. However, dur-
ing artificial ageing, the parameters shifted and did not match
any Fe(III)-PPh complexes described in the literature, indicating
that these compounds readily evolve under conditions of relatively
high temperature and humidity (65% RH and 80°C), with Fe(III)
reduction being favoured in contact with cellulose support.

ATR-FT-IR analysis suggested partial oxidation of C─OH groups
in the glucopyranose ring to carbonyl groups, highlighting the cru-
cial role of oxidationmechanisms promoted by the Fe(II) ion in the
observed cellulose degradation within the mockups. Mechanical
testing demonstrated that ageing, amplified by IGI, negatively
impacted the orientation and strength of the cellulose fibres.

The brushed mockups, which had a higher concentration of ink
per surface area, showed a more pronounced decline in physical
properties. Additionally, the more unbalanced ink had a greater
detrimental effect on the cellulose support and its properties.

Overall, this study employed a comprehensive approach to thor-
oughly investigate IGIs, their behaviour over time, and their
impact on the support, departing from traditional methodologies.
In parallel, this investigation enabled the reconstruction of IGI
formulations documented in Portuguese sources, which have
remained underdiscussed in the literature.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: ATR-FT-IR spectra of the dried
gallnut extracts used to produce the R1 (two-day period) and R2 inks (nine-
day period) and commercial gallic and tannic acids. Assignments for
the labelled bands in the dried gallnut extract spectrum are presented
in Table SI.3. The spectra are normalised and vertically offset for clarity.
Supporting Fig. S2: Raman spectra of the R1 and R2 ppts showing the
region of interest (2000-400 cm-1). The spectra are vertically offset for clar-
ity. Supporting Fig. S3: X-ray diffraction patterns recorded for the dried
inks (top) and the precipitates (bottom). g – gypsum (CaSO4•2H2O);
m –melanterite (FeSO4•7H2O); r - rozenite (FeSO4•4H2O); s – szomolnokite
(FeSO4•H2O). The spectra are vertically offset for clarity, and colour grading
is used for better visualisation. Supporting Fig. S4: Mössbauer spectra of
R1_d1 (a), R1_d2 (b), R2_d1 (c) and R2_d2 (d) taken at 295 K. The lines over
the experimental points (green) on the spectra are the sum of the doublets,
which are slightly shifted for clarity. The red line represents a Fe(III) species,
and the light blue line indicates a Fe(II) species constituted by melanterite or
rozenite or mixtures of both (Table SI.7). The percentage bar is an indication
of the absorption intensity as a fraction of the baseline transmission.
Supporting Fig. S5: Mössbauer spectra of R1_d1 (a) and R1_d2 (b) (right),
and R2_d1 (c) and R2_d2 (d) (left) taken at 80 K. The lines over the experi-
mental points (green) in the spectra are the sum of the doublets, which are
slightly shifted for clarity. The red line indicates a Fe(III) species, the blue
line represents Fe(II) in szomolnokite, and the light blue line corresponds to
a Fe(II) species constituted by melanterite or rozenite or mixtures of both
(Table SI.7). The percentage bar is an indication of the absorption intensity
as a fraction of the baseline transmission. Supporting Fig. S6: Mössbauer
spectra of R1_ppt1 (a), R1_ppt2 (b), R2_ppt1 (c) and R2_ppt2 (d) taken at 295
K. The lines over the experimental points (green) on the spectra are the sum
of the doublets, which are slightly shifted for clarity. The red line represents a
Fe(III) species, and the light blue line corresponds to a Fe(II) species consti-
tuted by melanterite or rozenite or mixtures of both (Table SI.7). The per-
centage bar is an indication of the absorption intensity as a fraction of the
baseline transmission. Supporting Fig. S7: Mössbauer spectra of R1_ppt1
(a), R1_ppt2 (b), R2_ppt1 (c) and R2_ppt2 (d) taken at 80 K. The lines over
the experimental points (green) on the spectra are the sum of the doublets,
which are slightly shifted for clarity. The red line represents a Fe(III) species,
and the light blue line represents a Fe(II) species constituted by melanterite
or rozenite or mixtures of both (Table SI.7). The percentage bar is an
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indication of the absorption intensity as a fraction of the baseline transmis-
sion. Supporting Fig. S8: a) colour variation (ΔE∗

ab) between the reference
samples (S), R1 and R2 mockups at each ageing period (t1-t4) and their cor-
responding unaged counterparts; b)ΔL*,Δa*,Δb* coordinates; c) pH values.
Colour grading is used for better visualisation. Supporting Fig. S9:
Mössbauer spectra of R1b_t0 (a), R1b_t1 (b) and R1b_t2 (c) taken at
295 K. The lines over the experimental points (green) on the spectra are
the sum of the doublets, which are shown slightly shifted for clarity. The
red line represents a Fe(III) species, and the sky blue line represents an oxa-
late Fe(II) species (see Table SI.11). The percentage bar is an indication of the
absorption intensity as a fraction of the baseline transmission. Supporting
Fig. S10:Mössbauer spectra of R2b_t0 (a), R2b_t1 (b) and R2b_t2 (c) taken at
295 K (left) and 80 K (right). The lines over the experimental points (green)
on the spectra are the sum of the doublets, which are shown slightly shifted
for clarity. The red line represents a Fe(III) species, the sky blue line repre-
sents an oxalate Fe(II) species, and the blue line represents szomolnokite (see
Table SI.11). The percentage bar is an indication of the absorption intensity
as a fraction of the baseline transmission. Supporting Fig. S11: ATR-FT-IR
full region spectra of the unaged (t0) and aged (t1-t4) reference sample (S),
with insets focusing on the region of interest (1800-700 cm-1) and highlight-
ing major spectral differences associated with the structural changes in the
cellulose support. Key bands discussed in the main body text were labelled.
The spectra are normalised and vertically offset for clarity, and colour grad-
ing is used for better visualisation. Supporting Fig. S12:Average DP and std
values (σ) for the unaged (t0) and aged (t1, t2) S samples, along with the R1
and R2 mockups (left), and the percentage decrease in DP values (right).
Supporting Fig. S13: XRD patterns of the unaged (t0) and aged (t1-t4):
a) reference sample (S); b) R1 mockups; c) R2 mockups. The Miller indices
for the main peaks ascribed to cellulose Iβ are indicated in the diffracto-
grams. The spectra are vertically offset for clarity, and colour grading is used
to enhance visualisation. Supporting Fig. S14: Young’s modulus values for
the unaged (t0) and aged (t1, t2) S samples and mockups. Colour grading is
used for better visualisation. Supporting Table. S1:Conversion of the
ancient units in the historical recipes into the units in the International
System of Units, with millilitre (mL) as a particular name for the cubic cen-
timetre (cm3). Supporting Table S3: Wavenumber (cm−1) and tentative
assignment of the absorption bands in ATR-FT-IR spectra of the starting
materials: dried nine day gallnut extract[a] and iron sulfate. Supporting
Table S4: Wavenumber (cm-1), tentative assignment, and interpretation
of the absorption bands in ATR-FT-IR spectra of fresh (R1_d1, R2_d1)
and aged (R1_d2, R2_d2) dried inks. Supporting Table S5: Wavenumber
(cm-1), tentative assignment, and interpretation of the absorption bands
in ATR-FT-IR spectra of fresh (R1_ppt1, R2_ppt1) and aged precipitates
(R1_ppt2, R2_ppt2). Supporting Table S6: Raman shift (cm-1), tentative
assignment, and interpretation of the Raman bands in spectra of samples
R1_ppt1, R1_ppt2, R2_ppt1, R2_ppt2. Supporting Table S7: Parameters esti-
mated from the Mössbauer spectra taken at 295 and 80 K of the dried inks
and precipitates. Supporting Table S8: Photographic images of the unaged
and aged mockups. Supporting Table S9:ΔL*,Δa*,Δb*,ΔE∗

ab$, and std (σ)
values for the reference sample (S) and the R1 and R2 mockups. To ensure
reproducibility, three measurements were taken of both the unaged and
aged S samples, as well as in the inked areas of the unaged and aged mock-
ups. The average of these three measurements is presented. Supporting
Table S10: pH and std (σ) values for the unaged (t0) and aged (t1-t4) reference
(S) sample and the R1b and R2b mockups. Supporting Table S11:
Parameters estimated for the mockups from the Mössbauer spectra taken
at 295 and 80 K. Supporting Table S12: Average DP and std values (σ)
for the unaged (t0) and aged (t1, t2) S samples, along with the R1 and R2

mockups (left), and the percentage decrease in DP values (right).
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