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a b s t r a c t

In certain conditions, iron gall inks induce substantial damages on cellulosic supports. Existing curative
treatments necessitate the immersion of the documents in aqueous solutions. This implies several un-
desirable side effects: mechanical stress of the most damaged papers, substantial colour changes, and a
drastic modification of the paper/ink composition. This work investigated an alternative treatment that
consists in compressing the document between two interleaves that are charged with active compounds.
When this operation is operated in moist conditions, active compounds may migrate from the interleaves
to the document, and thus achieve the treatment of the paper. As high humidity conditions may addi-
tionally induce some migration of iron and acidic compounds out of the ink line, it first appeared
necessary to research humidity conditions which minimize these undesirable migrations. This investi-
gation was performed on a set of 53 original manuscripts and led us to consider that a relative humidity
of 80% was quite reasonable. The second part of the paper deals with the evaluation of interleaving
treatment efficiency. It was performed on laboratory samples, using several types of antioxidant halide
salts (NaCl, NaBr, CaBr2) (halides are known to act as radical scavengers). These compounds were tested
separately or in combination with calcium carbonate as an alkaline buffer. The samples were made of
Whatman paper that was preliminary impregnated with iron gall ink. It has shown that a charge of 2%
calcium carbonate in the interleaves has no impact on the treatment efficiency, which mainly depends
upon the concentration of salts, the contact pressure and the duration of the treatment. Elemental
measurements show that the mobility of the salts is much higher than that of iron, suggesting the
possibility to find optimum treatment conditions that minimize the iron migration risk while achieving
an effective migration of halides.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Iron gall inks: a major threat for western archives

In western countries, iron gall inks were used on a significant
part of archival patrimony dating from medieval times up to the
beginning of the 20th century. These inks are made from a mixture
[1] of iron salts (for example iron II sulphate heptahydrate), gall
nuts extracts (rich in polyphenolic carboxylic acids, such as gallic

acid), and gum arabic as a binder. They also contain large quantities
of iron and present low pH values (in the range 1.5e3). As a result,
they can cause a major degradation of the cellulosic carrier [2,3].

This degradation results from the superimposition of two types
of phenomena: the first is mainly physical and corresponds to the
migration of acidic and iron rich by-products out of the ink line [4].
It is, among others, provoked by exposure to high humidity con-
ditions [5]. The second is mainly chemical, and occurs in the paper
fibres that are in contact with the ink. This chemical degradation
includes cellulose hydrolysis promoted by the acidity of the ink,
and cellulose oxidation, catalysed by iron II and possibly imparted
to hydroxyl radicals produced via Fenton mechanisms [6]. It was
recently demonstrated that oxidation was the driving force of cel-
lulose depolymerization induced by iron gall inks [7]. This suggests
that the oxidized cellulose reorganizes through chain scissions with
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a kinetic that is much faster than that of acidic hydrolysis. In
addition, it was shown that gallic acid was favouring oxidation
phenomena [6], probably because of its high ability to reduce iron
III into iron II [8,9].

1.2. Available treatments and their side effects

A significant amount of work has been realized in the last de-
cades to find chemical treatments capable of limiting iron gall ink
damages. The calcium phytate process proposed in the 90’s [10] has
been the most widely tested [11]. Although its efficiency is well
established, this treatment is rarely used, mainly because it re-
quires immersions in aqueous solutions, which provokes drastic
modifications of the paper’s appearance, of its chemical composi-
tion [12e14] and mechanical damages for brittle papers [15]. These
side effects are often found unacceptable.

For several decades, halides are known to decompose hydrogen
peroxide [16]. This property is probably correlated to their ability
to react with hydroxyl radicals thus acting as radical scavengers
[17e19]. In the 2000’s, a major effort was paid for the testing of
non-aqueous treatments using halide products as anti-oxidants.
Several studies report the efficiency of bromide and chloride
compounds prepared in several organic solvents [20e25]. These
results are encouraging. However, in all these studies, halide based
treatments were implemented after a conventional aqueous
deacidification, meaning that the global treatment remains water
based with all relating side effects.

1.3. Interleaving techniques

Interleaving techniques consist in placing the document in
contact with an interleaving paper impregnated with some active
compounds. The ensemble is then pressed and kept at high relative
humidity (RH) for several days. This high level of humidity pro-
vokes the migration of active compounds from the interleaves to
the document, thus achieving the paper treatment. It can addi-
tionally provoke the migration of acidic and/or iron rich by-
products from the document to the interleaves [26].

Interleaving techniques were first implemented on printed
documents for de-acidification purposes. Their capacity to increase
the pH of acidic papers has been demonstrated [26] in the context
of a patent deposited in 1993. The efficiency of the treatment can
be improved by the presence of salts and drastically depends on
the pressure and RH that is applied during treatment. Best results
are achieved with a humidity of 97% RH and a pressure above
70 kPa (this value corresponds to a mass of 420 kg placed on an A4
format sheet). The possibility to use less drastic conditions was
researched by Hanus et al. [27] who report that a pH increase of 1e
2 points is achievable at 92% RH using interleaves that contain a
high alkaline reserve (approx. 15% of CaCO3) and applying a pres-
sure of 7 kPa.

All these conditions are not realistic for original manuscripts,
because (i) there is a substantial risk of ink migration if the paper is
exposed to such a high humidity [5], and (ii) such a high pressure
will certainly flatten the paper surface, which is detrimental to the
document in the case of laid, watermarked, or dry-stamped papers.
Additionally, the treatment of iron gall ink manuscripts necessi-
tates the use of an anti-oxidant. For this purpose, halide com-
pounds appeared promising: Interleaves charged with sodium
bromide and calcium carbonate appeared efficient in limiting the
paper decay provoked by iron gall inks [28,29]. More recently, the
use of tetrabutylammonium bromide enabled to delay paper
oxidation in a mildly alkaline environment [30] (which is unfor-
tunately not the case of untreated original manuscripts that are
acidic).

1.4. Aim of the study

This study aims to investigate halide based interleaving treat-
ments using moderate conditions. Halide salts were chosen for this
purpose and used separately or in combination with calcium car-
bonate. In addition to the aforementioned sodium bromide (NaBr),
calcium bromide (CaBr2) was chosen because of the ability of cal-
cium to bind carboxylic groups on cellulose chains [31], which may
improve the treatment efficacy. Sodium chloride (NaCl) was addi-
tionally included because chloride, already highlighted as an effi-
cient anti-oxidant [21,24], is smaller than bromide, and thus may
migrate more easily.

When manuscripts are exposed to high humidity conditions,
brown ink compounds may additionally migrate out of the ink line
and through the paper. These unaesthetic brown halos are often
accompanied by a substantial migration of iron [5] and should
therefore be considered as potentially detrimental to the conser-
vation of the carrier. We thus dedicated the first part of this work to
the risk assessment of these migration phenomena.

The second part of this research deals with themonitoring of the
treatment. Several types of interleaves and several types of treat-
ment were implemented in order to identify the most effective
ones.

2. Experimental

2.1. Methodology to evaluate the risk of ink migration related to
high humidity exposure

The risk of ink migration was evaluated on a set of 53 original
manuscripts dating from 1818 to 1896, and originating from the
south of France. These manuscripts were formally chosen to study
the migration risk of aqueous treatments and are therefore
described in detail elsewhere [5]. Several pieces of approximately
2e4 cm2 were sampled on each manuscript. Writing with a quill
pen produces an uneven ink line and the line width may consid-
erably vary along the writing according to the style of the writer. It
was observed that thick lines were more prone to migration,
probably because they contain a higher quantity of ink. Attention
was therefore paid to sample pieces that do not only contain thin
lines, but also thick lines. Visible migrations were evaluated with
macro-pictures taken with a digital camera. It became obvious that
a conventional light booth was too large compared to the di-
mensions of our samples to allow the capture of reproducible
macro-pictures. We thus designed a specific three compartment
light booth with a digital camera placed on the top (Fig.1). A 4300 K
diffuse illumination was obtained using four tungsten halogen

Fig. 1. Schema of the light booth. (1) Sample; (2) white walls; (3) ground glasses; (4)
black walls; (5) tungsten halogen lights; (6) digital camera.

V. Rouchon et al. / Polymer Degradation and Stability 98 (2013) 1339e13471340



Author's personal copy

lights that illuminate through a ground glass window a central
white walled box. To absorb the backward emitted yellow light the
walls of the two light compartments were painted black. The
reproducibility of the lighting was checked with a 1 � 2 cm colour
test chart placed next to the sample.

The visible migrations of ink were identified visually by three
paper conservators who have a professional expertise in paper
examination. They are trained in distinguishing small colour vari-
ations on virgin paper (1 < DE < 3). The three agreed to the final
evaluation.

Visiblemigrations were classified in two categories: “transversal
migrations” concerned the transfer of coloured compounds
through the paper (verso side), whereas “lateral migrations” dealt
more specifically with the formation of halos around the ink line
(recto side). For each category, it was necessary to define two levels
of observation (Fig. 2): migrations were considered to be “obvious”
when theywere quickly noticeable by naked eye and “subtle”when
a careful examination of macro-pictures was necessary to attest the
changes.

Investigated humidity conditions ranged from 80% to 97% RH. At
this level of humidity, there is a significant risk of mould growth if
the duration of the treatment is too long. The maximum tolerable
duration above which the mould risk becomes significant was
chosen (Table 1). These values were estimated by the use of the
Dew point calculator software (Image Permanence Institute,
Rochester, USA).

In a first step of the evaluation, the samples were simply
placed on a non-woven polyester film and in a climatic chamber
(VC 0020, Vötsch). However, as the apparatus did not cover hu-
midity conditions over 85% at 20 �C, it appeared necessary to
add water containers in the chamber in order to reach the
highest humidity conditions. This method was laborious and the

stabilization of the chamber was difficult to monitor. For this
reason, the experiments were duplicated by the use of small en-
closures with saturated salt solutions [32] (Table 1). This type of
installation was more accurate and easier to manage. Throughout
these experiments, temperature and RH were monitored with
Hygro Buttons (Plug and Track, Proges Plus, precision: tempera-
ture � 1 �C, RH � 2%).

2.2. Preparation of inked samples for interleaving treatments

Samples consisted of paper sheets impregnated with a diluted
iron gall ink prepared with pure laboratory products: gallic acid
monohydrate (Aldrich, 398225), 0.9 g L�1 and Fe(II) sulphate hep-
tahydrate (Aldrich, 215422), 4 g L�1. The choice of ingredients and
their concentrations are already explained elsewhere [7]. The ink
was stirred in a closed vessel for 3 days until it reached a pH of
3.0 � 0.1. The paper sheets of Whatman no 1 (6 � 9 cm2) were
immersed for 10 min in the ink solution, respecting a maximum
ratio of 4 cm2 of paper per 1 mL of ink. After immersion, the excess
of solution was mopped up in a similar way to that depicted in the
Cobb test [33]: the paper was placed between two blotting papers
and the assembled sheets were squeezed by the use of a 10 kg roll.
This procedure enables to achieve an even distribution of the ink.
The paper was then dried in ambient conditions.

2.3. Preparation of the interleaves

The interleaves were made of Whatman no 1 (13 � 13 cm2)
impregnated with different types of solutions as depicted in
Table 2. Each impregnationwas performed using 100mL of solution
per interleaf and each immersion lasted for 5 min.

Fig. 2. The different levels of lateral and transversal migration of brown products. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Calcium carbonate (CaCO3) was introduced in the paper using
saturated solutions of calcium hydroxide (Ca(OH)2). During drying,
calcium hydroxide reacts with carbon dioxide, leading to the for-
mation of calcium carbonate. However, the low solubility of cal-
cium hydroxide (2 g L�1) makes impossible to deposit in one
immersion the desired amount of calcium carbonate (>2% w/w).
Impregnations with calcium hydroxide were then duplicated and
the paper was dried in between in order to provoke the formation
of calcium carbonate.

Solutions of halide salts were prepared with the same molar
concentration of chloride or bromide (1 M). After immersion, the
sheets were placed between two Cobb blotting papers and the
excess of solution was mopped up as depicted above for the
preparation of inked samples.

2.4. Implementation of the treatments and preliminary testing

All treatments were performed at room temperature 23 �C.
When the papers are stacked and pressed, the time required to
reach equilibriumwith ambient humidity can be extremely long. In
some preliminary experiments, it was found that the relative hu-
midity within a stack of paper that is pressed for several days could
remain about 10% below the ambient humidity. To avoid this
discrepancy, all the material and equipment used for the contact
wereis pre-conditioned for at least 2 days to obtain the desired
humidity, without any pressure being applied. This step ensures
that the samples are already in equilibrium with the desired
moisture content before the treatment.

The contact between the samples and the interleaves was
established according to the schema depicted in Fig. 3. The sample
was sandwiched between two interleaves and two Cobb blotting
papers. Cobb blotting papers were not used in previous studies [29],
but were introduced in this work. It was expected that their

presence would prevent fluctuation of humidity if the treatment
was not performed in a laboratory, but in a conservationworkshop.
The assembly was introduced into a polyester folder and pressed
between two glass plates with a weight positioned on the top.
Finally, the stack was placed in a climatic chamber (V0020, Vötsch)
at the desired RH for several days to assure constant humidity
conditions during the contact. During the treatments, the temper-
ature and RH were controlled with Hygro Buttons (Plug and Track,
Proges Plus).

2.5. Artificial ageing and measurement of paper decay

Before treatment, inked papers were aged in a climatic chamber
(V0020, Vötsch). This causes an initial degradation of paper in order
to resemble damaged manuscripts. This ageing should however
remain moderate, because the samples must be re-aged after
treatment to assess their evolution over time and the effectiveness
of the treatment. To this respect, standard [34] moist heat ageing
conditions (80 �C, 65% RH) were found too drastic, since the inked
paper was becoming completely brittle in less than one day. Milder
ageing conditions were instead used (70 �C, 65% RH) and a loss of
approx. 15% of mechanical properties was achieved within 3 days.
After treatment, the inked papers were separated from the in-
terleaves and aged again in the same conditions for approximately
2 months.

As conservation treatments aim to limit physical decay of the
paper, mechanical testing appeared meaningful for the evaluation
of treatment efficiency. The decay of paper versus ageing was
evaluatedwith a Zero-span tensile tester [35] (Pulmac, TS-100). The
test was performed on dried papers, pre-conditioned for at least 4 h
at 23 �C and 50% RH. It consists in measuring the failure load

Table 1
Number of original samples on which brown migrations are visible. Total number of original manuscripts: 53.

Relative humidity Duration Type of migration Small enclosures with saturated solutions Climatic chamber

Type of salt Lateral migrations Transversal migrations Lateral migrations Transversal migrations

97% 2 days No K2SO4 48 18 50 22
Subtle 5 30 3 28
Obvious 0 5 0 3

93% 4 days No KNO3 53 39 53 45
Subtle 0 14 0 8
Obvious 0 0 0 0

85% 6 days No KCl 53 53 53 53
Subtle 0 0 0 0
Obvious 0 0 0 0

80% 14 days No NH4SO4 53 53 53 53
Subtle 0 0 0 0
Obvious 0 0 0 0

Table 2
List of interleaves and solution used. All halide solutions were prepared at 1 M
concentration of halide.

Name First bath Second bath (if any) Third bath
(if any)

Salt (molar conc.) Roll Salt (molar
conc.)

Roll Salt (molar
conc.)

Roll

Ca(OH)2 CaOH2 (0.027) No CaOH2 (0.027) No e e

NaBr NaBr (1.0) Yes e e e e

NaCl NaCl (1.0) Yes e e e e

CaBr2 CaBr2 (0.5) Yes e e e e

Ca(OH)2/NaBr CaOH2 (0.027) No CaOH2 (0.027) No NaBr (1.0) Yes
Ca(OH)2/NaCl CaOH2 (0.027) No CaOH2 (0.027) No NaCl (1.0) Yes
Ca(OH)2/CaBr2 CaOH2 (0.027) No CaOH2 (0.027) No CaBr2 (0.5) Yes

Fig. 3. Schema of interleaving treatments. The document (1), the two charged in-
terleaves (2), and the two blotting papers (3) are preconditioned at 80% RH, then
placed in a plastic folder (4) and pressed between two glass plates (5) with a load (6)
placed on the top.

V. Rouchon et al. / Polymer Degradation and Stability 98 (2013) 1339e13471342
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necessary to break a strip of paper maintained by adjacent jaws.
The load is expressed in kg per 15 mm of strip width. For each
sample, 10 measurements were performed and the average was
calculated. Zero-span testing presents several advantages with
respect to other mechanical testing: (a) it requires a small quantity
of material only; (b) on Whatman no 1 paper, this test shows a
better correlation with cellulose molecular mass Mw and less
dispersive measurements than tensile strength testing [36].

Mechanical tests were completed with pH measurements per-
formed on cold extracts prepared at ambient temperature with
0.25 g of paper in 12.5mL of decarbonated ultrapurewater [37]. The
pH was measured 1 h after the immersion of the papers.

2.6. Elemental measurement

In order to evaluate elemental migration occurring on original
manuscripts after exposure to high humidity conditions, a scanning
electron microscope coupled with a dispersive X-ray detection
spectrometer (SEM/EDS, JEOL JSM-5410LV, Oxford Instrument Link
Pentafet) was used. Specific attentionwas paid to the elements that
are originally contained in the ink (mainly iron, sulphur, potassium,
and calcium). Experimental conditions used for elemental mapping
were the following: 30 keV beam, diaphragm 2, low vacuum 20 Pa,
no sample preparation, acquisition time between one and 3 h.
References of iron sulphate impregnated papers (whose iron con-
tent was preliminary determined by atomic absorption spectrom-
etry [38]) were used to estimate the low detection limit of SEM/
EDS. It was close to 2 mg of iron per gram of paper, a value signif-
icantly superior to the residual average amount of iron deposited in
the paper during its manufacture (estimated to be in the range of
0.1e0.4 mg/g on well preserved papers [39]).

The possible migration of a low amount of iron (below 2mg g�1)
was further investigated with a colour test, using the property of
Bathophenanthroline (a water insoluble indicator) of forming a
purple complex/precipitate with iron II ions [40,41]. Bath-
ophenanthroline impregnated papers (solution used for the
impregnation: 1.6 g L�1 in 99.9% ethanol) are largely used in the
field of paper conservation for the identification of iron gall inks
[42,43] and for the monitoring of the phytate treatment [11]. In this
study, we used Bathophenanthroline impregnated papers that are
stamped with an iron gall ink. These samples, which detailed
preparation can be found elsewhere [44], were specifically
designed to identify the risk of iron migration when aqueous ad-
hesives are applied on manuscripts. They are capable to highlight
the presence of very small concentrations of iron II, close to
0.06 mg g�1 [11].

Finally, in order to determine the average elemental contents of
inked papers and interleaves, the papers were mineralized in
concentrated acid. Elemental concentration in iron, calcium, so-
dium, bromide, and chloride was measured by ICP-AES (ICAP 6300,
Thermofisher Scientific). Elemental concentration in sulphur was
evaluated with a UV fluorescence nitrogen analyser (TN/TS 3000,
Thermofisher Scientific), after the total combustion of approx. 5 mg
of samples at 1000 �C in the presence of argon and oxygen (in order
to assure the conversion of sulphur into sulphur dioxide). All
samples were triplicated and the average was considered.

3. Results

3.1. Evaluation of visible side effects induced by high humidity
exposure

The methodology used for the evaluation of migration of brown
products appears satisfactorily reproducible as the results of the
two sets of measurements are similar (see Table 1: small enclosures

and climatic chamber), despite some small differences that are
probably attributable to the heterogeneity of the manuscripts.
When exposed at humidity over 90% RH, a significant number of
documents are subjected to migration phenomena. On these sam-
ples, the condensation of water in the micro(nano)-porous struc-
ture of paper is probably sufficient to provoke the dissolution and
the migration of ink by-products [45]. On the contrary, the 53
original samples could be exposed to 80% RH for 14 days or to 85%
RH for 6 days without any visible migration on the recto and on the
verso of the ink lines.

Elemental mappings were performed on a selection of samples.
On all samples showing obvious visible migrations, the distribution
of iron was systematically superimposing that of brown halos,
showing that iron migrates with brown products. The samples on
which no elemental migration of ironwas noticeable corresponded
to those showing no visible change or the most subtle of the visible
migrations. On these samples, the iron migration (if any) was too
low to be highlighted by SELM/EDS.

These observations are consistent with a previous work dealing
with the evaluation of aqueous treatment side effects [5] which
showed that iron migrations, when detected by SEM/EDS, were
systematically superimposing that of brown products.

In order to estimate if a low amount of iron may migrate at 80%
RH, we opted for a more sensitive (although not quantitative)
methodology using Bathophenanthroline impregnated papers. On
these samples, it was confirmed (Fig. 4) that there is a significant
risk of iron migration at 97% RH for 1 day, whereas no iron
migration could be observed at 80% RH for 10 days.

It could be objected that a great variety of iron gall inks exist and
some may exhibit a different behaviour from that of our reduced
selection. It is however not realistic to test all kinds of original
manuscripts before designing a conservation treatment. Our ob-
servations are consistent and led us to consider that the risk of ink
migration remains relatively low during an exposure at 80% RH for
10 days.

3.2. Control of the initial composition of the interleaves

In newly prepared interleaves, elemental concentrations of ha-
lides (Table 3) are close to 1000 � 200 mmole g�1 and quite similar
from one salt to another. Moreover, the stoichiometric ratios be-
tween the elements deposited in the interleaves remain close to
those of impregnating solutions. This observation is accounted to
the fact that Whatman paper is both a porous and absorbent ma-
terial that retains a certain amount of solution when removed from
the baths. This amount is estimated to be 1.15 mL of solution per
gram of paper when a Cobb roll is used for the removal of the
surplus of solution (impregnation with NaBr, CaBr2, and NaCl). This
amount was used to estimate a concentration of halide of
1150 mmole g�1, a value close to the average aforementioned
measurements (1000 � 200 mmole g�1). It is also reasonable to
consider that interleaves elemental contents correspond to the
deposits brought by the solution that remains in the paper after
immersion.

This observation is not valid when considering calcium con-
tents. After impregnation with Ca(OH)2 solutions, the surplus of
water is not removed and the remaining solution (2.7 mL per gram
of paper) should theoretically deposit 73 mmole g�1 of calcium.
When considering, on respectively “Ca(OH)2”, “Ca(OH)2/NaBr” and
“Ca(OH)2/NaCl” interleaves, that the deposits of the two successive
Ca(OH)2 solutions are superimposing, we may estimate the final
calcium content at 146 mmole g�1, a value inferior to our mea-
surements (respectively 270, 220 and 240 mmole g�1). This point is
consistent with previous observations formulated on papers
impregnated with other types of calcium containing solutions [11]
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and highlights a strong interaction between calcium and cellulose
during immersion.

3.3. Preliminary testing of efficiency

Following the results of previous work [29], some primary
treatments were performed during a 10 day period at 80% RH, using
a global pressure of 2.5 kPa (15 kg on an A4 format sheet). In these
conditions, the “Ca(OH)2/NaBr” interleaves were inefficient in
delaying the paper decay, probably because (a) the interleaves
prepared in Vinther Hansen’s work were more concentrated than
this series (they were not pressed with a Cobb roll), and (b) the
addition of Cobb blotting papers during the contact enables salts to
migrate in an additional medium and thus less in the inked paper.

The treatment became efficient when repeated at a higher hu-
midity (95% RH). However, we meanwhile found that such a high
humidity was provoking a substantial migration of iron and col-
oured compounds out of the ink line. This point was clearly
prohibitive.

It was therefore decided to remain at 80% RH and to investigate
higher pressures. However, as the flattening of laid, watermarked
or dry-stamped papers was undesirable, high pressure values such
as those used for de-acidification treatments [26,27] were not
chosen. It was found preferable to opt for an intermediate pressure
of 4 kPa (25 kg on an A4 format sheet).

3.4. Evaluation of the treatment efficiency

The interleaves depicted above were firstly used to implement
the treatment at 80% RH, with a pressure of 4 kPa, and testing
respectively a short exposure period (2 days) and a longer exposure
period (10 days). The duration of the exposure appears a determi-
nant parameter: 2 day exposures were inefficient in delaying the
loss of mechanical properties (Fig. 5a), and in increasing the pH of
the paper which remains close to 4.0 � 0.3 (not shown). On the
contrary, when the duration of exposure is extended to 10 days
(Fig. 5b), some treatments were limiting the loss of mechanical
properties. The best results were achieved with sodium chloride
impregnated interleaves (“NaCl” and “Ca(OH)2/NaCl”) whereas
calcium carbonate and calcium bromide impregnated interleaves
(“Ca(OH)2”, “CaBr2” and “Ca(OH)2/CaBr2”) seemed to have no effect
at all.

Table 4 shows pH measurements performed on inked paper
after treatment and at the end of artificial ageing. First, the pH of

Table 3
Elemental composition of the interleaves before treatments. Elemental concentra-
tions are measured with a precision of �10%. “Whatman” refers to virgin Whatman
no 1 paper. Interleaves were prepared as depicted in Table 2.

Name Elemental concentration (micromole per gram of
paper)

Na Ca Br Cl

Whatman 2 1 <0.5 <0.1
Ca(OH)2 e 270 e e

NaBr 740 e 860 e

NaCl 1040 e e 980
CaBr2 e 550 1050 e

Ca(OH)2/NaBr 980 220 1160 e

Ca(OH)2/NaCl 1160 240 e 1200
Ca(OH)2/CaBr2 e 770 830 e

Fig. 5. Mechanical decay versus time of samples treated at 80% RH. All samples were
first maintained at 23 �C, 80% RH during the treatments then aged artificially at 70 �C,
65% RH. All treatments were performed using a pressure of 4 kPa for a period of 2 days
(a) or 10 days (b). The graph plots the average of ten measurements. The error bars
correspond to the standard deviation of these measurements.

Fig. 4. Migrations of iron II detected by the use of the Bathophenanthroline test paper. These papers were stamped with iron gall ink then cut into several pieces. The central parts
were exposed to high humidity conditions, whereas the upper and lower parts were not treated. (a): 97% RH, 1 day, recto side; (b): 97% RH, 1 day, verso side; (c): 80% RH, 10 days,
recto side; (d): 80%, 10 days, verso side.
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untreated samples (3.8) remained constant with ageing, contrarily
to the commonly acknowledged idea that acidic papers grow more
acidic as they age [46]. Second, “Ca(OH)2” interleaves appeared
absolutely inefficient in raising up the pH of inked papers or
delaying its degradation. More generally, the pH increase of inked
papers is not related to the presence of calcium carbonate in in-
terleaves and the addition of calcium carbonate does not appear to
have any positive impact.

For halide treatments that seem to have no effect (“CaBr2” and
“Ca(OH)2/CaBr2”), the pH after treatment remains close to its initial
value (3.8), but rises up during ageing. For the most effective halide
treatments (“NaCl” and “Ca(OH)2/NaCl”), the pH significantly in-
creases during treatment up to a range of 4.9e5.9 and remains
stable through ageing. Thus the treatment efficiency seems, to a
certain extent, to be correlated to an increase of pH during treat-
ment. Should this pH increase be considered as the major expla-
nation of the treatment efficiency? Is it simply a side effect?
Surprisingly, after 43 days of artificial ageing, all papers treated
with halide containing interleaves present the similar pH values
(5.1 � 0.5) (Table 4) regardless to the efficiency of the treatment.

The comparison of elemental concentration of inked samples
after treatment (Table 4) with that of interleaves before treatment
(Table 3) shows that the migration of halides is substantial:
for instance, the average amount of halide migrating to inked
samples during the treatment with “Ca(OH)2/NaCl” interleaves
(520 mmole g�1) represents approximately 40% of the initial con-
centration of one interleaf (see Table 3, 1200 mmole g�1). Consid-
ering that the samples were sandwiched between two interleaves,
we can deduce that approx. 20% of chlorine present in each inter-
leaf migrates to the inked paper, thus illustrating the mobility of
chloride ions. The mobility of bromine and sodium is slightly
inferior but remains important, as approx. 10%e15% of the initial
amount of bromine and sodium present in each interleaf migrates
to inked samples. On the contrary, the mobility of calcium is much
lower: considering the interleaves “Ca(OH)2”, which are supposed
to contain calcium carbonate, less than 1% of the initial amount of
calcium migrates into the samples. This ratio increases up to
approx. 5% in the case of “Ca(OH)2/CaBr2” and “CaBr2” interleaves,
probably because calcium bromide dissociates more easily than
calcium carbonate. However, we can notice that inked papers
treated with “Ca(OH)2/CaBr2” and “CaBr2” interleaves contain, after
treatment, between 3 and 4 times less calcium than bromine,
meaning that calcium, when liberated by the dissociation of cal-
cium bromide, are less inclined for migration than bromine.

On Fig. 5 it can be seen that the addition of calcium carbonate in
the interleaves does not affect the behaviour of treated samples.

This is coherent with pH and elemental measurements (Table 4)
which show, as discussed above, that calcium does not migrate
easily to the inked paper. For this reason, the “Ca(OH)2/CaBr2”,
“Ca(OH)2/NaBr”, and “Ca(OH)2/NaCl” interleaves will be removed
from the rest of our work.

Considering that a large proportion of halide migrates from the
interleaves to the inked paper, one can a priori not exclude that
some proportion of iron and sulphur migrates from the inked paper
to the interleaves. The concentrations of iron measured in the in-
terleaves after treatment, reported in Table 5, show that approx.
0.6%e2% of the initial amount of iron present in the inked samples
migrates to each interleaf, meaning that the iron that is present in
the inked samples is much less mobile than halides. This point is
crucial, because it shows that it should be possible to find experi-
mental conditions that minimize the risk of original inks migration
while allowing halides migration.

It can be seen in Table 5 that sulphur migrates more easily than
iron: 3%e13% of the initial amount of sulphur present in inked
samples migrates to each interleaf. This point corroborates
elemental measurements previously performed on laboratory [47]
and original samples [48], that systematically pointed out a sub-
sequent migration of sulphate ions out of the ink lines.

Table 4
pH and elemental composition of the inked samples after treatment. The treatments
were performed for 10 days, with a pressure of 4 kPa, and using the interleaves
depicted in Table 3. Precision of pH measurements �0.5; precision of elemental
measurements �15%. The pH was measured after treatment and after 43 days of
artificial ageing (70 �C, 65% RH). “No salt” refers to reference inked papers that
where treated with virgin Whatman papers.

Type of interleaf
used for the
treatment

pH Concentration (micromole
per gram of paper)

After
treatment

After ageing Na Ca Br Cl

No salt 3.8 4.1 2 1 <0.5 <0.1
CaOH2 3.9 4.0 e 2.9 e e

NaBr 4.3 5.3 290 e 200 e

NaCl 4.9 5.0 270 e e 420
CaBr2 3.8 4.7 e 47 150 e

Ca(OH)2/NaBr 4.3 5.6 300 2.5 280 e

Ca(OH)2/NaCl 5.9 5.1 250 2.5 e 520
Ca(OH)2/CaBr2 3.8 5.0 e 75 310 e

Table 5
Iron and sulphur concentration of inked samples and interleaves after treatment.
Elemental concentrations are measured with a precision of �20%.

Micromole per gram
of paper

Fe S

Inked samples e 16 15
Interleaves (after

treatment)
Ca(OH)2 0.14 0.9
NaBr 0.30 1.6
NaCl 0.09 1.1
CaBr2 0.09 0.4
Ca(OH)2/NaBr 0.20 2.0
Ca(OH)2/NaCl 0.13 1.0
Ca(OH)2/CaBr2 0.13 0.6

Fig. 6. Influence of the concentration of salts in the interleaves. All samples were first
maintained at 23 �C, 80% RH during the treatments then aged artificially at 70 �C, 65%
RH. All treatments were performed using a pressure of 4 kPa. Concentration of salt
used for the impregnation of the interleaves: 0.2 M (a) and 5 M (b). The graph plots the
average of ten measurements. The error bars correspond to the standard deviation of
these measurements.
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3.5. Influence of the concentration of halide in the interleaves

In order to evaluate if the efficiency of the treatment could be
improved by the use of more concentrated interleaves or if it re-
mains efficient with the use of more diluted interleaves, two new
sets of interleaves were prepared, in the same way as depicted
above, yet using 5 times more concentrated (diluted) solutions. The
treatments were implemented with the same conditions as above
(80% RH, 10 days, 4 kPa).

The results obtained with these new sets of interleaves are
summarized in Fig. 6. Diluted interleaves appeared totally ineffi-
cient in delaying the paper decay (Fig. 6a). On the contrary, the
use of more concentrated interleaves significantly improved the
efficiency of the treatment (Fig. 6b). “CaBr2” and “NaBr” in-
terleaves give better results: after 60 days of artificial ageing, the
zero-span breaking load of treated samples has decreased by
approx. 30% while it reaches its minimum value on untreated
samples.

Independently of the salt that is considered, the treatments with
concentrated interleaves (5 M solutions) provoked on all inked
samples a substantial pH increase, up to values ranging from 6.0 to
6.5. Contrary to our previous observations (see Section 3.4 and
Table 4), the pH of treated papers decreased with ageing and
reached pH values ranging 5.0 to 5.5 after 60 days of artificial
ageing. Surprisingly, these values are similar to those presented in
Table 4 (pH after ageing).

Despite the fact that concentrated interleaves prepared with
5 M solutions make the treatment more efficient, the work was
not pursued with such high concentrations, and this for two
reasons: first, in the case of NaCl, the high concentration of salt
provoked some mechanical tensions probably attributable to
crystalline formation. The paper surface became uneven (Fig. 7).
This point jeopardized the treatment efficacy as it was not
possible to achieve a satisfactory contact (see Fig. 6 “NaCl”
treatment). Second, it can be observed in Fig. 6 that the treatment
modifies the initial mechanical properties of the paper: the initial
zero-span breaking load is close to 8.2 � 0.5 on reference
Whatman paper, and decreases slightly down to 7.4 � 0.5 on the
paper that are treated by “NaBr” and “CaBr2” interleaves. This
modification of mechanical properties, which probably results
from a large migration of salts, is not researched on original
manuscripts.

4. Conclusions

This work was undertaken to evaluate the possibility of imple-
menting interleaving techniques for the treatment of papers
damaged by iron gall inks. We first evaluated the risk of ink
migration at high humidity conditions on a set of 53 original
manuscripts and found that an exposure at 80% RH for 10 days was
satisfactorily minimizing this risk. Treatments were thus imple-
mented at this humidity level.

It was shown that halides easily migrate from the interleaves to
the treated paper and that they are capable to delay the paper
decay, even in middle acidic environment. This stabilizing effect
might be correlated to an increase of pH during the treatment, but
is not accounted to the calcium carbonate contained in the in-
terleaves. Indeed, the presence of calcium carbonate in the in-
terleaves did not have any measurable effect on the treatment
efficiency, probably because calcium carbonate does not dissolve
easily during the treatment.

In this work, several factors were tested for a better monitoring
of the treatment: firstly the treatment should be sufficiently long
and cannot be reduced from 10 days to 2 days. Secondly, the con-
centration of salts in the interleaves should be sufficiently high:
using 0.2 M solutions for the preparation of interleaves makes the
treatment inefficient; using 1 M solutions makes the treatment
partially efficient for some salts; using 5 M solutions makes the
treatment efficient for all salts but leads to substantial undesirable
side effects on some samples. These considerations show that the
concentrations of halides which migrate to the paper during the
treatments is a key factor for the monitoring of the treatment
efficiency.

Encouragingly, we noticed that the migration of iron from the
samples to the interleaves was largely less than that of halide
compounds from the interleaves to the sample. Experimental
conditions should be found that minimize themigration risk of iron
while enabling that of halides.

It appears now necessary to pursue the effort by examining the
effect of the treatment on original valueless manuscripts. Their
composition is more complex than that of our laboratory samples,
which may raise new difficulties: the paper size for instance may
drastically change migration phenomena. Finally, side effects, such
as the formation of salt efflorescence, or the flattening of laid,
watermarked, or dry-stamped papers should be evaluated on

Fig. 7. Aspect of the paper surface under grazing light. Left: virgin Whatman paper; right: interleaf prepared with a 5 M NaCl solution.
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original valueless manuscripts before implementing the treatment
on valuable collections.
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