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Abstract. Scanning electron microscopy was used to
study the reactivity of iron-gall inks with varying iron
concentrations. Vegetable extracts with hydrolysable
tannins produced stable ink, while the presence of crystal
aggregates explained the low reactivity of condensed
tannins. This novel archacometric approach has proved
useful in chemical corrosion studies of ancient documents.
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1. Introduction

Iron-gall inks were very common between 12" and
19" centuries all over the world and particularly in South
America until the 20‘hcentury [1-2]. The classical formula
for an iron-gall ink includes four basic ingredients:
vegetable galls (mostly Japanese and Chinese galls,
British and American oak galls and Aleppo galls), ferrous
sulfate, gum arabic and an aqueous medium such as wine,
vinegar, beer, urine, etC. Tannic acid present in distinct
oaks reacts with iron from ferrous sulfate, resulting in a
soluble complex known as ferrous galotanate. Due to its
solubility, the ink easily penetrates the surface of the
paper. Upon exposure to high oxygen concentrations for a
specified time period, a dark insoluble pigment is formed,
which is not easily removable or degraded [3-6].

Iron-gall ink becomes stable when prepared at a
specific stoichiometric ratio of tannic acid vs. ferrous
sulfate [7]. However, most iron-gall inks found in ancient
manuscripts present an excess amount of iron, thus

contributing to cellulose degradation due to the action of
the iron-gall ink. Excess iron present in the ink can
contribute to the degradation of manuscripts through two
basic mechanisms: the first mechanism is acid-catalyzed
hydrolysis, where the degradation of cellulose is
accelerated by the presence of sulfuric acid produced
during the formation of the complex in iron-gall ink
[8];while the second mechanism is one in which soluble
ferrous ions catalyze oxidation reactions in two distinct
processes: in the first, ferrous ions contribute to the
breakdown of cellulosic chains, releasing organic radicals
and peroxides, which are both highly reactive, thus
resulting in a decrease in the amount of cellulose
polymers. The highly reactive hydroxyl radical is formed
by the action of iron; this radical easily extracts hydrogen
ions from any other molecule, contributing to chain
reactions with cellulose [9] (Fig. 1).
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Fig. 1. Reaction mechanism of tannin oxidation in the
presence of ferrous sulphate

Excess oxidation in iron-gall inks in old recipes is
not only attributed to the presence of iron but also to the
source of tannin used. Vegetable tannins are natural
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polyphenolic compounds with a broad structural
composition found in 30 % of higher plants [10-13].

Tannin concentration changes according to the type of
vegetable tissue, age of the plant, and the region where the
plant is typically found [14]. According to their chemical
structure, tannic compounds can be classified into two types:
hydrolysable and condensed ones. Hydrolysable tannins are
composed of a mixture of simple phenols such as ellagic,
pirogallol, gallic, and digallic acid esters with sugars such as
glucose. Gallotanic acid, the chemical species responsible for
the complexation reaction with iron, is produced from the
hydrolysis of hydrolysable tannins. Thus, the complex
formed in the iron-gall ink could easily be obtained with
hydrolysable vegetable tannins [7, 15-16]. In contrast,
condensed tannins are flavonoid units with different degrees
of condensation and are composed of flavan-3-ols (catechin)
or flavan 3,4-diols (leucoanthocianins). These substances are
highly resistant to hydrolysis, explaining their non-reactive
nature with iron [10, 17]. However, several historical
documents written with iron-gall inks used old recipes based
on the use of condensed vegetable tannins, thus explaining
why iron ions are easily released. Consequently, corrosion of
the paper is accelerated by excess iron associated with only a
small amount of reactive tannins.

In addition to this accelerated oxidation due to the
natural aging of iron-gall inks, formation of crystals on
surface paper fibers can be observed due to excess
inorganic salt [18]. A great number of manuscripts clearly
show the presence of crystal or amorphous deposits on
their surfaces, particularly those with a high content of ink
[19, 20]. The sediments usually found in documents
containing iron-gall inks are calcium, potassium and iron
oxalates, calcium sulfate, calcium carbonate and ferrous
sulfate [20]. The process of crystallization is usually
characterized by optical microscopy, and, in some cases,
is clearly macroscopically observed.

Based on these descriptions, the objective of the
present paper is to use scanning electron microscopy to
observe aggregates on the surface of paper fibers where
iron-gall inks were deposited, with different iron/tannin
ratios, accelerated thermal aging, and different tannin
sources. These observations were correlated with
oxidation levels and tannin types.

2. Experimental

2.1. lIron-Gall Inks

Iron-gall inks were prepared with FeSO47H,O
(Vetec, Brazil), tannic acid (Acid) (C7Hs046) (Vetec,
Brazil) or, alternatively, vegetable tannins were obtained
from Castanea sativa (Chestnut), Caesalpinia spinosa
(Pod) and Acacia sp. (Liana), both supplied by TANAC
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(Brasil). Other ingredients also included gum arabic
(Vetec, Brazil) and ethanol (Vetec, Brazil). Inks were
prepared according to Table 1.

Table 1
Synthetic iron-gall inks used in the experiments
Tannic acid Gum
Ink FeSO,7H,0, or vegetable | Arabic, Ethanol,
group g . ml
tannin, g g
1 1 5.5 2.0 5.0
2 2 5.5 2.0 5.0
3 10 5.5 2.0 5.0

Iron-gall inks were prepared at room temperature
and pressure, exposed to atmospheric air for 24 h to help
both fixation of the components on Whatman paper strips
and the formation of the gallotanic complex. After that
step, paper strips were kept in sealed vessels protected
against light.

Paper strips (6.0x1.0 cm) were immersed for 5 min
in vertical flasks containing the inks, dried at room
temperature for 2 h and placed in a closed chamber at
373 K for 5 days, according to the procedure adopted by
International Standard Organization to accelerate aging
and oxidation.

2.2. Scanning Electron Microscopy

The morphology of ink aggregates on the surface of
paper strips was observed by Scanning electron microscope
(Inspect, S 50 FEI). Several images were taken in areas
distributed for each sample, and the figures in this paper
show representative areas for each sample, as they were
morphologically homogeneous. Samples were prepared by
coating with gold target in sputtering equipment EMITECH
K550X for 3 min at 20 mA. The images were observed
under high vacuum mode with a 20 kV voltage and 400x
magnification for complete characterization.

2.3. Crude Tannin Extracts from
Vegetable Tannins

Crude tannin extracts were obtained from the
commercial tannin samples supplied according to the
procedure suggested by S. George et al. [21]. To obtain
the extracts, vegetable tannins (0.1 g) were added to
ketone solution (20 ml, 70 % v/v) in Erlenmeyer flasks.
Those flasks were shaken in a rotary shaker (Tecnal,
Brazil) at 150 rpm for 20 min at room temperature. After
that period, solutions containing the extract were filtered
using Whatman filter paper and supernatant solutions
were used for the determination of total and condensed
tannins in the original samples.

2.4. Total Tannins

Initially, according to the procedure suggested by
S. George et al. [21], total phenolic compounds were
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quantified by using a crude extract (0.5 ml) obtained
previously, and adding the Folin-Ciocalteau reagent
(2.5 ml, 10 % v/v). After that, the sample was agitated at
room temperature for 2 min, and sodium carbonate
solution (2.0 ml, 7.5 % v/v) was added. Previously mixed
solutions were placed in a water bath at 323 K for 15 min.
After this procedure, tubes were cooled and
spectrophotometric determinations were performed at
760 nm (Varian Specord, Brasil).

To precipitate the tannins, the extracts (5.0 ml)
were diluted in water (10 ml) and precipitated with casein
(1.0 g), under constant agitation at room temperature for
3 h, according to the methodology proposed by R. Silva et
al. [22]. After that, similar to a previously used procedure,
solutions were filtered and the filtrate was used for the
quantification of residual phenolic compounds. The
amount of total tannins corresponds to the difference
between the concentration presently found and the total
concentration of phenolic compounds. The standard
sample used in this method was tannic acid and the results
were expressed as mg of equivalent tannic acid/g sample.

2.5. Condensed Tannins

The concentration of condensed tannins in the
commercial samples was determined according to the
methodology proposed by M. Machado [23]. Crude extract
(0.1 ml) and methanol (0.9 ml) were added to laboratory
tubes, followed by the addition of a methanol-acid solution
(2.5 ml, 8.0 ml of hydrochloric acid in 100 ml of methanol)
and a vanillin solution (2.5 ml, 1.0 g of vanillin in 100 ml of
methanol). The samples thus prepared were heated in a
water bath at 333 K for 10 min and spectrophotometric
determinations were performed at 525 nm (Varian Specord,
Brasil). The standard sample used in this method was
pyrogallic acid and the results were expressed as mg of
pyrogallic acid equivalents/g sample.

3. Results and Discussion
3.1. Iron-Gall Inks

Macroscopically, no substantial differences were
found in viscosity, homogeneity, and color intensity in the
different inks prepared according to the methodology. In
fact, the stoichiometric ratio for the production of a stable
ink has been known since the 17" century. However, it is
also known that among European recipes from the 15" to
the 19" centuries there was 50 % increase in the number
of distinct recipes, which usually differed based on the
their excess iron content.

In the present research, accelerated thermal aging
of the ink impregnated paper strips showed gradual
changes in color intensity and aspect. All the prepared
samples, in each of the tannin/ferrous sulfate ratios,
clearly presented signs of oxidative processes. However,
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these oxidations were markedly different in each
preparation. Inks prepared with the pod tannin presented a
very low degree of oxidation, with a decreased
discoloration, that was particularly present in the borders
of the ink in the paper strips. It can be clearly noted that
the oxidation tends to increase from ink 1 to 3, thus
confirming that excess iron in a sample contributes to
corrosive action. Similar behavior was observed when
tannins chestnut and acid samples were used.

On the other hand, inks prepared with the use of
Liana tannin presented a distinctly different behavior in
comparison to the above mentioned tannin samples.
Oxidation of the ink-impregnated strips occurred not only
in the borders of the paper but also in the entire area of the
strips. This behavior seemed initially confusing, as the
amount of Liana tannin used was the same as the amount
used for the remaining tannin samples. Thus, it seemed
that the reaction of iron with Liana tannin was decreased
in comparison to the others.

B. Reissland [24] observed degradation caused by
iron-gall inks in test paper strips prepared with 5.5:1.0
iron:tannin ratio. Accordingly, paper strips were artificially
aged at 363 K for up to 18 days and observed under visible
and ultraviolet light. B. Reissland used this technique to
detect the gradual degradation of the paper strips due to the
presence of oxidized ink. He observed that after three days, a
green fluorescence was observed in the area containing the
ink, followed by a stronger color after six days. After that, the
fluorescence became pale, gradually turning to yellow,
followed by complete discoloration. This final stage of
discoloration was followed by a complete loss of mechanical
strength of the paper, indicating the deleterious effect of the
oxidized ink on cellulose fibers.

3.2. Scanning Electron Microscopy

According to M.Hey [25], low electron
acceleration voltages, such as 5 to 10 kV contribute to a
better definition of images captured at the surface of
papers. In the present work 20kV voltage was used
because it was our purpose to observe crystal depositions
on the surface of the fibers and not to delineate crystal
morphological aspects.

Fig. 2. SEM of a
Whatman white
paper strip not
impregnated with
iron-gall ink
(magnification of
400x) — blank
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Fig. 3. SEM of iron-gall-ink-impregnated paper strips
(magnification of 400x). Tannins: cid (a); liana (b);
chestnut (c) and pod (d); Group 1 ink, iron:tannin ratio — 1:5.5

b) c)

Fig. 4. SEM of iron-gall ink impregnated paper strips
(magnification of 400x). Tannins: acid (a); liana (b);
chestnut (c) and pod (d); Group 2 ink, iron:tannin ratio —2:5.5
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Fig. 5. SEM of iron-gall ink impregnated paper strips
(magnification of 400x). Tannins: acid (a); liana (b); chestnut (c)
and pod (d); Group 3 ink, iron:tannin ratio — 10:5.5

Fig. 2 shows cellulose fibers of a Whatman paper
strip not impregnated with iron-gall ink (Blank). Long
fibers, typically arranged in a non-regular surface, can be
observed in the paper strip, in addition to the presence of
empty spaces and lack of any deposited matter among the
fibers. According to M. Conceicao €t al. [26], typical cel-
lulose fibers present high amounts of calcium carbonate.

According to M. Anguera [27] and D. Camera [18],
the occurrence of crystal particles in drawings and docu-
ments impregnated with iron-gall ink, can be seen on pieces
where the ink was added in high amounts. By capillary ac-
tion the ink is gradually absorbed through the fibers, staying
on the surface of the paper as small chemical deposits.

After just a few days, it was possible to observe
marked differences in the paper strips impregnated with
iron-gall ink at different iron:tannin ratio, particularly in
reference to the commercial tannin source used in the
preparation. Fig. 3. shows SEM images of Group 1 iron-
gall inks with three different tannin sources. From the
images, a close similarity between the iron-gall ink
impregnated strips and the control sample can be seen.
The SEM image of the acid sample shows that some
empty spaces of the cellulose fibers were filled with ink,
with a rough film and small crystal particles. D. Camera
[18] working with iron-gall inks, prepared in laboratory
and with considerable amount of tannin, proved that a

d)

uniform ink film is formed on the surface of the paper,
even without the introduction of agglutination
compounds. According to A.daCosta et al. [7],
commercial tannic acid is a mixture of gallotannins
produced in different parts of vegetables. Due to this
nature, it is possible that a small amount of iron present in
the ink becomes amenable to oxidation, which is
corroborated by the presence of small crystal particles
under SEM. 1t is also known that chestnut and pod tannins
exhibit variable composition and amount of tannins. This
can be a possible explanation for the similarities between
SEM images among commercial vegetable sources and
the acid sample.

Differences amongst images from Fig. 3, in
comparison to the blank in Fig. 2, are due to a
continuous dense film on the empty spaces, as well as
some cellulose fibers completely covered with the same
film. According to A. da Costa et al. [7] liana tannin is
a type of condensed tannin with very low reactivity to
metal ions. Due to this nature, condensed tannins are
unable to form complex molecules with iron ions.
Thus, in comparison to the other tannin sources
previously tested, there is a low content of hydrolysable
tannins available to react with iron. Most likely,
insoluble oxide crystals were formed during oxidation
of iron, due to the lack of available tannic molecules to
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react with iron. Consequently, the formation of crystal
deposits in the cellulosic fibers is expected, and this
formation was confirmed by the SEM images.

Iron-gall inks from Group 2 were prepared with 2 g
of ferrous sulphate in the formulation (Fig. 4). In
comparison to the blank test, small deposits can be
observed among the fibers. Theoretically, inks prepared
with acid sample present a higher reactivity with iron, in
comparison to other tannic substances. Thus, it is expected
to have smaller formation of deposits among the fibers
when the acid sample is tested.

Formation of deposits on the surface of the paper
strips in the cellulosic fibers of the paper is clearly
observed. The lack of empty spaces among the fibers can
be observed as a continuous film, clearly rougher than the
ones previously observed. This behavior, in comparison to
the acid sample, can be explained by the nature of the
tannins present in the commercial vegetable formulations,
where a natural variability in concentration is expected.
This is an indication that the amount of tannin added
during the formulation of the inks, although theoretically
correct, is not directly related to their reactivity, because
purity and content need to be confirmed. Consequently,
when paper strips were impregnated with iron-gall inks,
the amenability of the inks to oxidation could not be
predicted, due to the undefined concentration of reactive
tannins in commercial samples.

To confirm this assumption, Fig. 5 presents SEM
images of Group 3 iron-gall inks (iron concentration was
ten times higher than the ones from Group 1). Again, inks
prepared with the acid sample presented the highest
reactivity between iron and tannins, confirmed by the lack
of aggregates among the fibers, in comparison to inks pre-
pared with commercial vegetable tannins. Surprisingly, a
much higher formation of aggregate deposits on the surface
of paper strips was expected compared to Group 1 inks.
Inks prepared with commercial vegetable sources showed a
marked presence of aggregate deposits among the fibers.

3.3. Total Tannins Quantification

To determine the total amount of tannin in the
samples, tannic acid was used as the standard substance.
Its high content of hydrolysable tannins is widely
recognized in the literature [12]. Table 2 presents the total
tannin concentrations in the vegetable extracts used in the
present work.

No marked differences were detected in the total
content of tannins in both vegetable extracts, although the
pod sample presented a decreased content. According to
P. Krisper et al. [28], tannins from Castanea plants are
produced in different parts of the world and are easily
extracted with hot water. Tannin content in the plant
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depends on the age of the plant and particular tissues of
the plant. The authors also informed that plants from 15 to
71 years present total tannin content ranging from 6.9 to
10.7 %. They also concluded that surface, intermediate
and inner layers of the plant present variable tannin
contents. In another study, C. Mao et al. [29], proved that
in the Castanea mollissima species, the total content of
tannins ranged from 2.41 to 5.13 %, depending on the
extraction technique used. These results seem to agree
with the present quantification.

Table2

Total tannin concentr ation in vegetable extracts

Total tannin content, %
Source . N
equivalent tannic acid
Castanea sativa (chestnut) 462+0.11
Caesalpinia spinosa (pod) 3.00+0.53
Acacia sp. (liana) 4.62+0.51

In relation to Caesalpinia species, C. Siqueira et al.
[30] investigated the levels of tannins and flavonoid
compounds in medicinal plants, using extraction with
50 % (v/v) methanol solution. Among dozens of species
studied, Caesalpinia pyramidalis presented one of the
highest amounts of total tannins, approximately 6.01 %.

In the work of A. Aganga et al. [31] total tannin
concentration in the leaves and strips of the plant ranged
from 0.5 to 11.2 %, depending on the species and tissue
(Table 3). The sample liana tannin used in the present
work is a mixture of several Acacia species. Thus, a direct
comparison between our results and the results from Ref.
[31] should not be done. If we instead consider average
values, a value of 3.8 % is found, which is close to the
value calculated in the present work.

Table 3
Total tannin content in Acacia species[31]
Species Total tannins, %
Acacia burkei 0.8
Acacia erubescens 1.9
Acacia fleckii 1.3
Acacia galpanii 11.2
Acacia girraffae 0.5
Acaciakirkii 6.5
Acacia mellifera 0.9
Acacia robusta 8.0
Average value 3.8

M. Pansera et al. [12] extracted tannins from
Acacia mearnsii species using supercritical fluids. High
concentrations of total tannins were obtained. However,
when methanol, ethanol, and water were used as solvents
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in the supercritical extractions, total tannin concentration
ranged from 4.0 to 9.0 %, depending on the solvent used.

In another work, K. Rana et al. [32] found higher
total tannin concentrations in the Acacia nilotica species.
Authors attributed this high content to seasonal variations
and the method used for extraction (70 % (v/v) ketone
solution and Folin-Ciocalteau reagent, using tannic acid as
primary standard). The total average content in the plant
was equal to 14.6 %.

As seen from the literature, there is a wide
variability among the results, depending on the plant
species, method of extraction and procedure for
quantification. It can thus be concluded that quantification
of the total tannins concentration cannot be the only
procedure to corroborate SEM observations. Thus, the
values obtained in this study cannot be used to confirm the
oxidative behavior observed on the paper strips through
SEM. This is particularly true if the liana tannin is
considered. Consequently, the investigation of condensed
tannins content in the samples can elucidate this
phenomenon.

3.4. Condensed Tannins Quantification

The total condensed tannins quantification is highly
complex, due to the diversity of chemical structures found
in this group of compounds. Sample collection, drying
process and extraction methods markedly affect the
quantification of these compounds. These limitations
contribute to some drawbacks in the determination of high
molecular weight substances and insoluble compounds.
Vanillin is highly used due to its reactivity with
condensed tannins [33].

According to P. Schofield [33] the choice for a
suitable standard substance to compare the results is the
critical point in the determination of the total condensed
tannins in a vegetable sample. In fact, an internal standard,
directly extracted and purified from the material to be
quantified is the best standard to be chosen. However, it is
not always possible to perform this extraction. Thus,
according to the literature, pyrogallic acid can be used as a
reliable standard. Results of condensed tannins content in
vegetable extracts are presented in Table 4. From these
results, it is clear that the selected method did not detect
the presence of condensed tannins in chestnut and pod
vegetable extracts. This is in close agreement with SEM
results, which showed decreased detection of aggregate
particles on the surface of the paper strips, confirming that
condensed tannins are most likely absent in those samples,
thus contributing to the reactivity of iron-gall inks. The
higher content of condensed tannins in the liana sample
also corroborates the SEM images: the high amount of
aggregates on the paper strips impregnated with iron-gall
inks can be related to the amount of condensed tannins,
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explaining the low reactivity of Acacia tannins with the
iron added to the inks.

Table4

Condensed tannins quantification
in commer cial vegetable samples

Total tannin content, %
Source . Lo
equivalent pyrogallic acid
Castanea sativa (chestnut) N.D.
Caesalpinia spinosa (pod) N.D.
Acacia sp. (liana) 60.0+2.5

Note: N.D. — not detected

J. Zivkovic et al. [34] extracted condensed tannins
from the Castanea sativa species with 50 % (v/v) ethanol
solution, followed by filtration and quantification by the
vanillin method. Average values indicated the presence of
small amounts of condensed tannins, from 1.02 to 2.62 %.
M. Kardel et al. [35] studied four different vegetable
extracts, using 70 % (v/v) ketone and determining the total
condensed tannins content through the butanol method.
The authors also found a low concentration of condensed
tannins (0.46 %) in Caesalpinia $pinosa, corroborating the
results from the present work.

The high content of aggregates in the cellulose
fibers found in the Liana vegetable extract, in comparison
to the remaining extracts, is corroborated by the high
amount of condensed tannins found here, approximately
60 %. J. Carulla et al. [36] working with the same liana
tannin used in the present work found a total condensed
tannins content equal to 61.5 %, consistent with the results
from the current work. C.Grainger et al. [37] also
quantified the total content of condensed tannins from
Acacia mearnsi and found 60.3 % content, using the
methodology proposed by J. Carulla et al. [36].

4. Conclusions

Depending on the tannin source used in the
preparation of iron-gall inks, iron oxidation levels were
markedly different. This oxidation is partially explained
by the formation of dense aggregate particles on the
surface of paper strips.

Scanning electron microscopy proved to be a
useful tool for the investigation of stages of iron-gall ink
degradation on the surface of paper through the
identification of crystal particles and aggregates,
confirming the lack of reactivity between iron and tannins
from different recipes.

Increasing iron concentrations in the different ink
preparations can be related to oxidation through scanning
electron microscopy analysis and the nature of the tannin,
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hydrolysable or condensed, is a clear indication that degra-
dation patterns can be explained in terms of reactivity.

Iron-gall inks prepared with tannic acid and
hydrolysable tannin sources from Castanea sativa and
Caesalpinia spinosa are more stable due to higher reactivity
with iron. Condensed Acacia sp. tannins present lower
reactivity with iron, thus contributing to the formation of
aggregates on the surface of paper strips, a fact that can be
confirmed by scanning electron microscopy.

Total tannins concentration did not explain the
observed reactivity patterns in iron-gall inks. However,
the determination of condensed tannins did explain the
formation of aggregate particles in microscopic observa-
tions. This technique, in association with scanning elect-
ron microscopy, presents an insight into the use of
archaeometric techniques for the preservation of cultural
heritage.
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CKAHYIOUO-EJEKTPOHHOMIKPOCKOTITYHI

XAPAKTEPUCTUKH TAJUI-3AJII3HAX YOPHIII

3 PI3HUX JUKEPEJ TAHIHY — 3ACTOCYBAHHS
JUISI KYJIbTYPHOI CHA JIIAHA

Anomauyia. 3 GUKOpUCMAHAM CKAHYIOUOI eNeKMPOHHOT
MIKPOCKONIT 8UBHEHO peaKyiiny 30amHicmb 2aL-31i3H020 YOPHUILA
3 pisHuMu KoHyenmpayiamu 3aniza. Ilokazamo, wo pociunHi
excmpakmu i3 30amHum 00 2i0poi3y MAHIHOM GUKOPUCTOBYIONIb
Onsl  00€poIcanHsi  CMILKUX —HOPHUWL, MOOL 5K  NPUCYMHICIb
KDUCMANIYHUX a2pe2amie NOSCHIOE HU3bKY DeaKyitiny 30amHicmb
KOHOEHCOBAHUX MAHIHIG. 3aNPONOHOBAHO BUKOPUCOBYBAMU MAKULL
nioxio Osi QOCHLOHCeHb XIMIYHIT KOPO3IL CMAPOBUHHUX OOKYMEHMIE.

Knwuosi cnoea. ecann-3anizHi uopuuna, Koposis, Keaw-
mugpikayiss mauiny, KyiemypHa cnaoujuHa, CKayloua elekmpoHHa
MIKPOCKONIS.



