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Potentiometry, a tool for understanding the oxidataion-
reduction chemistry within iron gall ink documents 
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ABSTRACT: Iron gall ink contains multiple species that undergo oxidation-reduction reactions. While the exact mechanisms are 
unknown, potentiometry provides a means to measure the Fe(II)/Fe(III) ratio of iron gall inks upon their submersion in aqueous 
solutions. This study illuminates the reactions within iron gall ink, and in particular, demonstrates that the redox potential of 
solubilized inks is driven by the Fe(II)/Fe(III) redox couple and that one gallic acid molecule may reduce up to four Fe(III) cations. 
An understanding of this study draws upon oxidation-reduction chemistry and will be used to illustrate some of the possible Fe(II)-
Fe(III) redox reactions and associated mechanisms.   

                                                                                                                                               
 
Introduction 
 Iron gall ink currently poses one of the largest and 
most important problems in art and cultural heritage 
conservation. Iron gall ink was one of the most prolifically 
used writing materials in western countries before the 
beginning of the Twentieth Century.1 It can be found in 
documents ranging from medieval manuscripts, including the 
oldest most complete Bible in known existence, to the 
Declaration of Independence, and from Michelangelo’s 
drawings, to Isaac Newton’s notebooks, where he even 
included his own recipe for the ink.  While iron gall inks’ 
specific compositions differ between documents and depend 
on the original recipe used, conservators and scientists have 
determined the majority of these inks contain a mixture of 
vitriol, tannins, and a binder.1 Vitriol is the archaic name of 
sulfuric acid. However, in traditional ink recipes, vitriol 
actually refers to a solution of Fe(II)SO4, that often also 
contained Fe(III) ions as well. Tannins contain polyphenolic 
acids that hydrolyze to to gallic acid and other smaller 
molecules.2 Gum Arabic is the most common binder in iron 
gall ink, and improves the ink’s binding to the substrate, 
usually the paper support, and helps the pigment disperse 
uniformly within solution.3  
 While iron gall ink is one of the most common inks, 
it is also one of the most harmful ones, for it is a corrosive 
material. The problem iron gall ink poses is extensive. It is 
estimated that 60-70% of Da Vinci’s works have been  

 

 

Figure 1. The major organic species found in iron gall ink that 
contribute to its acidity: a) gum Arabic b) tannin c) gallic acid d) 
oxidized gallic acid. 

degraded by iron gall ink corrosion.4 The ink’s degradation of 
paper may occur via several ways. For example, the tannins 
and iron species produce an acidic environment, which 
degrades the paper’s cellulose through acid hydrolysis, while 
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any free Fe(III) ions can catalyze cellulose oxidation, which 
contributes to cellulose’s de-polymerization and thus is also 
linked to paper degradation. Iron, in particular, can participate 
in a myriad of possible reactions including: Fenton-like 
reactions;3 chelation with polyphenols and/or sugars; 
oxidation-reduction reaction with gallic acid;5 oxidation 
induced by oxygen; and formation of hydroxy compounds. 
Due to ink’s high reactivity, scientists have difficultly 
pinpointing the exact chemistry occurring within these papers. 
Unfortunately, while the specific chemistry remains 
challenging and obscure, the detrimental results of these 
reactions are clear and a growing problem in art conservation.  

Because this ink is found in such a large number of 
historic and artistic documents and can be so harmful, the 
current goal in conservation is to minimize its damage. The 
accepted treatment of iron gall ink documents is to wash them 
in water for varying lengths of time, as this can partially 
dissolve any excess Fe compounds. However, washing may 
also lead to the migration of iron and sulfur, which can cause a 
haloing effect around the ink. While washing is generally 
accepted as the standard treatment, the chemical effects of this 
aqueous treatment are not well understood.  

The article, “Determination of the Fe(II)/Fe(III) 
Ratio in Iron Gall Inks by Potentiometry: A Preliminary 
Study,” aims to understand the behavior of iron species during 
these aqueous treatments by conducting potentiometric 
experiments. The study hypothesizes that due to the imbalance 
between Fe(II) and Fe(III) ions within these inks, submerging 
them in water will promote oxidation-reduction chemistry. 
The key questions this study attempts to address are: what is 
the ratio of Fe(II)/Fe(III) as determined through measurements 
of the redox potential of a solution made from ‘iron gall ink’; 
and how does the ratio determined by the electrochemical cell 
compare to results of Mossbauer spectroscopy performed on 
dried ink residues and two sample ancient manuscripts.  
Data 
Potentiometry and electrochemistry: 

The experiments within this paper focus on 
oxidation-reduction chemistry and its study through 
potentiometry. Oxidation-reduction (redox) reactions involve 
the transfer of electrons within aqueous solutions, and are 
characterized by a change in the oxidation state of one or more 
reactants due to the loss or gain of electrons6. A redox reaction 
includes an oxidized half, which loses electrons and is also 
called the reducing agent, and a reduced half, which gains 
electrons and is also called the oxidizing agent6 (Fig. 2). 
Because redox reactions involve a transfer of electrons from 
one source to another, redox reactions may be observed and 
analyzed by measuring this flow of charged particles. 

             
Figure 2. The general system of a redox reaction in which 
electrons flow from left to right.  

Electrochemical cells are used to measure this current and the 
potential difference between electrodes caused by the system’s 
distance from equilibrium. Potentiometry is an analytic 
method that measures the difference in potential between two 
electrodes in an electrochemical cell with a high impedance 
voltmeter in order to determine the concentrations of the 
species in solution. Nernst’s law (eq. 1) may be used to 
theoretically predict this voltage/potential difference based on 
the equilibrium constant of the dissolved species, the distance 
of the system from equilibrium, and the standard cell potential 
at a specified temperature (E°). 

Ecell=E° - !"!"ln(Keq)   (1) 

In this study the cell potential is due almost exclusively to the 
redox reaction of iron. The possible reactions are presented in 
Table 1.   
 Another example of a redox reaction is Fenton-like 
reactions that catalyze cellulose oxidation. The Fenton 
chemistry describes the oxidation of organic substrates by a 
combination of Fe (II) and H2O2. The proposed mechanism of 
these reactions includes the formation of a hydroxyl radical, as 
shown below (eq. 2), and uses an inner-sphere electron-
transfer mechanism.7,2

 

             
There is evidence that these reactions occur within iron gall 
ink; in particular, cellulose’s catalyzed oxidation is especially 
harmful to paper strength. 
Experimental setup and results: 

All three experiments in this study draw on redox 
chemistry; in particular, the two main experiments measure 
the potential produced by solubilized iron gall inks or their 
chemical approximation. The study’s primary experiment 
attempts to recreate the chemical environment of a submerged 
iron gall ink document within an electrochemical cell.  

An electrochemical cell (Fig.3) was designed to 
approximate the species in solution during the washing of an 
iron gall ink document. A glass container was filled with 
distilled water and placed on a vibrating table, in order to 
facilitate the movement of dissolved species. The redox 
electrode was a platinum grid placed above the iron gall ink 
document. While a mercury/mercurous sulphate electrode was 
used as the reference electrode in the potentiometer, the 
measurements and final results were converted into terms of a 

Fe (II) + H2O2 Fe(III) + OH- HO+ (2) 

Table 1. Possible chemical equilibria within solubilized 
iron gall ink and corresponding constants.  
Equilibria Log K 
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standard hydrogen electrode (SHE) (ESHE=EMSE+.0651V). The 
mercury/mercurous sulphate electrode was used as the 
reference electrode because it is less reactive than its hydrogen 
counterpart, and will not participate in the redox chemistry. 

 

Figure 3. Electrochemical cell designed to analyze iron gall ink. 

Various solutions of Fe(III)/Fe(II) were prepared and 
the Fe ions’ activities were computed for the different 
solutions based upon the potential vs. time curves recorded by 
a potentiostat. Results are shown in Table 2.3 

Besides providing the activities of the different iron 
solutions, the first experiment also demonstrated that these 
measurements could be conducted in open-air conditions, and 
that the possible oxidizing action of O2 with Fe(II)2 did not 
have to be considered. To control for the possible oxidizing 
action of O2, the redox potential of various Fe(II) and/or 
Fe(III) was taken over time (Fig. 4). 

 

Figure 4.3 Potential versus time curves measured over time as 
Fe(II) sulphate (a) or Fe(III) sulphate (b) was added to distilled 
water. Carried out in electrochemical cell as described by Fig. 1. 

Addition of Fe(II) produced an immediate decrease 
in potential to .54±0.01 V/SHE (Voltage/Standard Hydrogen 
Electrode). However, after falling the redox potential then 
increased before stabilizing at .61 ±0.01 V/SHE; this increase 
could be attributed to the partial oxidation of Fe(II) by the 
dissolved oxygen. Similarly, addition of Fe(III) produced an 
immediate increase in potential, to .93±0.01 V/SHE and again 
stabilization was seen with this curve, but in this case there 
was no decrease before the curve stabilized, since there was no 
reaction with O2. Results showed that the effect caused by the 
oxidizing action of O2 was only a significant problem when 
Fe(II) concentration was extremely high, which is not the 
chemical condition of iron gall in. Thus conducting this 
experiment under air should not cause significant error in the 
data, and provides an accurate account iron species redox 
system.  

The experimental potentials were also compared to 
theoretically expected results (Fig. 5) as calculated with 
Nernst’s law. Nernst’s law predicts the following relationship: 
 Eredox=.789+0.058 log(aFeIII/aFeII). As shown in Fig. 5 the 
measured and potential curves are within experimental error. 
 

 

Figure 5.3 Compares the measured  potential of the cell versus  
the activity ratio of a(FeIII)/a(FeII), and compares the experimental 
results with the relationship predicted from Nernst’s law .  

To potentiostat
and pH-meter

Reference Electrode
pH electrode

Platinum Grid

Glass cell filled 
with distilled water

Vibrating table Sheet of paper
(Typically, ancient manuscript)

formation of dissolved Fe(III) species could have a non-negligible
impact on the potential taken by the platinum grid. To evaluate
the importance of such effects, the redox potential of various Fe(II)
and/or Fe(III) sulphate solutions was followed with time.

Fig. 3 shows the potential vs. time curves obtained with Fe(II)
(Fig. 3a) and Fe(III) (Fig. 3b) sulphate solutions. In each case, three
curves were plotted, corresponding to distinct experiences per-
formed in similar conditions, so as to illustrate the variations ob-
served from one experiment to another. The redox potential
measurements began before addition of Fe(II) or Fe(III). So the
beginning of the curves describes the evolution of the redox poten-
tial of the initial distilled water, where the main redox couple can
be assumed to be O2/H2O (E! = 1.23 V/SHE). After a rapid increase
during the first minutes, the potential somewhat stabilised at a va-
lue of 0.73 ± 0.02 V/SHE. The iron sulphates were added as small
volumes of concentrated solutions when the potential could be
considered as stable. The addition of Fe(II) produced an immediate
decrease of the potential (Fig. 3a) and the addition of Fe(III) an
immediate increase of the potential (Fig. 3b). The potential of the
platinum electrode is then linked to the redox couple Fe(III)/Fe(II)
(E! = 0.77 V/SHE).

Due to the addition of Fe(II), the redox potential decreased to
0.54 ± 0.01 V/SHE, but then rapidly increased before stabilizing at
0.61 V/SHE. This phenomenon may be attributed to a partial oxi-
dation of Fe(II) by the dissolved O2. The redox potential increased
very rapidly in the first few minutes as (i) the initial Fe(III) concen-
tration was very low and its increase necessarily produced impor-
tant variations of potential and (ii) dissolved O2 was available. The
redox potential then stabilised, which may be explained by
the consumption of the initial amount of dissolved O2. Note that
the increase of the redox potential may also be, like that of the equi-
librium potential given by Nernst’s law, logarithmic vs. the Fe(III)
concentration.

The addition of Fe(III) induced an increase of the redox potential
up to 0.93 ± 0.09 V/SHE. In contrast with what was observed with
Fe(II), the potential remained stable afterwards, showing little de-
crease. This is of course due to the fact that Fe(III) does not react
with O2. Note that the stability of the potential of Fe(III) solutions
confirms that the increase observed with Fe(II) solutions is due to
the oxidation of Fe(II) by dissolved O2.

Similar experiments (not shown) were performed with the
solutions of Fe(II) and Fe(III) sulphates described in Table 1. The
resulting redox potential increased with the Fe(III)/Fe(II) ratio, as
illustrated by Fig. 4. The experimental variation can be compared
with the theoretical one deduced from the equilibrium conditions
between Fe2!

aq and Fe3!
aq [34]:

Fe2! " Fe3! ! e# $1%

Eeq " 0:775! 0:059 log$aFeIII=aFeII% $2%

aFeIII and aFeII are the activities of Fe3!
aq and Fe2!

aq , respectively. They
were computed using the MINTEQA2 program [31], which allowed
us to draw the Eeq = f[log(aFeIII/aFeII)] line in Fig. 4. It can be seen that
the experimental values are found close to this theoretical curve,
except for the smallest log(aFeIII/aFeII) value. In fact, the measured
redox potential is always larger than the theoretical equilibrium po-
tential. It must be recalled that the potential of the platinum grid is
a mixed potential, mainly related to the predominant redox couple,
in our case Fe(III)/Fe(II), but also depending on the other redox cou-
ples present and in particular O2/H2O.

However, the discrepancy between measured and computed
values is important for the high Fe(II) proportion, i.e. 99% Fe(II).
This illustrates the effect of the oxidation of Fe(II) into Fe(III) by
dissolved O2: The Fe(III)/Fe(II) concentration ratio is in this case
significantly larger than expected.

A curve fitting led to the equation (note that the point corre-
sponding to 99% Fe(II) was omitted):

Eredox " 0:789! 0:058 log$aFeIII=aFeII% $3%

The slope of the curve differs only slightly from the expected va-
lue of 0.059 V and the main discrepancy with the theoretical curve
is a shift of 14 mV towards more positive values. This is less than
the differences observed between various identical experiments,
as it can be seen in Fig. 3. This slight difference has various origins:
(i) the redox potential is a mixed potential, as explained above, and
(ii) the electrolyte is at room temperature (21–23 !C) and not ex-
actly at 25 !C.

In conclusion, even if potentiometric experiments are per-
formed in aerated conditions, as it could be the case in restoration
workshops, the Fe(II)/Fe(III) ratio of the dissolving part of the ink
impregnating a manuscript could be estimated. Such estimation
would require a calibration curve such like that drawn from our
experiments in Fig. 5, representing the measured redox potential
as a function of the molar fraction of Fe(II) of the iron sulphate
solution, that is x(FeII) = [FeII]/([FeII]+[FeIII]). This representation
illustrates how the potential is sensitive to the Fe(II) proportion
at the two extreme situations, i.e. for pure Fe(II) and pure Fe(III)
solutions.

3.2. The redox systems involving gallic acid and gum arabic

Gallic acid exhibits the characteristics of a reducing agent and it
was actually observed that it could reduce Fe(III) [13,14]. It was
proposed that two adjacent –OH groups linked to the aromatic cy-
cle are oxidised in such a process. In this case, one gallic acid mol-
ecule could reduce two Fe(III) cations. Similarly, gum arabic is a
polysaccharide constituted of four main sugars (galactose, arabi-
nose, rhamnose and glucuronic acid) with –OH groups that can
be considered as potential reducing agents.

Fig. 3. Potential vs. time curves obtained when adding a solution of Fe(II) sulphate (a) or Fe(III) sulphate (b) to distilled water. The experiments were performed in the specific
cell described in Fig. 1. Fe sulphate concentration = 2.35 & 10#3 mol L#1.
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Fig. 6 shows the potential vs. time curves obtained when adding
gum arabic and gallic acid to water. As it was the case for the study
of the Fe(III)/Fe(II) system, a small volume of concentrated solution
containing the considered compound was added to water once the
redox potential was stabilised. The curve in solid line was obtained
by adding the gum arabic first, and the gallic acid later. The curve
in dotted line was obtained by adding the gallic acid before the
gum arabic. First, it can be seen that the addition of gallic acid or
gum arabic induced a decrease of the redox potential. So, both spe-
cies are electrochemically active and their presence can then be re-
vealed by potentiometric experiments. Secondly, it is interesting to
note that both curves stabilised at the same potential value, 0.58 V/
SHE, when both species are present. This value differs from those
reached with gum arabic and gallic acid alone, equal to 0.68 and
0.62 V/SHE, respectively.

3.3. Effects of gum arabic on the Fe(III)/Fe(II) redox system

Fig. 7 shows the potential vs. time curves obtained with iron
sulphate and gum arabic. The first set of curves (Fig. 7a) was ob-
tained with Fe(II) sulphate. It shows that the two curves, obtained
by changing the order of addition of the species in water, are differ-
ent. However, in both cases, the addition of Fe(II) led to a decrease
of the redox potential down to 0.54 V/SHE, the characteristic value

for Fe(II) sulphate solutions (Fig. 3). The fact that the same value is
obtained whether gum arabic is present or not shows that the re-
dox potential is mainly controlled by the Fe(III)/Fe(II) redox sys-
tem. As observed in Fig. 3a with solutions of Fe(II) sulphate, the
redox potential increases as Fe(II) is oxidised into Fe(III) by dis-
solved O2. It can be seen that this increase of potential is less
important in the presence of gum arabic. It reached 0.58 V/SHE
after 0.4 h, whereas it reached 0.61 V/SHE without gum arabic. In
contrast, when gum arabic was added to the solution of Fe(II) sul-
phate, the redox potential increased again, reaching 0.65 V/SHE.
This effect may be attributed to dissolved O2 present within the
solution containing gum arabic and consequently introduced into
the system together with gum arabic. If the redox potential is con-
trolled by the Fe(II)/Fe(III) redox system, the proportion of Fe(III)
can be estimated from the potential value via the calibration curve
of Fig. 5. It would be close to 1% when the gum arabic was added
first and about 10% when the gum arabic was added secondly.

The two curves obtained with Fe(III) sulphate are shown in
Fig. 7b. The addition of gum arabic decreased the potential of
!50 mV, that of Fe(III) increased the potential of !200 mV, and
in both cases the redox potential stabilised at the same value,
!0.86 V/SHE. This redox potential value is typical of Fe sulphate
solutions containing less than 1% of Fe(II) as it can be seen in Fig. 5.

These observations show that some species associated with
gum arabic interact with dissolved Fe species. For instance, it
seems that a slight reduction of Fe(III) occurred as expected (see
Section 3.2). This would explain (i) the decrease of the redox po-
tential when gum arabic was added to Fe(III) sulphate (Fig. 7b)
and (ii) the smaller increase of the potential when Fe(II) sulphate
was added to gum arabic (Fig. 7a). Moreover, since K+ and Ca2+ ions
can be released from the gum into the solution, small amounts of
gypsum CaSO4"2H2O and jarosite KFe3(SO4)2(OH)6 could precipi-
tate. Actually, yellow particles appeared after some time in the
solutions where Fe(III) sulphate and gum arabic were both present.
This illustrates the complexity of the Fe(III)/Fe(II) – O2/H2O – gum
arabic system.

3.4. Effects of gallic acid on the Fe(III)/Fe(II) redox system

Note that the solutions containing Fe(II) and gallic acid were
light blue and tended to darken with time. The solutions contain-
ing Fe(III) and gallic acid were initially dark blue but rapidly turned
green. This variety of colours shows that several reactions are
occurring, each of them influencing the colour of the ink.

Fig. 8 shows the potential vs. time curves obtained with iron
sulphate and gallic acid. The first set of curves (Fig. 8a) was

Fig. 4. Variation of the redox potential with the activity ratio a(FeIII)/a(FeII).

Fig. 5. Curve showing the variations of the measured redox potential with the
molar fraction of Fe(II), x(FeII) = [FeII]/([FeII] + [FeIII]).

Fig. 6. Potential vs. time curves obtained when adding successively a solution of
gallic acid and a suspension of gum arabic to distilled water. In one case gallic acid
was added first, in the other case gum arabic was added first. The experiments were
performed in the specific cell described in Fig. 1. [Gallic acid] = 2.35 # 10$3 mol L$1;
[gum arabic] = 3.9 g L$1.
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Table 2. Composition, concentrations, activities and pH of Fe(II)-Fe(III) Solutions 

Solutions Concentrations (mol L-1)  Computed activities Measured pH 

 Fe (II) Fe(III)  Feaq
2+ Feaq

3+  

99% Fe(II)-1% Fe(III) 4.66 x 10-3 4.77 x 10-3  2.3 x 10-3 6.3 x 10-3 3.9 
75% Fe(II)-25% Fe(III) 3.52 x 10-3 1.18 x 10-3  1.7 x 10-3 2.5 x 10-3 3.1 
60% Fe(II)-50% Fe(III) 3.52 x 10-3 2.35 x 10-3  1.6 x 10-3 5.2 x 10-3 2.9 
50% Fe(II)-50% Fe(III) 2.35 x 10-3 2.35 x 10-3  1.2 x 10-3 6.0 x 10-3 2.9 
33% Fe(II)-67% Fe(III) 2.35 x 10-3 4.70 x 10-3  1.0 x 10-3 1.1 x 10-3 2.8 
25% Fe(II)-75% Fe(III) 1.18 x 10-3 3.53 x 10-3  5.9 x 10-3 1.0 x 10-3 2.8 
14% Fe(II)-86% Fe(III) 1.18 x 10-3 7.05 x 10-3  5.1 x 10-3 1.6 x 10-3 2.8 
1% Fe(II)-99% Fe(III) 4.70 x 10-3 4.66 x 10-3  2.4 x 10-3 1.4 x 10-3 2.8 
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Other results show that gallic acid acts as a reducing 
agent, and one gallic acid molecule readily reduced two Fe(III) 
ions and could reduce up to four (Fig. 6). The proposed 
mechanism for this reaction involves the oxidation of two 
adjacent –OH groups linked to the aromatic cycle (Fig. 7).  

Figure 6.3 Potential vs. time curves obtained when adding 
solutions of gallic acid and a solution of Fe(II) sulphate (a) or 
Fe(III) sulphate (b) to distilled water. In one case the Fe sulphate 
solution was added first, in the other case it followed the addition 
of gallic acid.  

This reaction causes a distinct color change in the 
different solutions. Solutions with Fe(II) species and gallic 
acid were light blue and then darkened as the reaction 
progressed. The solutions with Fe(III) species and gallic acid 
were originally dark blue but quickly turned green.3 These 
observed color shifts reveal the presence of several reactions. 
These reactions are particularly important to consider in the 
conservation of inks because they will alter the color of the ink 
over time.  

                  

Figure 7. Proposed oxidation of gallic acid by Fe(III). 

Finally, results of the potentiometric experiments 
also show that species associated with gum Arabic react with 
the Fe ions, and reduce the Fe(III) to some degree as well.  
The application Mossbauer spectroscopy to determine 
Fe(II)/Fe(III) ratios: 

During the second part of the study, Mossbauer 
spectroscopy (Fig. 8) was conducted to determine the 
percentage of Fe(III) species left in various dried ink residues 
These experiments were conducted in order to determine a 
baseline approximation of the Fe(II)/Fe(III) ratio in new inks. 
The fresh ink residues were prepared only from Fe(III) 
sulphate and gallic acid (and excluded other components 
found in iron gall ink such as gum Arabic) but were left for 14 
days to approximate the waiting time described in original 
recipes for iron gall ink.8 After dehydration, the remaining 
residue was ground for analysis. 

The peaks in the Mossbauer spectrum revealed the 
presence of Fe(II) and Fe(III), and the remaining ratio was 
consistent with what was expected if every gallic acid 
molecule reduced four Fe(III). As Table 3 illustrates the ratio 
of relative areas of Fe(III)/Fe(II) is approximately 1:4.  
 
 

Manuscript analysis: 
Two French manuscripts that showed extensive and 

irreparable damage due to iron gall ink corrosion were used 
for the third and final part of the study. The experimental 
procedures conducted on synthesized ink samples were 
applied to actual documents in order to both characterize the 
inks and verify the realistic application of these procedures 
within art conservation.  

Figure 8.3 Mossbauer spectrum of air-dried compound 
resulting from a mixture of Fe(III) sulphate and gallic acid 
solutions after 2 weeks of aging at 60° C. 

The manuscripts were analyzed using: Mossbauer 
spectroscopy at room temperature; proton-Induced X-ray 
Emission to determine the elemental composition of the 
manuscripts; and gas chromatography to determine if gallic 
acid was present in the ink. These studies showed that both 
inks had very low gallic acid content. 
Table 3. Mossbauer analysis of air-dried compounds resulting 
from a mixture of Fe(III) sulphate and gallic acid solutions. 

CS                           
(mm s-1) 

Δ"""""""""""""""""""""""""""""
(mm s-1) 

FWHM                  
(mm s-1) 

RA 
(%) 

Fe oxidation 
no. 

Compound 

1.279(9) 2.73(9) 0.262(6) 47 +2 Szomolnokite 

1.28(1) 3.28(1) 0.231(6) 31 +2 Melanterite or 
rozenite 

0.25(3) 0.29(3) 0.34(2) 22 +3 Fe(III) Sulphate 

 CS=center shift with respect to metallic α-iron at room 
temperature; Δ=quadruple splitting; RA=relative area; 
FWHM=full widths at half maximum. 

The manuscripts were then washed for 30 minuntes 
and the baths’ redox potentials were measured. Both 
manuscripts showed similar potential vs. time curves. 
Mossbauer analysis showed that one manuscript contained 
high concentrations of Fe(II), while the other Fe(III).3 
Ultimately the results from this third experiment were not 
conclusive, and further research is required to examine the 
applications of potentiometry on document analysis and the 
inner chemistry of historic inks.  
Conclusion  

Overall, the experimental results support the study’s 
conclusions that the Fe(II)-Fe(III) system dominates the redox 
chemistry within solubilized iron gall ink. In particular, a 
comparison of the potential of a solution of gallic acid and 
Fe(III) versus Fe(II) reveals the reducing power of gallic acid. 
However, one point that remains unclear is the effect of the 
timed addition used in these experiments. Within different 
potentiometric trials either the gum Arabic or gallic acid was 
added first and then the iron sulfate, or alternatively the iron 

obtained with Fe(II) sulphate. Both curves stabilised at the same
potential value, about 0.55–0.57 V/SHE, typical of Fe(II) sulphate
solutions. As expected, when Fe(II) sulphate was added before gal-
lic acid, the potential dropped down to !0.55 V/SHE and increased
to 0.62 V/SHE as Fe(II) was oxidised into Fe(III) by O2. The addition
of gallic acid then induced a decrease of the potential back to
0.57 V/SHE. When Fe(II) sulphate was added in the gallic acid solu-
tion, the potential dropped down to 0.55 V/SHE and stabilised at
this value, as if Fe(II) was not oxidised by dissolved O2. These re-
sults suggest that dissolved Fe(III) species are reduced by gallic
acid, as it was previously observed [13,14].

The two curves obtained with Fe(III) sulphate (Fig. 8b) con-
firmed this assumption. The addition of gallic acid to the solution
of Fe(III) sulphate induced a drop of the redox potential from
0.90 V/SHE, a value typical of Fe(III) solutions, down to 0.62 V/
SHE, a value that would correspond to a solution containing less
than 5% of Fe(III) (see Fig. 5). Similarly, the addition of Fe(III) sul-
phate to a gallic acid solution led to a sharp increase of the poten-
tial immediately followed by a decrease down to 0.62 V/SHE.

Additional experiments were performed to estimate the number
of Fe(III) cations that one molecule of gallic acid could reduce. An
example of the potential vs. time curves obtained is shown in
Fig. 9. One unit (2.35 " 10#3 mol#1) of gallic acid was added first
and the redox potential dropped down to 0.60 V/SHE. Then, two
units of Fe(III) sulphate were added, inducing a sharp increase of
the potential up to 0.70 V/SHE. But Fe(III) was rapidly reduced by
gallic acid and the potential went back to 0.60 V/SHE. Another unit
of Fe(III) was added 0.4 h after. The corresponding Fe(III) cations
were also reduce to Fe(II), but less rapidly. A fourth unit was added
again, and reduced again. Thus, one gallic acid molecule can reduce

at least four Fe(III) cations. Finally, up to six units of Fe(III) were
added (curve not shown). The redox potential stabilised at that time
at about 0.70 V/SHE, a value corresponding to!65% of Fe(II), i.e. four
of the six units of Fe(III) were reduced, and two remained as Fe(III).

Only a few studies were devoted to the electrochemical behav-
iour of gallic acid. The most recent [35] showed polarisation curves
obtained with a platinum electrode dipped in gallic acid solutions.
Four oxidation peaks were obtained, which implies that electrons
were transferred from each of the three –OH groups as well as
the COOH group. This confirms that one gallic acid molecule is able
to transfer four electrons to Fe(III) cations, i.e. to reduce four Fe(III)
cations into Fe(II).

We then researched whether similar observations could be for-
mulated on solid state materials. We therefore considered the
dried residues depicted in Section 2.3 and analysed them at room

Fig. 7. Potential vs. time curves obtained when adding successively a solution of gum arabic and a solution of Fe(II) sulphate (a) or Fe(III) sulphate (b) to distilled water. In one
case the Fe sulphate solution was added first, in the other case gum arabic was added first. The experiments were performed in the specific cell described in Fig. 1.
[Fe sulphate] = 2.35 " 10#3 mol L#1; [gum arabic] = 3.9 g L#1.

Fig. 8. Potential vs. time curves obtained when adding successively a solution of gallic acid and a solution of Fe(II) sulphate (a) or Fe(III) sulphate (b) to distilled water. In one
case the Fe sulphate solution was added first, in the other case gallic acid was added first. The experiments were performed in the specific cell described in Fig. 1.
[Fe sulphate] = [gallic acid] = 2.35 " 10#3 mol L#1.

Fig. 9. Potential vs. time curve obtained when adding successively a solution of
gallic acid and three solutions of Fe(III) sulphate to water. Two, one and one units of
Fe(III) were added successively to one unit of gallic acid. One unit = 2.35 "
10#3 mol L#1.
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temperature by Mössbauer spectrometry. The resulting spectrum
(Fig. 10) is composed of three doublets of peaks. Their Mössbauer
parameters are listed in Table 3. The two main doublets are com-
posed of two peaks separated by D values of 2.73 and 3.28 mm s!1

and centred on CS values close to 1.28 mm s!1. This is typical of
Fe(II) compounds. More precisely, both doublets correspond to
Fe(II) sulphates. The main doublet can be attributed unambigu-
ously to szomolnokite, FeSO4"H2O [36], while the second Fe(II)
doublet may correspond whether to rozenite FeSO4"4H2O or
melanterite FeSO4"7H2O [37]. The third doublet is composed of
two peaks separated by D = 0.29 mm s!1 and centred on
CS = 0.25 mm s!1, which is typical of Fe(III) compounds. It may cor-
respond to one of the various Fe(III) sulphates that have similar
Mössbauer parameters [38]. The atomic proportion of Fe(III) can
be estimated from the relative area of the corresponding doublet,
that is 22%. Assuming that one gallic acid molecule can reduce four
Fe(III) cations, there would have remained 1.5 Fe(III) of the 5.5 ini-
tially present, which corresponds to 27%. This is consistent with
the estimation given by Mössbauer spectroscopy.

This consistency between Mössbauer analysis, focused on Fe
species, and potentiometric results confirm that the redox poten-
tial seems to be mainly controlled by the Fe(III)/Fe(II) redox couple.
Of course, the presence of gallic acid and its oxidised states implies
that the redox potential of the platinum electrode is a mixed po-
tential. The presence of gallic acid has necessarily an influence on
the redox potential, even if it seems to be masked by that of the
Fe(III)/Fe(II) redox couple. Moreover, the presence of gallic acid
modifies the ionic strength of the solution, induces the formation
of iron–gallic acid complexes, which in turn modifies the activities
of Fe2#

aq and Fe3#
aq species. So, the Fe(II) proportion as given by the

calibration curve of Fig. 5 must be considered as a rough estimate.

3.5. Study of ancient manuscripts

The original manuscripts depicted in Section 2.4 were tested.
Their elemental compositions, reported in Table 4, were deter-

mined by PIXE analysis considering the average of five measure-
ments performed on inked areas. Both manuscripts contained a
large amount of iron, close to 120 lg cm!2 and some traces of cop-
per (less than 1 lg cm!2). No other transition metals were de-
tected. The iron salts used for the manufacture of the inks were
also very pure and the contribution of other transition metal on
the potential can reasonably be neglected. As GC/MS analysis per-
formed on these manuscripts indicated very low gallic acid content
(not shown), an eventual reduction of Fe(III) in the solution is also
improbable. We can also suppose that the calibration curve of
Fig. 5 is relevant for the interpretation of the potentiometric data
recorded on the two manuscripts.

Several fragments of each manuscript were introduced in the
cell and immersed in water for 30 min. For a same manuscript,
the potential vs. time curves obtained from one fragment to an-
other were very similar. The different values of potential measured
on the two manuscripts (see Fig. 11) are also attributed to the
intrinsic composition of the manuscripts and not to their
heterogeneity.

The Mössbauer analysis of the manuscripts (not shown) per-
formed on other fragments, containing both inked and non inked
areas, revealed that the manuscript M03 was initially very rich in
Fe(II) (approx. 90%) whereas C04 was rich in Fe(III) (approx. 90%).
However, the potential vs. time curves obtained with the two
manuscripts behave similarly (see Fig. 11). In each case the redox
potential dropped after the immersion of the sample then tended

Fig. 10. Mössbauer spectrum of the compound obtained by mixing Fe(III) sulphate
and gallic acid solutions, after 14 days of ageing at 60 !C, once water has
evaporated.

Table 3
Mössbauer spectral parameters of the compound obtained by mixing Fe(III) sulphate
and gallic acid solutions, after 14 days of ageing at 60 !C, once water has evaporated.
CS = centre shift with respect to metallic a-iron at room temperature; D = quadrupole
splitting; RA = relative area; FWHM = full widths at half maximum. Standard deviation
is given in brackets.

CS
(mm s!1)

D
(mm s!1)

FWHM
(mm s!1)

RA (%) Fe oxidation
no.

Compound

1.279(9) 2.734(9) 0.262(6) 47 +2 Szomolnokite
1.28(1) 3.28(1) 0.231(6) 31 +2 Melanterite or

rozenite
0.25(3) 0.29(3) 0.34(2) 22 +3 Fe(III) sulphate

Table 4
Characterization of the original manuscripts.

M03 C04 Technique used

Before immersion
Concentration in

Fe (lg cm!2)
120 ± 30 115 ± 30 PIXE analysis in

inked areas
Other elements

(concentration
in (lg cm!2)

Al(0.2), Si(0.9),
S(18), K(10),
Ca(10),
Cu(1.7)

Na(0.9), Al(1.3),
Si(0.9), P(0.8),
S(9.6), K(22), Ca(4),
Cu(0.4)

% Fe(II) 90% 10% Mössbauer
spectroscopy

At the end of the immersion
Potential of the

solution
(V/SHE)

0.63 ± 0.02 0.53 ± 0.01 Electrochemistry

% Fe(II) in the
solution

90% $100%

Fig. 11. Potential vs. time curves obtained during the immersion of two ancient
manuscripts in water. The experiments were performed in the specific cell
described in Fig. 1. The pH of the solutions was measured at 4.0 ± 0.1 for M03
and 4.92 ± 0.02 for C04.
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sulphate was dissolved first. During the aqueous treatments of 
manuscripts all the species should enter the solution within the 
same time frame. Thus the reasoning behind the timed 
addition is unclear. This stepwise procedure would be useful if 
one species solubilizes at a radically faster rate, but varying 
solubility rates were not demonstrated nor presented in the 
background. A follow up experiment is needed to measure the 
different rates of dissolution. Clarification of this result and 
supporting studies are particularly important because 
experiments such as those conducted by Rouchon et al.9 show 
that an increase of Fe(II) ions directly contributes to the 
degradation of paper through Fenton-like reactions. Further 
studies of the determining factors behind the Fe(II)/Fe(III) 
ratio would also be invaluable to studies such as those 
conducted by Kumari et al. on the nano-assemblies of iron in 
ink and their geometries and magnetic properties.10  

Though this study leaves future work to be 
conducted on actual documents, as the examination of the 
manuscripts was inconclusive, potentiometry shows promise. 
Even at this stage, this study has implications for art 
conservation treatments. Fe(II) is a known major contributor 
to paper degradation. This study’s demonstration that Fe(III) 
reduces to Fe(II) in the presence of both water and gallic acid, 
suggests that treatment should focus on the removal of both 
these species.  

Furthermore, this study provides important evidence 
that, washing iron gall ink documents may not be the best 
method for removing these iron ions. Aqueous treatments may 
even cause future damage, for if iron ions remain after the 
washing, this treatment is likely to increase the concentration 
of Fe(II) within the ink and surrounding paper. A study by 
Strlic et al. proposes that gallic acid consumption in Fenton-
type systems slows at pH 6-8. Washing documents in a 
slightly alkaline solution may thus help slow the reduction of 
Fe(III) and mitigate this negative effect. Overall, however, this 
potentiometry study raises questions about standard 
conservation practices. Alternative, non-aqueous treatments, 
such as the halide inserts proposed by Rouchon et al.,5 should 
be explored further. 

Ultimately, this study contributes valuable 
information to the study of iron gall inks. Perhaps most 
importantly, the results illustrated that potentiometric 
experiments could be used to further evaluate the chemistry of 
inks and determine how best to preserve these documents.  
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