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Abstract

Inks from the 12th to the 17th century were aged, and a multi-analytical approach was
used for their identification based on HPLC-DAD-MS, microFTIR, and microRaman.
Colorimetry analysis was also performed. After 6 years of application on filter paper,
three inks were selected to be cleaned using a novel green approach based on a chemically
crosslinked gel to remove unwanted materials from the ink surface. A Braga ink produced
in 2018 was also tested. Two degradation products were identified; iron sulfate was the
main degradation product in the Braga ink. For Montpellier, Guadalupe, and QL8 inks,
the main degradation product was a complex of iron with ellagic acid. These compounds
were accurately confirmed using microFTIR. Several tests were performed to clean these
degradation products with the gels. The Braga ink was cleaned with 10% ethanol in water,
which was included in the gel, and the iron sulfate was removed within 15 s of application.
On the other hand, the complex of iron with ellagic acid demanded longer application
times; we used 2 min and repeated the application until the compound was removed.
The novelty of this research has practical implications for the conservation of historical
documents and artworks.

Keywords: iron gall inks; green approach; conservation; cultural heritage

1. Introduction
1.1. Relevance of Iron-Gall Inks

The urgency of preserving iron gall inks in cultural heritage is crucial [1-8]. Iron
gall inks were typically prepared by combining plant extracts, such as those from Quercus
infectoria, with iron salts and gum arabic [1,2,5,6]. The ink is perceived as black and is based
on Fe3*-complexes with phenolic compounds [5-7]. However, this black color transforms
into shades of brown over time, a phenomenon that remains largely unexplained [1,9].
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Gallic acid, until very recently, was considered the main component of gallnut extracts,
and consequently, iron gallate complexes were considered the main chromophores of iron
gall inks. However, crucial research has shown that there is more to be understood about
these inks [10-13]. Through the use of historically accurate reconstructions of Iberian inks
and a multi-analytical approach, Melo and Teixeira et al. have demonstrated that different
manufacturing processes result in distinct iron gall ink compositions. They showed that the
main components present can also be galloyl esters of glucose, such as pentagalloylglucose
(PGG) and hexagalloylglucose (HGG) [5,12,13], as shown in Figure 1. This not only agrees
with the results on Fe®* coordination obtained by Lerf and Wagner using Mossbauer
spectroscopy [14,15] but also has significant implications for our understanding of ink
composition. These authors demonstrated that Fe®*-gallate complexes, which bind through
the carboxylate group, cannot form at the pH range found in ink preparation, which is
between 2 and 3. They indicate that iron oxyhydroxides best represent the iron clusters and
that these nanoparticles are “covered by a shell of polymerized oxidation products of the
phenols” [15].
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Figure 1. Chemical structures of gallic acid, monogalloyl glucose, and hexagalloyl glucose. For gallic
acid, the main functional group is based on a carboxylic acid, and the others are based on an ester.
Phenolic OH groups are also important in the formation of the iron(II)-phenol complex. The galloyl
esters of glucose can also be referred to as gallotannins.

1.2. New Formulations Disclosed in the Past Through the Use of Historically Accurate
Reconstructions for Iron Gall Inks

Since ancient times, historically accurate reconstructions of medieval inks have been
crucial to bringing new insights into iron gall inks” complex structure and compounds
formed within them [5,12,16]. Table 1 shows Iberian inks dated between the 15th and 17th
centuries. These inks and two other black writing inks, QI.8 and QIL.9, selected from the
13th-century Andalusian technical treatise, hold significant historical and chemical value.
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Table 1. Extracts were prepared following the al-Qalaliist and Iberian recipes. The concentration of
gallic acid and the sum of pentagalloylglucose and hexagalloylglucose (PGG + HxGG), expressed in
mg/mL of gallic acid equivalents, as well as their relative percentage.

. . ‘ [PGG + Phenolic Yo [Gall.lc Acidl/ Yo [PG(? + HxGGJ/
Recipe [Gallic Acid] Phenolic Phenolic
HxGG] Compounds
Compounds Compounds

Braga 19 +£0.6 15£2 26+ 3 77+09 56 + 2
Montpellier 5+1 11+1 27+ 2 18 £2 40+ 6
Cérdoba 5£1 0.15+ 0.01 7t4 65 +3 21+£08
Guadalupe 4+1 32+£3 51+ 4 8£1 62+£3
Madrid 1.00 £ 0.04 11.5£0.5 17.8 £0.6 56+0.3 65+1

QL8 0.202 £ 0.002 1.94 + 0.05 2.43 £0.07 83+£02 799 £0.2
QrL.9 0.2085 £ 0.0009 2.250 + 0.007 2.89 £ 0.02 7.22 £ 0.05 779 £ 05

They represent institutions where writing ink was essential, such as universities,
notaries, chanceries, and the monastic world. Henceforth, the manuscripts and respective
recipes will be designated as Braga, Montpellier, Cérdoba, Guadalupe, Madrid, QL.8, and
QL.9, respectively. QI.8 was obtained by infusion and QI.9 by decoction [16]. In this first
aging study, we did not add gum arabic to these recipes to study their degradation products.

Table 1 depicts the main compounds in the extracts; for more information on these inks,
please see references [5,12,16]. The results obtained by HPLC-DAD and HPLC-ESI-MS
showed that PGG and HxGG were the compounds present in higher concentrations, except
in the Cérdoba recipe. Overall, the percentage of gallic acid in the phenolic extract was
found to be higher for the extraction methods that used only water, as shown in Cérdoba
and Montpellier (Table 1). The other three recipes were prepared with different solvents or
solvent mixtures: water and vinegar (Braga), water and wine (Guadalupe), or only wine
(Madrid). It was very interesting to observe that wine was not the most efficient extraction
method for phenolic compounds (17.8 & 0.6 mg/mL) [12]. The best-performing extraction
was achieved with a mixture of water and wine in a 1:0.25 proportion (51 + 4 mg/mL);
even a solution of water and vinegar (2:1) yielded better results than using only wine
(26 £3 mg/mL) [12].

Considering the data in Table 1, we selected Montpellier and Guadalupe as the inks to
be tested with the gels. We also included QLS.

1.3. The Preservation of a Diversity of Iron Gall Inks

Developing safer and sustainable treatments, tailored as much as possible to the
object, is crucial. Our microreview on conservation treatments highlights the significant
advances made over the last decade in our understanding of the degradation mechanisms
of iron gall inks [17-20]. This progress has significantly enhanced our ability to mitigate
the degradation caused by iron gall inks, which induce cellulose scission through acid
catalysis and/or redox reactions [21-29]. An overview of current conservation treatments
to mitigate iron gall ink deterioration, from the late 19th century to the beginning of the
20th century, as well as current phytate and new postphytate treatments, can be found in
references [30-39].

Piero Baglioni’s group, a leader in the field of nanotechnology, has also studied stabi-
lization treatments for iron gall inks. Their research led to the development of a combined
deacidification and strengthening treatment. This treatment involves hydroalcoholic gela-
tine solutions (ethanol or isopropanol) mixed with Ca(OH), nanoparticles called GeolNan,
which has the potential to significantly increase the resistance of cellulose to hydrolysis
and oxidation induced by iron gall ink [33-38]. However, due to the alkalinity of calcium
hydroxide nanoparticles in the presence of moisture [34,39], it is of utmost importance to
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exercise special caution and control the pH when treating heavily oxidized cellulose, such
as iron gall ink corroded paper, to mitigate the higher risk of alkaline degradation.

1.4. Main Degradation Products of Iron Gall Inks

In a recent publication by Lerf et al., a significant breakthrough was made in studying
historical documents using Mossbauer spectroscopy [40]. Three documents were examined:
two damaged documents from a library in Granada (Chancery MS and Latin MS) and a book
handwritten in German from the 18th century. The Chancery MS revealed the presence
of Fe?*-oxalate, possibly as FeC,04-2H,0, and basic iron sulfates of the jarosite type,
(H30)Fe3(SO4)2(OH)g. The formation of oxalate, as Lerf et al. suggested, could be a result
of binding media degradation [41,42] or cellulose degradation. This finding adds to the
body of knowledge about Fe?*-oxalates previously detected in ancient documents [43,44].

La Camera’s work is also noteworthy in this field. By examining iron gall ink crys-
tals in drawings dating from 15th to 19th-century Europe in the Department of Prints,
Drawings, and Photographs of the Museum of Fine Arts Boston and selecting additional
collections [45], La Camera proposed iron sulfates as degradation products. This finding
adds to the growing body of knowledge on this subject.

Ferrer and Sistach contributed to the knowledge of the degradation products of iron
gall inks based on their characterization of sediments found on the surface of writing inks in
manuscripts dated between the 14th and 17th centuries [4]. The authors clearly showed that
these sediments were probably degradation products of the writing inks. Calcium, copper,
and Fe?* oxalates were identified in samples with higher pH values and low degradation.
On the other hand, magnesium and Fe** oxalates were detected in severely degraded inks.
In addition to oxalates, an iron basic sulfate was identified in five samples, and a good
match with amarantite (FeSO4OH-3H,0) was found; in two of these samples, minor ink
corrosion was observed, but in the other three, strong ink corrosion was present [4,46,47].

1.5. How to Preserve Iron Gall Inks Using a Green Approach

New green policies have developed various methods to preserve iron gall inks. One of
the first methods, developed by Ferrer et al., involves using phytic acid (inositol hexaphos-
phate), a molecule naturally produced by various plant species [4]. This natural compound
allows for the chelation of excess Fe?* ions and pH buffering, preventing the acidic degra-
dation of paper.

The literature also reports different approaches based on alkaline nanostructures, such
as the one developed by Baglioni et al. In recent decades, applied chemistry in cultural
heritage has provided multiple approaches for restoring and preserving cultural assets.
This research is paramount in our collective efforts to safeguard our cultural heritage [36].

Recent years have seen the introduction of several hydrogels for the preventive treat-
ment of a wide range of cultural heritage materials, including frescoes, paintings, murals,
stone surfaces, and metals. The use of hydrogels, a widely studied practice, underscores
their versatility and potential in the field [48-51]. A hydrogel is a biphasic material com-
posed of a solid phase, consisting of a natural or synthetic polymer, dispersed in a liquid
phase. There are two types of gels: physical gels and chemical gels [52-54].

In physical gels, hydrogel formation is related to polymer—solvent interactions through
weak forces such as Van der Waals forces, hydrogen bonds, dipole interactions, and ionic
interactions (as in calcium alginate-based gels). On the other hand, strong chemical bonds,
such as covalent bonds, promote the formation of chemical gels.

This study proposes an innovative approach: using a chemically crosslinked gel
to remove unwanted materials from the ink surface. This novel method promises to
significantly advance the preservation of iron gall inks and cultural heritage materials.
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2. Materials and Methods
2.1. Preparation of the Extracts and Inks

The inks selected encompassed the highest variability between recipes: Braga, Mont-
pellier, Guadalupe, Madrid, Qalalusi QI.8, and Qalalusi QI.9 [5,12,16]. Except for the galls,
all reagents used were of analytical grade. Spectroscopic or equivalent grade solvents and
Millipore water were used for all the chromatographic and spectroscopic studies. Gallnuts
(oak apples from Quercus infectoria) were purchased from Kremer. White wine vinegar and
organic white wine were acquired in a local organic supermarket.

A final volume of 50 mL of each ink was prepared without the addition of gum arabic.
Of these 50 mL, 10 mL were placed in 100 mL Erlenmeyer flasks for the aging experiment,
and the rest were kept in glass flasks at RT (21 °C) and protected from light.

The main steps and ingredients used to prepare the recipes. RT is room temperature.

& A\ pH
Galls E t t‘ :
Water Others FeSOy4 xtraction Extr.  Final
49.8 mL Boili
Braga 99 mL o8m 936 g 375gFes0, Colingandreduced o o
vinegar to1l/3
3 days at RT
Boili d reduced
Montpellier 200 mL 572g 3.8 g FeSO, tooi/mg ANCTEHLT 339 251
4
Filtration
6 days at RT
12.5mL 3.75 g FeSO4 .
Guadal 37.5mL 5.6 A 10 3.56 247
uadalupe m white wine & 1.87 g CuSOy4 'quec.e min
Filtration
. 2.76 g FeSO4
50 mL whit 6d tRT
Madrid - EWIRE a6 g 0.22 g AP, caysa 318 231
wine o Filtration
indigo, sugar
4 days at RT
I.8 0 mL - 2. 25gF . 2.29
Q S0m o8 > & FeSO; Filtration 386
24 h atRT
Boili d reduced
QL9 75 mL - 6.15g 495gFeSO, - e ANGIEAUCCs 561 230
to2/3
Filtration
2.2. Aging

The Erlenmeyer flasks with the inks were placed in an orbital shaker (Optic-Ivymen
model) at 150 rpm and 50 °C. For each analysis time, the Erlenmeyer was removed from
the orbital shaker and placed under agitation to avoid precipitation of the complex due to
the lack of gum arabic in a water bath at 50 °C. For analysis, 40 pL of ink was extracted
using a micropipette and applied onto filter paper, in 2 cm? squares and glass slides. The
inks were always applied as triplicates in both supports to ensure reproducibility.

2.3. HPLC-DAD and HPLC-ESI-MS

All samples were analyzed by HPLC-DAD, and the compounds were identified
by HPLC-ESI-MS, as reported elsewhere [5]. HPLC-DAD analyses were performed in
a Merck-Hitachi Elite LaChrom HPLC-DAD on a 150 x 4.6 mm i.d., 5 um pore size
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reversed-phase C18 col-umn (Merck) thermostated at 25 °C (Merck-Hitachi Column Oven
L-2300). Detection was carried out at 280 nm using a diode array detector (Merck-Hitachi
Diode Array Detector L-2455). The stationary phase was a LiChrospher RP-18 column
(150 x 4.6 mm i.d., 5 um) at 25 °C [55].

The mobile phases were composed of solvent A, 1% (v/v) formic acid, and solvent B,
100% (v/v) acetonitrile. The flow rate was 0.50 mL/min, the injection volume was 0.25 puL,
and the gradient method started with a linear gradient ranging from 90% A to 65% A in
50 min, then reaching 100% B in 5 min, and a final isocratic gradient of 100% B during 7 min
and a final re-equilibration isocratic gradient of 90% A for 5 min.

2.4. Colorimetry

L*, a* and b* are the three color coordinates for the CIELab system. L* represents the
Lightness, and a*, b* the Hue. L* variations range from “light”, or white, to > 0, “dark”, or black,
<0, on the z-axis; a* ranges from red to green; b* ranges from yellow to blue. a* > 0 represent
reds, and a* < 0 represents greens. b* > 0 represents yellows, and b* > 0 represents blues.

The color measurements in 2025 were carried out using a handheld spectrophotometer
Lovibond TR 520, with a diffused illumination system, an 8° viewing angle, and a 48 mm
integrating sphere. The measuring aperture had a diameter of 4 mm. The equipment
calibration was performed using white and black references. The color coordinates were
calculated by defining the D65 illuminant and the 10° observer.

The measurements were performed by placing a cellulose-based paper under the
inks to eliminate the influence of color from any underlying surfaces. It had the follow-
ing coordinates L* = 98.33, a* = 0.09, and b* = 1.37. The measurements were repeated
three times to ensure accuracy at a temperature of 20 + 1 °C and a relative humidity of
RH% = 60 £ 2. The equipment was from Tintometer, Dortmund, Germany.

2.5. Microscopy

The ink examination and micro-sampling were conducted under a Leica MZ16 stere-
omicroscope equipped with a Leica ICD digital camera and a fiber-optic light Leica system
(Leica KI 1500 LCD), acquired in Lisbon, Portugal. A set of 10x ocular lenses and objec-
tives ranging from 0.71x up to 11.5x magnification gave a total resolution between 7.1 x
and 115x.

The micro-samples were collected under the microscope using the following micro-
tools from Ted Pella®: a micro chisel n°13603 attached to a micro graver oval n°13611. These
tools were acquired at Redding, CA, USA (www.tedpella.com, accessed on 1 June 2025).

2.6. Micro-Infrared Spectroscopy

Infrared analyses were performed using a Nicolet Nexus spectrophotometer coupled
to a Continupm microscope (15 x objective) with an MCT-A detector. The spectra were
collected in transmission mode, in 50 pm? areas, with a resolution setting of 4 or 8 cm !
and 128 scans, using a Thermo diamond anvil compression cell. CO, absorption at ca
2400-2300 cm ! was removed from the acquired spectra (4000-650 cm~!). To improve the

robustness of the results, at least two spectra were acquired from different sample spots.

2.7. Micro-Raman Spectroscopy

Raman microscopy was carried out using a Horiba Jobin-Yvon LabRAM 300 spectrom-
eter, equipped with a diode laser with an excitation wavelength of 785 nm and a maximum
laser power of 37 mW measured at the sample. Spectra were recorded as an extended
scan. The laser beam was focused with a 50x Olympus objective lens, and the spot size was
4 um. The laser power at the sample surface was between 9.5 and 0.37 mW. No evidence of
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ink degradation was observed during spectra acquisition. More than three spectra were
collected from the same sample. A silicon reference was used to calibrate the instrument.

2.8. Preparation of the Gels

A thin film and bulk material were developed through a casting process, SM4. The
hydrogel preparation was optimized with qualitative tests. Silicone molds were used to
control the shape during the freezing cycle. Hydrogel samples with two different shapes
(film and “rough cube”) were obtained. Polymer (0.5 g) was poured in a 20 mL vial with
demineralized water (10 mL). The sealed vial was magnetically stirred at 60 °C for 20 h.
After this period, the solution was poured into a silicone mold (about 2 x 2 cm?) and placed
in a freezer a —20 °C for 16 h. Then, the frozen polymer was removed from the mold and
placed on Japanese paper until it was dry (approximately 24 h). To obtain the final hydrogel
sample, the dried film was treated with the solution used for the cleaning.

3. Results and Discussion
3.1. Aging of the Iron Gall Inks

A multi-analytical approach was used to study the iron gall inks based on colorimetry,
Raman infrared spectroscopies, and HPLC-DAD-MS. Using HPLC-DAD, inks and extracts
for Braga, Montpellier Guadalupe, and Cérdoba were quantified using the following
irradiation times: 0 h, 20 h, 40 h, 78 h, 100 h, 172 h, 196 h, 220 h, 260 h, and 336 h. These
extracts and inks were prepared without gum arabic. Based on colorimetry, Raman and
infrared spectroscopies, Braga, Montpellier, Guadalupe, Madrid, QI.8, and QI.9 were
studied for the following irradiation times: 0 h, 696 h, and 1959 h. Those inks were studied
as precipitates applied on glass slides and filter paper. For more details, please see Materials
and Methods (Section 2.2). Their t0 was acquired between July 2019 and early August 2019.

Montpellier, Guadalupe and QI.8 inks were selected for repair using gels. The first tests
were performed on several Braga inks, prepared by former Ph.D. students in November
2018, and the data are available as Supplementary Material 54.

The aging experiments were carried out in an orbital shaker at 150 rpm and 50 °C.
These were compared with inks at room temperature (21 °C) and protected from light.

3.2. Quantification of the Polyphenols Identified in the Inks by HPLC-DAD

The inks are discussed in this section; for the extracts, see Supplementary Material
S1. In Table 2, we show the data for the Braga and Cérdoba inks, expressed as gallic
acid and the sum of pentagalloylglucose, hexagalloylglucose, and heptagalloylglucose
(PGG + HxGG + HpGG), in mg/mL of equivalents of gallic acid, as well as their relative
percentage. At the irradiation time of 336 h hours, we can observe that the PGG + HxGG
+ HpGG compounds were not detected, and that gallic acid in Braga was at 70% and
Cérdoba was at 87.6%. These data are discussed in the infrared and Raman sections,
but an extended network has probably been created, making it challenging to detect
PGG + HxGG + HpGG-based compounds. For Montpellier, a similar pattern is observed in
Table 3. On the other hand, for Guadalupe, the percentage of gallic acid was 16.8%, and for
the PGG + HxGG + HpGG, it was 56%, Table 3.
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Table 2. Braga and Cérdoba inks. The concentration of gallic acid and the sum of pentagalloylglucose,
hexagalloylglucose, and heptagalloylglucose (PGG + HxGG + HpGG), expressed in mg/mL of
equivalents of gallic acid, as well as their relative percentage.

% [Gallic

% [PGG + HxGG +

Recipe I“?g;‘f"“ Gallic Acid PGGH*PE’(‘;GG * Cf;;‘:ﬂ;fis Acid]/Phenolic HpGGl/Phenolic
Compounds Compounds
Oh 3.047 £ 0.006 95+02 16.5 £ 0.3 18.4£0.3 57 +2
20h 2.31 4+ 0.02 23+02 6.5+0.3 36+ 2 35+3
40 h 2.27 £0.01 0.93 £ 0.08 46+0.1 50+ 1 2042
60 h 2.138 4 0.008 1.95 £ 0.06 57+0.1 378+ 0.7 35+1
78 h 1.70 £ 0.02 1.09 £ 0.03 416 £0.07 409+ 0.8 26+1
Braga 100 h 1.62 + 0.04 05+02 33+04 4946 16 +6
172 h 1.231 £ 0.004 0.12 +0.04 23+£02 53+ 4 542
196 h 1.30 £+ 0.01 0.08 & 0.02 2.60 & 0.07 50+ 1 31406
220 h 0.906 £ 0.004 0.140 £ 0.004 1.83 £ 0.03 495+ 0.8 7.7+02
260 h 0.867 £ 0.002 0.007 £ 0.004 1.65 £+ 0.03 53+ 1 04+03
336 h 0.306 £ 0.006 nd * 0.44 4 0.02 70 £3 nd *
Oh 5.00 & 0.02 3.91 +0.06 113 £0.2 44007 344407
20h 3.16 + 0.04 1.05 £0.01 50+0.1 64+ 2 21.0+ 0.5
40h 3.37 +0.03 0.89 £ 0.01 5.24 4 0.08 64+ 1 170+ 04
60 h 3.74 +£0.01 1.14 £ 0.02 6.12 4+ 0.06 612+ 0.6 18.7 £0.3
Cérdoba 78 h 2.47 +0.03 0.96 £ 0.04 45+0.1 55+ 2 21+1
100 h 2.63 +0.01 0.67 £ 0.01 4.54 +£0.07 581409 148 £0.3
172 h 1.77 £ 0.03 0.26 & 0.05 29+0.1 60+3 942
196 h 1.77 £0.01 0.51 £ 0.02 3.36 = 0.05 52.8 +£0.9 152 £0.6
220 h 1.83 £0.02 0.91 £+ 0.03 43401 43+1 214409
260 h 3.21 +£0.03 0.67 £ 0.01 5.22 4+ 0.06 61.5+09 129 £0.3
* nd—not detected.
Table 3. Guadalupe and Montpellier inks. The concentration of gallic acid and the sum of penta-
galloylglucose, hexagalloylglucose, and heptagalloylglucose (PGG + HxGG + HpGG), expressed in
mg/mL of equivalents of gallic acid, as well as their relative percentage.
Recipe I“?r‘iztei"“ Gallic Acid PGGH*PIé’éGG * CE;‘;‘::};;S Aciﬁ]ﬁ?&fﬂic /I{[}:)C?Cc;;]/-;’li);lc(;)lcl;c+
Compounds Compounds
Oh 1.975 £ 0.009 16.0 £ 0.2 21.7+0.3 91+£01 74£1
20h 1.42 +£0.03 70+£0.2 9.7 £03 146 £ 0.6 72+3
40 h 1.467 £ 0.007 7.27 £ 0.06 10.5 £ 0.1 139 £ 0.2 69 £1
60 h 1.31 £0.03 6.5+0.1 9.3+02 142 +04 70 £2
78 h 1.21 £0.01 6.6 £0.1 95+02 128 +0.3 70+2
Guadalupe 100 h 1.575 £ 0.003 82+02 12.0 £0.2 13.1+£0.2 68 £ 2
172 h 1.771 £ 0.005 84+0.1 128 £0.2 13.8 £0.2 66 =1
196 h 1.58 £ 0.02 6.99 £ 0.09 109 +0.2 144 +03 64+1
220h 1.29 £0.02 5.19 + 0.09 8.6+0.2 150 £ 0.4 61+2
260 h 1.147 £ 0.008 3.53 +0.03 6.17 £ 0.09 18.6 £0.3 572+09
336 h 0.581 £ 0.003 1.93 +0.04 3.46 £ 0.06 16.8 +0.3 56 £2
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Table 3. Cont.
Recipe ImT‘}Etei"“ Gallic Acid PGGH:)E"GGG * Cfll;;r;‘ﬁ;fis Acig]ﬁ;ﬁzlic /H[;)CC;;CC;;]/;II;Ie);C(;)ICf:
Compounds Compounds
0h 7.06 £ 0.04 72402 27.7 + 0.4 255 + 0.4 26.0 £ 0.8
20h 6.02 £ 0.04 3.35 £ 0.06 15.1 £ 0.2 39.8 07 222405
40h 5.71 + 0.04 2.20 £ 0.02 12.0 £ 0.1 475405 18.3 +0.2
60 h 5.76 + 0.02 2.40 +0.04 131402 4414 0.6 184 + 0.4
78 h 5.27 4 0.08 2.03 & 0.07 112 +£0.3 47 £1 18.1 £ 0.8
Montpellier 100 h 5.67 + 0.02 1.99 4 0.05 11.7 £ 0.2 484 +0.7 17.0+ 0.5
172h 6.1684 =+ 0.0005 2.61 +0.02 15.26 + 0.06 404402 171402
196 h 3.342 + 0.009 1.96 + 0.06 10.0 £ 0.1 33.6 +0.5 19.7 £ 0.7
220 h 5.38 + 0.01 1.35 4 0.02 114+ 0.1 4744 0.6 11.9 £ 0.2
260 h 4.47 £ 0.06 0.583 =+ 0.007 8.0+ 0.1 56 4 1 7340.1
336 h 4.650 + 0.004 0.293 4 0.005 7.47 £ 0.07 623 £ 0.6 3.92 4 0.08

3.3. Infrared Spectra by Micro-Fourier Transform Infrared Spectroscopy

We started by depicting the infrared spectra for a series of precipitates based on iron
complexes with gallate (iron gallate), digallate (iron-diGG), pentagallate (iron-PGG), and
tannate (iron-tannate), Figure 2. The main markers were identified in orange, Table 4. For
iron gallate, the marker bands were 1678 cm~1 and 1333 cm ™. For iron-diGG, bands were
at 1681 cm ! and 1342 em L. For iron-PGG, bands were at 1697 cm ! and 1344 cm L. For
iron—tannate, bands were at 1701 cm~! and 1321 cm 1. Based on these marker bands, we
discuss the infrared spectra of the final recipes.

| Iron-gallate

| Iron-diGG

1681
1428
1342
1211
1082

| Iron-PGG

Absorbance

-
o~
©

| lron-tannate

4000 3500 3000 2500 2000 1500 1000 650
Wavenumber (cm™)

Figure 2. Infrared spectrum of iron gallate, di-gallate, penta-gallate, and tannate precipitates.
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Table 4. Infrared bands for the selected inks, within orange the marker bands used to discuss their
aging.

Braga Montpellier Guadalupe  Madrid QL8 QL9 Assignments

759 w 761 w 759 w 757 vw 750 vw 760 vw marker gallotannins
871w 870 w 871w 871 vw 870 vw 870 vw marker gallotannins
1035 sh 1042 sh 1035 sh 1040 sh 1040 sh 1040 sh C-O str vib (ester)
1090 s 1094 s 1090 s 1093 s 1092 s 1091 s marker gallotannins
1203 m 1204 m 1202 m 1203 sh 1204 sh 1204 sh C-O str vib (ester)
1321 m 1325 m 1322 m 1323 m 1322 m 1321 m C-O sym str (ester)
1446 m 1449 m 1448 w 1448 w 1448 w 1446 w aromatic st vib

1540 w 1536 w 1536 w 1540 sh 1536 sh 1536 sh n.a.

1615 m 1619 m 1613 m 1626 m 1615 m 1616 m aromatic str vib
1704 m 1692 m 1708 m 1711 sh 1705 sh 1701 sh C=0 str (ester)

3352 sh 3361 sh 3363 sh 3353 sh 3367 sh 3359 sh C-H str (polyphenols;

gum arabic)

Table 4 describes the main bands, and Figure 3 shows the infrared spectra for t =0 h,
t=693 h, and t =1959 h.

The Braga ink, at t0, showed marker bands at 1704 cm ! and 1321 em !, which were
close to the iron-tannate complex. At t = 693 h, we can see considerable degradation, and
at t = 1959 h, the main compound was iron sulfate.

The Montpellier ink, at t0, showed marker bands at 1692 cm ! and 1325 em ™!, sug-
gesting a mixture of several precipitates or a complex network, possibly iron-PGG and
iron—-tannate, together with iron sulfate. Att =693 h, we can see a shift towards 1700 cm 1
and 1334 cm~1, and at t = 1959 h, the bands were similar at 1697 cm~! and 1333 cm ™},
together with a lower amount of iron sulfate. Compared to the Braga ink, this compound
was more resilient.

The Guadalupe ink, at t0, showed marker bands at 1708 ecm~—! and 1322 em~, sug-
gesting a mixture of several precipitates or a complex network, possibly iron-PGG and
iron—tannate, together with iron sulfate. Att =693 h, we can see a shift towards 1700 cm 1
and 1326 cm~1; at t = 1959 h, the bands shifted again towards 1693 cm~tand 1324 cm ™!,
together with iron sulfate. Again, compared to the Braga ink, this compound has been
better preserved.

The Madrid ink, at t0, showed marker bands at 1711 cm ! and 1323 em ™}, suggesting a
mixture of several precipitates or a complex network, possibly iron-PGG and iron-tannate,
together with iron sulfate. Att =693 h, we can see a shift towards 1702 cm 1 and 1328 cm™1;
at t = 1959 h, the bands shifted again towards 1692 cm~1and 1329 em ™1, together with iron
sulfate. Again, compared to the Braga ink, this compound suffered less degradation.

The Q.I8 ink, at t0, showed marker bands at 1705 cm ! and 1322 cm !, closer to an
iron-tannate complex or a complex network, together with iron sulfate. Att =693 h, we
can see a shift towards 1701 cm~! and 1332 ecm™1; at t = 1959 h, the bands shifted again
towards 1699 cm~! and 1336 cm ™!, together with iron sulfate. Again, compared to the
Braga ink, this compound was one of the most stable.
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Figure 3. Infrared spectra for the following inks: Braga, Montpellier, Guadalupe, Madrid, QI.8, and
QL9,att=0h, t=693 h, and t = 1959 h. Studied as precipitates on a glass slide. For the meaning of
the color bars, see Table 4.

The Q.I9 ink, at t0, showed marker bands at 1701 ecm~! and 1321 cm !, closer to an
iron—tannate complex or a complex network, together with iron sulfate. Att= 693 h, we
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can see a small shift towards 1700 cm~! and a bigger shift towards 1332 cm~}; at t = 1959 h,
the bands shift again towards 1684 cm ! and 1337 cm ™}, together with iron sulfate. Again,
this compound showed a similar profile compared to the Braga ink.

Overall, the infrared spectra for t0 of Montpellier, Guadalupe, and QI8 were similar,
varying in the amount of iron sulfate. These inks also aged better than the Braga and QL9
inks. The precipitates formed can be big clusters.

When comparing these ink applications with the results obtained by HPLC-DAD, we
may assume that only the products that are not polymerized can be identified.

3.4. Raman Spectra by Micro-Raman Spectroscopy

Contrary to what was observed in the infrared spectra, here, the Braga ink was the
most resilient.

In Figure 4, we can verify the different behaviors of the paints in the degradation
experiment using Raman spectroscopy. At t = 693 h, the inks were in good condition.
However, at t = 1959 h, the most degraded inks were Montpellier, Guadalupe, Madrid, and
QL.9. During the last degradation period, a spectrum of the Guadalupe ink could not be
obtained. The only blacks that maintained the profile and bands corresponding to an iron
gall ink were the Braga and QI.8 [5,16].

0 Braga t=0h Montpellier t=0h
> 8 ) 3 > lor t=
':ﬁ 8 - Braga t=693h ‘u;; 3 M%nlpelher t=693h|
c c 8 3
2 ] 2
= 2 =
c 2 c
c ©
E E
< <
x o Braga t=1959h ©
E Montpellier t=1959h
400 800 1200 1600 2000 400 800 1200 1600 2000
Raman Shift (cm™) Raman Shift (cm™)
g Guadalupe t=0h 2 E Madrid t=0h
.'? Guadalupe t=693h é‘ 2 Madrid t=693h
@ e [ o =
& 0 3 c 2
2 3 e ]
£ y £
= =
© s
£ £
© ©
4 4
Guadalupe t=1959h § EMadrid =195%h
400 800 1200 1600 2000 400 800 1200 1600 2000
Raman Shift (cm™) Raman Shift (cm™)

Figure 4. Cont.
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Figure 4. Raman spectra for the following inks: Braga, Montpellier, Guadalupe, Madrid, QI.8, and
QL9,att=0h, t=693 h, and t = 1959 h. Studied as precipitates on a glass slide.
3.5. Colorimetry Through L* a* b* Coordinates
The data for the experiments carried out in 2019 can be assessed in Supplementary
Material S3 (Section 3.1). We show the present color coordinates for the aging experiments
in an orbital shaker at 150 rpm and 50 °C in 2025 in Table 5. These were compared with
inks at room temperature (21 °C) and protected from light, as shown in Table 6. All the
L*a*b* coordinates acquired are shown in Supplementary Material S3 (Section 3.2).
Table 5. The colorimetric coordinates L*, a*, and b* of the inks for the aging experiments in an orbital
shaker at 150 rpm and 50 °C. The inks were applied on filter paper.
Oh 693 h 1959 h
Refs L* a* b* L* a* b* L* a* b*
Braga 30.8 £0.7 —0.40 £ 0.05 -14+01 22+2 —-02+03 -1.0£05 23 +3 —0.02 £0.2 02+04
Montpellier 28.4 0.8 0.27 4 0.02 -14+02 30.0 £ 0.6 07+0.1 07+£0.2 3242 05+0.2 1.9+04
Guadalupe 28+2 —-05£03 -1.8+£03 23 £2 0.36 = 0.07 —-0.3£0.2 27 £2 02+03 1.9+ 0.6
Madrid 24 +1 04+02 —-02+02 22+1 0.6+0.2 —-03£0.1 29+5 02+0.1 1.0+ 05
QI8 24 +2 01+£02 —3.04 £ 0.04 23+4 0.11 4 0.08 —-1.0£0.6 23+6 —-0.1+£02 242
QI.9 2542 01+0.3 —29+07 22+1 0.6+0.2 —-03+0.1 23+2 0.36 + 0.07 —-03+02
Table 6. The colorimetric coordinates L*, a*, and b* of the inks at room temperature (21 °C) and
protected from light. The inks were applied on filter paper.
0h 693 h 1959 h
Refs L* a* b* L* a* b* L* a* b*
Braga 308+07 040005  —14%01 184 0.5 08+02 —44+06 19+£3 05+04 3507
Montpellier 284 +0.8 0.27 £ 0.02 ~14£02 23.7+04 0.8+ 0.07 ~03+03 227+08 08+0.1 ~0.1£02
Guadalupe 2842 -05+03 -1.8+03 19+2 08+03 ~1.0£02 19+2 03+0.1 13401
Madrid 24+1 04+02 —-02+02 23+1 07£0.1 -24+03 174+ 0.6 0.84 + 0.05 —27+01
QL8 2442 01£02 ~3.04 £ 0.04 2942 0.20 + 0.03 ~1.0+07 3148 —04+05 —02+11
QL9 2542 01£03 —29+0.7 2342 03£02 ~1.43 £ 0.08 18+2 04+04 ~17+02

Colorimetry was performed to determine the variation in color for Braga, Montpellier,
Guadalupe, Madrid, QL.8, and QI.9. The L*a*b* coordinates allowed us to correlate the
aging of the iron gall inks, as shown in Table 5. Concerning the L* coordinates and the aging
time of 1959 h, Braga was the only ink that darkened; Montpellier and Madrid increased
the lightness, and Guadalupe, QL.8, and QI.9 did not present significant changes. The a*
values did not show a considerable variation. In contrary, the b* values changed from blue
to yellow.
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In Table 6, the data acquired at room temperature (21 °C) and protected from light
show that the b* coordinate was still in the blue; the a* coordinate did not show relevant
changes. Contrarily, the L* coordinate changed considerably. Braga’s ink was blacker (from
30.8 to 19). For Montpellier, Guadalupe, Madrid, and QI.9, the values also decreased, but
with a lower impact. The L* coordinate in QI.8 increased from 24 to 31.

3.6. Novel Green Approaches

The gels were tested and experimented on January and February 2025 as shown in
Figure 5. Infrared spectra were acquired on the samples used for the gels, and the data are

presented below.

Figure 5. The gel was tested on Braga ink for 30 s for mockup (A) and 1 min for mockup (B) (before
left, after right). The main degradation product, iron sulfate, was removed, indicating the cleaning
effect of the gel. For more details, please see the text.

3.6.1. First Experimentation

The first tests were performed on an ancient Braga ink prepared in November
2018, in which the main degradation product was iron sulfate, identified by microFTIR
(Supplementary Material S2, Figure S1). The selected solvent was a 10% ethanol in water
that was included in the gel. To remove the iron sulfate with the gel, 15 s were sufficient.

Montpellier, Guadalupe, and QI.8 inks, aged during 1959 h, were analyzed in February
2025, Figure 6. These inks were applied on filter paper. The main degradation product
found in these three inks was a match for an iron complex with ellagic acid, as shown
in Figure 6.

For Montpellier ink, it was possible to acquire infrared spectra at time 0 and 1959 h,
with the latter for the ink in the dark at room temperature and for the ink aged in the orbital
shaker at 50 °C, as shown in Figure 7. When comparing the t0 of the present ink with the
first spectra acquired on a glass slide, it is possible to see that the general features were
there, with other products present, such as di- or/a pentagalloyl glucose complexes with
iron, as shown in Figure 7, possibly within a complex network.
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Figure 6. Infrared spectra for degradation products at 1959 h (orbital shaker at 50 °C), for Montpellier,
Guadalupe, and QI.8 applied on filter paper. Compared with a complex of iron with ellagic acid.
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Figure 7. Infrared spectra for Montpellier applied to filter paper. Montpellier at t0 and t1959 h dark
(protected at room temperature) and two spectra with aging at 50 °C, acquired after 6 years.
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3.6.2. Cleaning Inks Through a Safe Approach

Experimentation with the gels was performed for 15 s, 30 s, 1 min, and 2 min, as
shown in Figures 8 and 9. Guadalupe was the ink for which 1 min were enough. For the
Montpellier and QI.8 inks, times in the order of 2 x 1 min were necessary. With these gels,
it was possible to remove carefully the degradation products and to keep the inks safe, as
shown in Figure 9.

15s _ ] - 30s

Figure 8. Montpellier ink at different time applications.

Untreated ink

Guadalupe

Montpellier

QI8

Figure 9. Images and times before and after Guadalupe, Montpellier, and QI.8 inks. Inks before and
after two minutes of application.
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After experimenting with small 2.5 x 3.5 mm pieces of gels, a larger gel was applied to
Montpellier and QI.8 inks. These larger gels can be more efficient, but applying the smaller
pieces may allow better control of the overall process. The larger gel can be described as
“spongeous”, being easy to apply, as shown as Figure 9.

For Montpellier, we also tested the same gel with a 10% aqueous solution of ethanol
and 1% acetic acid, as shown in Figure 10. This gel was more rigid, and it was necessary to
use a grinding pestle glass to improve the contact, the gel was applied two times. The gel
containing the acidic solution was applied twice. In Figure 10a, the untreated ink is shown;
in Figure 10b, the ink is shown after a 2 min treatment; and in Figure 10c, the ink is shown

after the second 2 min treatment.

Figure 10. Images and times before and after Montpellier, with acid gel. (a) The untreated ink; (b,c)
the ink after the second treatment.

Table 7 presents the colorimetry values for the following samples: Montpellier
(Figure 8), treated with a 9:1 water—ethanol solution, and Montpellier (Figure 10) and
Q.1.8, treated with a 9:1 water—ethanol solution with the addition of 1% acetic acid.

Table 7. The colorimetric coordinates L*, a*, and b* of the inks for the aging experiments in an orbital
shaker at 150 rpm and 50 °C. The inks, applied on filter paper, were measured in February 2025.

Before After
L* a* b* L* a* b*
Montpellier Figure 9 32 +1 0.65 £ 0.06 2.25 4+ 0.05 313+ 04 1.24 +£0.05 2.73 £ 0.04
Montpellier Figure 10 31.63 +0.01 0.18 = 0.04 1.86 = 0.07 30.3 +£0.3 1.45 +0.07 2.26 +0.05
QL8 243 £0.2 —0.01 +0.02 —1.04 £ 0.07 26.0 £0.2 0.19 £ 0.01 0.9 +0.1

For the Montpellier color, a reduction in the L* parameter was observed in both cases,
indicating that the ink regained a darker shade after treatment. Conversely, the Q.1.8 color
showed an increase in colorimetric values, suggesting a shift towards lighter tones. The red
values for the a* coordinate increased slightly. The b* coordinates also increased slightly
towards yellow.

4. Conclusions

In this pioneering work, we aged five Iberian inks from the 15th to 17th centuries,
along with two Arabic black writing inks, QI.8 and QI.9, from the 12th century. These inks,
prepared in July and August 2019, were subjected to a multi-analytical approach using
HPLC-DAD-MS, microFTIR, and microRaman techniques. The aged inks were carefully
applied to filter paper for specific aging times: 0 h, 693 h, and 1959 h. The infrared spectra
of the precipitates for t0 of Montpellier, Guadalupe, and QI8 were similar, varying in the
amount of iron sulfate. Through their infrared spectra, these inks aged better than the
Braga and QL9 inks. The inks may evolve into significant clusters. When comparing these
ink applications with the results obtained by HPLC-DAD, we may assume that only the
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products that were not polymerized could be identified. This was confirmed by the work
by Lerf and Wagner, who proposed that iron oxyhydroxides best represent the iron clusters
and that these nanoparticles are “covered by a shell of polymerized oxidation products of
the phenols”.

In February 2025, we acquired infrared spectra of the inks applied to filter paper to
understand the products formed during these six years. Our findings revealed two main
degradation products: iron sulfate in the Braga ink and a complex of iron with ellagic acid
for Montpellier, Guadalupe, and QI.8 inks. This study proposes an innovative approach:
using a chemically crosslinked gel to remove unwanted materials from the ink surface. We
conducted several tests to clean these degradation products using these gels, and our results
have practical implications for the conservation of historical documents and artworks. For
instance, the Braga ink was effectively cleaned with 10% ethanol in water, which was
included in the gel, removing the iron sulfate within 15 s of application. On the other hand,
the complex of iron with ellagic acid required longer application times, with successful
removal after 2 min of application.

The advantages of each analytical technique, particularly microFTIR and microRaman,
showed different results. The infrared spectra for Montpellier, Guadalupe, and QI8 aged
better than the Braga and QI.9 inks. However, contrary to what was observed in the infrared
spectra, the Braga ink was the most resilient in the Raman spectra.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/heritage8070261/s1, Figure S1: Infrared spectra of Braga ink
prepared in November 2018, compared with the main degradation product, an iron sulfate. Two
points were selected in different places of the ink (a,b), showing the iron sulfate. The black ink was
acquired at a point in which iron sulfate was not so relevant (c); Figure S2: Under a microscope,
micro-tools were used to acquire invisible micro-samples at points a and b, in which iron sulfate
dominates. Another point was carefully selected to avoid the presence of iron sulfate for comparison;
Figure S3: Infrared spectra of Montpellier, Guadalupe and QI.8 inks, acquired at t0 on July 2019;
Figure S4: Comparison of the colorimetric coordinates a* and b* of iron-gall inks at t = 0 h; Figure
S5a: Comparison of the colorimetric coordinates L* and a* of iron-gall inks; Figure S5b: Comparison
of the colorimetric coordinates L* and b* of iron-gall inks; Figure S6: Object used to apply pressure
on the polymer; Figure S7: Gel before and after the first, second, and third application on the
ink surface; Figure S8: Gel applied to different inks after one application with the water-ethanol
9:1 mixture; Table S1: Extracts prepared following the Iberian recipes. Concentration of gallic acid and
sum of pentagalloylglucose, hexagalloylglucose, and heptagalloylglucose (PGG + HXxGG + HpGG),
ex-pressed in mg/mL of equivalents of gallic acid, as well as their relative percentage; Table S2:
Colorimetry of paints applied to filter paper; Table S3: The colorimetric coordinates L*, a*, and b* of
inks were measured three times during aging experiments in an orbital shaker at 150 rpm and 50 °C.
The measurements were repeated three times on three different days. For t = 0, the measurements
were taken in the central part of the mock-ups (center), in the upper left part (up), and in the lower
right part (down). The replica numbers indicate the days on which the measurements were performed.
The measurements at t = 693 and t = 1959 were carried out on three different depositions (A, B, C)
and repeated three times on other days; Table S4: The colorimetric coordinates L*, a*, and b* of the
inks were measured three times during aging experiments conducted in an orbital shaker at 150 rpm
at room temperature (21 °C), with the samples protected from light using an aluminum cover. The
measurements were repeated three times on three different days. For t = 0, the measurements were
taken in the central part of the mock-ups (center), in the upper left part (up), and in the lower right
part (down). The replica numbers indicate the days on which the measurements were performed.
The measurements at t = 693 and t = 1959 were carried out on three different depositions (A, B, C)
and repeated three times on other days; Table S5: Mean and Standard Deviation of the Colorimetric
Coordinates L*, a*, and b* of the iron-gall inks. The aging process was conducted in an orbital shaker
at 150 rpm and 50 °C. The table presents the measurements at t = 693, taken on the first analysis day
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(1st, 2nd, 3rd); Table S6: Mean and Standard Deviation of the Colorimetric Coordinates L*, a*, and
b* of the iron-gall inks. The aging process was conducted in an orbital shaker at 150 rpm at room
temperature (21 °C), with the samples protected from light using an aluminum cover. The table
presents the measurements at t = 693, taken on the first analysis day on three different mock-ups (1st,
2nd, 3rd); Table S7: Mean and Standard Deviation of the Colorimetric Coordinates L*, a*, and b* of
the iron-gall inks. The aging process was conducted in an orbital shaker at 150 rpm and 50 °C. The
table presents the measurements at t = 1959, taken on the first analysis day (1st, 2nd, 3rd); Table S8:
Mean and Standard Deviation of the Colorimetric Coordinates L*, a*, and b* of the iron-gall inks.
The aging process was conducted in an orbital shaker at 150 rpm at room temperature (21 °C), with
the samples protected from light using an aluminum cover. The table presents the measurements at
t = 1959, taken on the first analysis day (1st, 2nd, 3rd); Table S9: Internal and surface pH values with
the two different loading solutions; Table S510: L*, a*, b* parameters with corresponding mean and
standard deviation before and after gel application.
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