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Abstract. The aim of this study was to evaluate the
strategy for the investigation the possibility of dimin-
ishing the iron-gall ink corrosion process occurring
often in ancient manuscripts. In order to understand
the respective processes, the efficiency of iron complex
formation as well as solid-liquid extraction of iron
compounds from the paper was investigated by UV/
VIS spectrometry and by graphite furnace atomic
absorption spectrometry (GFAAS) as well. Acetylace-
tone, dibenzoylmethane and deferoxamine mesylate
were chosen as they are known to form strong com-
plexes with iron and they exhibit a broad absorbance
band in the range of 390-600 nm. UV/VIS spectrometry
was used for the determination of that part of iron, which
was bound with the respective complexing agent. Par-
allel, the total amount of iron in the solution was
measured by GFAAS. The efficiency and rate of the
process were investigated for FeCl; as well as for iron
compounds present in the iron-gall ink solution. It was
demonstrated, that the process is based on the fast
extraction of the iron from the paper followed by the
iron-complex formation in the solution.
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In recent years growing attention has been observed to
use various instrumental analytical methods to analysis
and to support the conservation of works of art [1-7].
Manuscripts are among the antique works of art, which
are endangered by several destructive processes [8—11].
Ancient manuscripts were commonly written with iron-
gall inks, which were basically produced by mixing
aqueous solutions of iron(Il) sulphate with gallotannin-
containing extracts of gallnuts [12—14]. Most ancient
iron-gall inks contain an excess of iron, partly present
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as iron(Il) ions. That form of iron could take part in
redox reactions catalysing the oxidation of cellulose.
The process, known as iron-gall ink corrosion, leads to
loss in mechanical strength of the paper [12-15].

It must be pointed out that the degradation of
cellulose could be caused by several mechanisms
among which acid-catalysed hydrolysis and metal-
catalysed oxidation are the most commonly described
ones. These two processes may take place not only
separately, but very often they can occur simulta-
neously as well. Therefore, in order to diminish the
unwanted destruction of cellulose chains, the conserva-
tion treatment of the paper should be based on the
removal of an excess of iron and/or neutralising acid
[15]. In recent years several successful deacidification
methods have been proposed, not only for the con-
servation of individual items but for mass-conservation
as well [16-18]. This however is not sufficient to
achieve the total protection of manuscript papers. It
was found that metal-catalysed oxidation can take
place independently from acid hydrolysis and therefore
a special conservation strategy should be developed for
iron-gall ink corrosion [13, 15, 21].

Our studies were stimulated by the co-operation with
Polish National Library (Warsaw, Poland) where a
number of manuscripts are endangered by the corrosion
process [19, 20]. Based on actual knowledge concern-
ing the iron-gall ink corrosion [13, 15, 21] it could be
concluded that the successful conservation strategy
should be based on following procedures:

— To bind iron ions into a persistent complex in paper

— To remove the excess of iron ions from the paper

— To remove excess of iron partially and bind the
residual ions in the form of stable compounds that
would not accelerate degradation processes.

The complexing agents which could be potentially
used for the conservation of manuscripts endangered
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by iron-gall ink corrosion should fulfil various require-
ments. The first criterion is that they form stable
complexes with iron, however less stable than ink
compounds, so they do not bleach the colour. These
complexes, preferably colourless, should be easily
washed-out from the paper. The complexing agents
should be stable in a broad range of pH. They should
also be non-destructive for cellulose and, last but not
least, be easy to prepare and apply. The conservation
procedures should therefore be based on the complexa-
tion of an excess of iron followed by extraction of the
iron complex from paper into the washing solution.

The aim of this work was to evaluate the strategy for
studying the efficiency and rate of the formation as well
as solid-liquid extraction of several iron complexes
from paper. For that purpose UV/VIS spectrometry and
GFAAS were used. This strategy was based on the use
of model samples without necessity of taking any
sample from artefacts. The investigated model samples
were chosen according to Whitmore and Bogaard [9],
where a Whatman chromatographic paper, made of
cotton fibres, was used. Although various artificial
ageing of paper are described [9, 13, 21] for the
investigation carried out in this work paper samples
were exposed under IR lamp. This treatment was found
to be sufficient for described purposes.

Experimental

Instrumentation

Shimadzu UV-2401 PC UV/VIS recording spectrophotometer
(Japan) was used for the UV/VIS investigation. Slit width was set
to 2 nm, wavelength range was 390 to 600 nm and 1.000 cm quartz-
cells were used in all measurements.

An atomic absorption spectrometer model 4100 ZL equipped
with THGA graphite furnace (Perkin Elmer, Uberlingen, Germany)
with longitudinal Zeeman background correction was used.
Integrated absorbances were measured. Samples were introduced
into the atomiser with AS-70 autosampler. Hollow cathode lamps
for Fe (Narva, Germany) were run at 12mA with recording of
analytical lines at 248.3nm using spectral bandwidths of 0.2 nm.
The injection volume was always 20 ul. The temperature pro-
gramme for iron determination was used according to the manual of
the spectrometer.

Reagents

All reagents used were of analytical grade purity. Acetylacetone
(CsHgO;) p.a. (Fluka Chemie AG, Switzerland), dibenzoylmethane
(Ci5sH120,) (Fluka Chemie AG, Switzerland), deferoxamine
mesylate (C25H43N608'CH403S) 95% (TLC) (Sigma—Aldrich
Chemie GmbH, Hungary), ethyl alcohol (C;HeO) 96% vol. (POCh,
Poland). Double distilled water was used throughout. An iron
standard solution of FeCl; containing 1.0gl™' of iron (Merck,

E. Bulska et al.

Darmstadt, Germany) was used. Working solutions used for the
preparation of the model samples were prepared by appropriate
dilution with double distilled water. Vessels (PP) and micropipette
tips were cleaned with 0.1% m/v nitric acid Suprapur™ (Merck,
Germany), washed in double distilled water and dried before use.

Complexing Agents Solutions

(1) solution of deferoxamine mesylate in double distilled water was
prepared in the concentration of 0.001 mol1~!

(ii) solutions of acetylacetone and dibenzoylmethane were pre-
pared in double distilled water and in ethanol, respectively, at
concentration of 0.001 mol1~! and 0.003 mol1~!

Iron-Gall Ink Solution. To prepare iron-gall ink solution 4.20 g of
ferrous sulphate p.a. (P.O.Ch. Gliwice, Poland) were added to 4.86 g
of tannin p.a. (P.O.Ch. Gliwice, Poland) and 3.14 g of gum arabicum
(Kaspar & Co., Austria). Double distilled water was used to fill the
solution up to 100 ml. After 24 hours the solution was filtered and
analysed by GFAAS for iron content.

Model Samples Preparation Procedure. In this work we applied
Whatman paper for the preparation of model samples, which were
used to study the efficiency of complexation and solid-liquid
extraction of iron. For these purpose two types of model samples
were prepared: Model sample No. I — from the solution of iron-gall
ink 5pl was deposited onto the paper small circle (f=6mm).
Model sample No. II — from the solution of FeCls (Cg. = 0.6 g/1),
5 ul was deposited onto the paper small circle. After the deposition
of the respective solution, all paper samples were exposed to IR
lamp for 15 min, then stored separately in closed vessels (a 1.5 ml).
All model samples were prepared in a clean box under laminar air
flow conditions.

Determination of Iron Complex by UV/VIS Spectrometry. The
spectra of the investigated ligands with iron (added as FeCls or as
gall-ink solution) were recorded in the range of 390-700 nm. The
wavelengths for maximum absorbance (M\p.x) (1) were used for
further measurements of the content of the iron-complex in the
solution after extraction of iron from the paper. For all investigated
model samples, each paper dot was immersed into a quartz-cell (of
3ml). The first measurement was done after the solution of the
respective ligand was added into the cell. Then, a measurement was
provided every minute, with acquisition time fixed to 1 second. The
total amount of iron in the form of complex was determined for
respective ligands by measuring the “reference absorbance value”
for the mixture of 5l of the iron solution (as FeCl; or as iron-gall
ink solution) with 3ml of complexing agents solution. To this
reference value (100% of iron-complex), the absorbance values for
iron-complex that has been washed out from the paper samples,
were always referred. Every point in the Fig. 1 represents the mean
of absorbance values for three independent samples.

Determination of Iron by GFAAS. For all investigated model
samples, each paper sample was immersed in 20 ml of the solution
of respective complexing agents. Every minute (within first 5
minutes) and then every 5 minutes, 200 ul of the solution was
taken out from the reaction vessel. Before sampling, the solution
was always stirred for 3 seconds. The concentration of iron was
determined by GFAAS.

In order to avoid the influence of the complexing agent on atomic
absorption measurements, all data were recalculated in respect to the
absorbance of the defined amount of iron mixed with the ligand
solution. For this purpose 5 pl of the iron solution (as FeCls or as
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Fig. 1. Efficiency of iron-complex formation in the solutions: (A) acetylacetone; (B) dibenzoylmethane; (C) deferoxamine. The model
sample were used: (—e—) with iron-gall ink; (—o—) with FeCls. Results are expressed as the percentage of respective “‘reference
absorbance values” (see experimental)
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Fig. 2. Efficiency of iron extraction from the model samples by the ligand solutions (see experimental): (A) acetylacetone; (B)
dibenzoylmethane; (C) deferoxamine. The model sample were used: (—e—) with iron-gall ink; (—o—) with FeCl;. Results are expressed
as the percentage of the ‘“‘iron equivalent” in respective ligand solutions (see experimental)

iron-gall ink solution) was pipetted into 20 ml of the solution of the to its destruction. Therefore in this work we provide an
respective complexing agent. Absorbance values, for the matrix tensi . tioati b . del 1
matched solutions were used as 100% of the iron equivalent. The ex ens.lve mves_ igation by using model samples (see
amount of iron that has been washed out from the paper samples Experimental) in order to understand the phenomena
was referred to that value. Every point in the Fig. 2 represents the occurring when an excess of iron has been washed-out
means of three measurements for three independent samples. . .
from the paper by complexing agent. After wetting of
. . the paper by the liquid phase, two processes could
Results and Discussion bapet by [ due b P
occur in the investigated system:
In order to choose the proper conservation procedure
for works of art, detailed physico-chemical investiga- (1) The preliminary diffusion of the complexing
tions are always required. It is not possible to use the agents in the cellulose followed by iron-complex

original ancient object as it would in consequence lead extraction into the solutions, or
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Table 1. Wavelength of maximum absorbance for iron complexes
with respective ligands

Ligand Wavelength of maximum absorbance™®, nm
Mixture of ligand Mixture of ligand
with iron-gall ink with FeClj

Deferoxamine 425.60 435.80

Dibenzoylmethane  502.40 414.00

Acetylacetone 443.00 461.20

*) Note that the wavelengths for maximum absorbance differ for

both solutions of iron.

(i1) the preliminary extraction of iron into the liquid
phase followed by complex formation in the
solution.

All investigated ligands have no chromophoric
groups, therefore the spectra of iron-complexes show
the broad spectra band characteristic for charge-transfer
transitions with relative high values of absorbance
coefficients (¢ =500-1500). From preliminary results
small shifts in maximum absorbance wavelength were
found when the iron was introduced as FeCl; in
comparison to the iron in the ink solution. Therefore
two wavelengths were used for further experiments
(Table 1).

UV/VIS Measurements

From UV/VIS measurements (Fig.1) it was found that
nearly 100% (see Experimental) of iron deposited
onto the paper dots as FeCl; could be washed-out by
acetylacetone and deferoxamine solutions. For both
compounds, the plateau was achieved within 10 min
(Fig. 1, A and C). In the case of dibenzoylmethane
solution, the rate of the investigated process was much
slower. The respective curve for FeCl; as well as for
iron-gall ink solutions have not reached plateau even
after 30 min. Additionally, the efficiency of iron-
complex formation (as compared to Fig. 2B) within
this time was less than 50% for FeCls.

In the case of iron deposited on the paper in the form
of iron-gall ink solution, when acetylacetone and
dibenzoylmethane were investigated, the amount of
the iron-complex measured by UV/VIS was around
50% and 35% respectively, in comparison to the signal
which has been measured for the same amount of iron
and complexing agent in the solution of FeCl;. Only
for deferoxamine solution, the efficiency of iron-
complex formation was close to 100%, as it was also
observed for FeCls. It could be therefore concluded,
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that iron bound to compounds present in iron-gall ink
could nearly completely be washed-out from the paper
by 0.001 mol1~! solution of deferoxamine. Also from
the visual observation of the paper samples after 30 min
of extraction, it was found that the ink colour was
weakened. When dibenzoylmethane solution was used,
for both iron form (FeCl; or in the solution of gall ink)
the similar type of the dependence of iron—dibenzoyl-
methane complex formation, measured by UV/VIS,
was observed. This in turn means, that such conditions
are not sufficient for distinguishing between two forms
of iron. Moreover, the iron—dibenzoylmethane complex
is coloured and is not easily washed-out from the paper.

In contrary to dibenzoylmethane and deferoxamine,
acetylacetone solution (Fig. 1A) shows the most pro-
nounced difference between the behaviour of both
investigated forms of iron. This leads to the conclusion
that the process of iron—acetylacetone complex forma-
tion is not competitive to iron-complex present in iron-
gall ink. In fact, after 30 minutes of extraction from the
samples with deposited iron-gall ink, the colour of the
ink remains unchanged.

Measurements of Total Iron Concentration

In order to get the complete picture of the process,
when the sample of paper was immersed into the
complexing agent solutions, the GFAAS determination
of total amount of iron in the solution was additionally
performed (Fig. 2). In the case of acetylacetone and
deferoxamine solutions a similar shape of the depen-
dence of the measured signal versus time was obtained.
This indicates, that nearly the total amount of iron ions
washed-out from the paper samples appears in the
solutions in the form of the respective complexes. The
results were different when dibenzoylmethane was
used for FeCl; deposited onto the paper surface (Fig.
2B). The amount of iron in the solution increased
rapidly within 2 min, as parallel measurements by UV/
VIS (Fig. 1B) of the amount of iron-dibenzoylmethane
complex indicate the much slower reaction. This could
be explained by assuming that the process is based on
the extraction of iron ions from the paper into the liquid
phase followed by the complex formation in the
solution and that the rate of iron extraction is slower
than the iron-complex formation.

In order to examine whether such a tendency is also
valid for two other investigated compounds, both sets
of results (UV/VIS and GFAAS) obtained within first
minute were compared (Fig. 3). In all cases the slopes
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Fig. 3. Comparison of the initial (within the first minute) rate of iron extraction from model samples and iron-complex formation in the
solutions: (A) Acetylacetone; (B) dibenzoylmethane; (C) deferoxamine. The model samples were used: ( — — — ) FeCls and (—) gall ink

[GFAAS] (- - - - - ) FeCl; and (- --) gall ink [UV/VIS]

were lower when the amount of iron-complex vs. time
was measured by UV/VIS, when compared with that
for the amount of total iron vs. time measured by
GFAAS. Most pronounced differences were observed
for all investigated complexing agents when iron was
added in the form of FeCl;. This means, that in this
case, iron ions are extracted from the paper, then they
react with the respective complexing agent directly in
the solution. The picture is different when iron was
introduced in the form of ink solution. Only for
deferoxamine the behaviour of iron extracted from the
ink is similar to that observed when introduced as
FeCls. The increase of iron concentration is faster than
the increase of iron-deferoxamine complex formation
in the solution. For two other compounds the difference
is much less pronounced.

Conclusions

The rate of iron-complex formation was investigated by
UV/VIS spectrometry. Parallel the total amount of iron,
washed-out from the paper was determined directly in
the solution by GFAAS. It was demonstrated that in all
investigated solutions, the process is based on the fast
extraction of the iron ions from the paper followed by
the iron-complex formation in the solution.

The best behaviour with respect to defined require-
ments for the conservation procedure was found for
acetylacetone solutions. In this case the best selectivity
between two forms of iron was observed: acetylacetone
was found to form the stable complexes with iron
introduced as FeCls, but was not sufficient to displace
iron from the gall ink compounds as it was observed for

deferoxamine. The disadvantage, however is, that
nearly 20% of residual iron can still be left in the
paper sample and participate in the destruction of
cellulose.

The described procedure based on UV/VIS and
GFAAS measurements was found to be useful for the
investigation of the phenomena occurring in the paper
with deposited iron solutions used as a model sample
of ancient manuscript. Although the investigated
ligands could not satisfactorily fulfil the described
requirements for conservation treatment, the analytical
strategy evaluated in this work will be used for further
investigation relating to the conservation of manu-
scripts endangered by ink corrosion.

Acknowledgements. We wish to thank Prof. Adam Hulanicki for
many valuable discussions during all stages of the project. This
study was carried out in the frame of KBN project 3TO9A 098 19.

References

[1] T.L.Pedersoli Jr., Preprints from 9" International Congress of
IADA 1999, pp. 107-114.

[2] M. Schreiner, M. Grasserbauer, Fresenius Z. Anal. Chem.
1985, 322, 181.

[3] F. Adams, A. Adriaens, A. Aerts, I. de Raedt, K. Janssens, O.
Schalm, JAAS 1997, 12, 257.

[4] M. Hey, Restaurator 1970, 1, 233.

[5] P. Choisy, A. de la Chapelle, D. Thomas, M. D. Legoy,
Restaurator 1997, 18, 131.

[6] B. Wehling, P. Vandenabeele, L. Moens, R. Klockenkamper,
A. von Bohlen, G. Van Hooydonk, M. de Reu, Mikrochim.
Acta 1999, 130, 253.

[7]1 C. Coupry, A. Lautié, M. Revault, J. Dufilho, J. Raman
Spectrosc. 1994, 25, 89.

[8] M. C. Sistach Anguera, Restaurator 1996, 17, 117.

[9] P. M. Whitmore, J. Bogaard, Restaurator 1994, 15, 26.



66 Investigation of Complexation and Solid-liquid Extraction of Iron from Paper

A.-L. Dupont, Restaurator 1996, 17, 145.

M. Bicchieri, S. Pepa, Restaurator 1996, 17, 165.

C.-H. Wunderlich, Restauro 1996, 6, 414.

J. G. Neevel, The development of a New Conservation Treat-

ment for Ink Corrosion, Based on the Natural Anti-oxidant

Phytate, Preprints from 8" International Congress of IADA,

1995, pp. 93-100.

[14] R. van Gulik, N. E. Kersten-Pampiglione, Restaurator 1994,
15, 173.

[15] B. ReiBiland, S. de Groot, Preprints from 9" International

Congress of IADA, 1999, pp. 121-129.

[16] A. Lienardy, P. van Damme, Restaurator 1990, 11, 1.

[17] J. Wittekind, Restaurator 1994, 15, 189.

[18] J. Liers, P. Schwerdt, Restaurator 1995, 16, 1.

[19] B. Wagner, S. Garbos, E. Bulska, A. Hulanicki, Spectrochim.
Acta Part B 1999, 54, 797.

[20] E. Bulska, B. Wagner, A. Hulanicki, M. Heck, H. M. Ortner,
Fresenius Z. Anal. Chem. 2001, in print.

[21] J. G. Neevel, Restaurator 1995, 16, 143.

Received March 7, 2000. Revision November 2, 2000.



