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An important part of the European cultural heritage is composed of hand-written documents. Many 

of these documents were drawn up with iron-gall ink. This type of ink was/is traditionally prepared 

by mixing FeSO4, gallic acid (Ac) and arabic gum (Go) in appropriate amounts. The colour of this 

type of ink is due to  the formation of dark precipitates (See Fig. 1) while the arabic gum is only 

added to influence the viscosity of the ink. 

 

 

 

Figure 1 : One of the possible mechanism for the formation of the iron gall ink precipitate [1], 

This type of ink presents a serious conservation problem, as it slowly degrades (’burns’) the paper it 

is written on, thereby gradually disintegrating the historic document. As a result, 60-70% of 

Leonardo da Vinci’s oeuvre shows signs of deterioration, Bachs’ written music is virtually falling 

apart, while numerous manuscripts by Galileo Galilei are completely destroyed. In order to enable 

development of a stabilization treatment, an in-depth knowledge of the corrosion process is needed.  

Two mechanisms are considered to be the cause of this disintegration: (A) acid hydrolysis of the 

cellulose and/or (B) oxidation of organic compounds promoted by radical intermediates that are 

formed due to the presence of Fe
2+

 ions. Mechanism (B), considered to proceeds independently 

from (A) [2,3], involves the intermediate formation of radicals (O2•, HOO•). Reaction of Fe
2+

 with 

HOO•  in acidic medium leads to the formation of H2O2, which in its turn can further oxidize the 

paper (and the Fe
2+

 present in the ink):  

B1. Formation of organic radicals 
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Whereas in reactions (B1), Fe
2+

 truly acts as a catalyst (i.e., is not consumed during the reaction), 

during reactions (B2), each HOO• radical may lead to the oxidation of two Fe
2+

 ions while 

extremely reactive hydroxyl radicals are formed. Oxidative damage to the cellulose therefore also 

causes the oxidation of the Fe
2+

 present in the ink. Local measurement of the Fe
2+

/Fe
3+

 ratio in 

individual hand-written letters of historical documents therefore may allow to objectively monitor 

the local „damage potential“ of the ink in a document and or allow to assess the damage already 

inflicted by the ink to the cellulose of the paper [4]. If most/all of the Fe
2+

 has reacted away, it is 

less/not possible for radicals to be formed by mechanism (B), decreasing the future damage 

potential the ink represents for the paper. If on the other hand, a substantial part of the Fe is still 

present in the 2+-state, the ink is able to inflict further damage to the paper it is written on.  

In order to be able to interprete the relative Fe
2+

-content (Fe
2+

/ΣFe) that may be determined via Fe-

K XANES of original, historical document fragments in terms of past or future damage, it is 

necessary to first establish the initial levels Fe
2+

/ΣFe-levels, i.e., during the first days, weeks and 

months after freshly prepared ink has been deposited onto paper. Accordingly, an elaborate and 
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systematic series of Fe-K XANES measurements paper was performed on model samples consisting 

of Whatman paper (close to pure cellulose) impregnated with synthetically prepared iron-gall inks.  

The relative Fe
2+

-content was studied as a function of (a) exposure time of the ink on the paper, (b) 

ink composition and (c) environmental O2 and H2O contents. Mechanical testing were also 

performed via the so-called “zero-span” protocol, essentially measuring the maximum force a strip 

of 15 mm wide paper can withstand before tearing. 

In Fig. 2, the evolution of the “zero-span” strength as 

a function of paper-ink exposure time is plotted for 

model samples prepared with different kinds of inks 

and maintained in ‘standard’ archive atmosphere 

(23°C, 50% Relative Humidity). All combinations of 

the ink ingredients were tested out. Mixtures of 

gallic acid and/or arabic gum that do not contain Fe 

do not significantly diminish the mechanical strength 

of paper during the first 200 days after applying the 

ink to the paper. Also solutions of Fe
2+

 do not appear 

to render the paper brittle during this period. 

However, as soon as a mixture of Fe
2+

 and gallic 

acid is employed, with or without arabic gum, a 

significant loss in mechanical strength is observed. 

.                             

 

In Fig. 3, the evolution of the Fe
2+

/ΣFe-levels vs. 

exposure time in the same samples is plotted. In 

all cases, an initial relative Fe
2+

-content of ca 

60±6 % is observed. In the absence of O2 or of 

H2O, only a very slow oxidation of the Fe
2+

 

takes place. This oxidation happens much more 

rapidly when both O2 and H2O are present in the 

ambient environment. As before, the presence or 

absence of arabic gum does not seem to 

influence the oxidation speed. 

All these measurements show that the presence 

of absence of gallic acid is determinant: when 

gallic acid is present, paper degrades faster and 

the speed of Fe
2+

 oxidation appears lower. The 

most significant conclusion from considering 

Fig. 2 and Fig. 3 together is that the oxidation of 

Fe
2+

 cannot be directly related to a loss of 

mechanical properties of the paper. Only the combination of Fe
2+

 and gallic acid, which buffers the 

Fe
2+

/ΣFe-level at ca 20% , causes the damages. Further investigations are underway to clarify the 

damage mechanism involved. 
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Figure 2. “Zero-span” measurements performed on 

model samples vs. exposure time [5] 

Figure 3. Fe2+/ΣFe (in %) measurements performed by 

XANES vs. exposure time for different ink types and for 

different environmental conditions [5]: under vacuum 

(Vide), under nitrogen with 50% of relative humidity 

(N2_H2O), under dry air (O2_sec), and under archival 

condition at 50% of relative humidity (O2-H2O) 

 


