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Abstract Cellobiose, a dimer of glucose wearing a

glycosidic bond as in cellulose, was used as model

molecule to understand the chemical degradation

pathways taking place in iron gall inks impregnated

papers. Experiments were carried out in liquid phase at

80 �C to study the effects of pH and of the presence of

iron and oxygen on the cleavage of the glycosidic

bond. Capillary electrophoresis was used to quantita-

tively follow the cellobiose degradation and the

formation of glucose. Attenuated total reflectance

infrared spectroscopy of freeze-dried samples was

done to identify the presence of secondary products of

reaction. UV–Visible spectroscopy allowed monitor-

ing the iron(II) and iron(III) contents as a function of

time and pH. The data reveal that the simultaneous

presence of iron and oxygen enhances the degradation

of cellobiose. Nevertheless, even if some oxidation of

the sugar molecules occurs, the predominant pathway

of cellobiose decomposition is found to be acid-

catalyzed hydrolysis due to the high acidity of the

medium generated from the oxidation and precipita-

tion of iron.

Keywords Cellobiose � Paper corrosion � Iron gall

ink � pH � Oxidation � Acid-catalyzed hydrolysis

Introduction

Iron gall inks (IGIs) are made of gall nut extracts (rich

in gallic acid) and iron(II) salts (such as iron(II)

sulphate). In the presence of oxygen, the mixture of

these two components produces a dark iron(III)/tannin

precipitate characteristic of the ink color (Krekel

1999; Wunderlich et al. 1991; Ponce et al. 2016). Gum

Arabic is usually added as a binder. Under certain

conditions, IGIs can significantly damage the cellu-

losic paper substrate on which they are deposited,

causing browning and loss of mechanical properties

(Reissland 2000). This degradation proceeds first by

diffusion of ink components around the ink lines

(usually under high humidity conditions), followed by

chemical reactions provoking paper browning and

embrittlement.

Paper degradation has motivated numerous mech-

anistic studies. It is currently attributed to concurrence

between acid-catalyzed hydrolysis and oxidation

pathways, both provoking chain scissions (Kolar and

Strilic 2006). In acidic medium, it is usually admitted
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that acid-catalyzed hydrolysis is predominant while

the oxidation reaction would be a secondary pathway

(Zou et al. 1996a, b; Pork and Teygeler 2000).

However, this scenario should be reconsidered in the

case of papers impregnated with IGIs in view of the

following observations:

1. There is no doubt that iron gall inks are acidic (pH

values between 2 and 4) and thus likely to induce

acid-catalyzed hydrolysis of cellulose. Neverthe-

less, this degradation pathway could no longer

prevail in the presence of iron which rich chem-

istry allows envisioning oxidative degradation

routes;

2. The presence of oxygen was shown to be a key

factor for chain cleavage in IGI impregnated

acidic papers, leading to fast depolymerization

measurable at ambient temperature (Rouchon

et al. 2011);

3. This depolymerization, still in the presence of

oxygen, was found to be several orders of

magnitude faster in acidic IGI impregnated papers

than in acidic iron-free papers (Rouchon et al.

2016), revealing an effect of iron as well;

4. As proposed in the 1990s (Koppenol 1993),

Fenton-like reactions could occur in these sys-

tems, involving oxidation of iron(II) into iron(III)

and formation of highly reactive hydroxyl radicals

(HO�). These radicals were indeed detected in

iron-impregnated papers previously deacidified to

reach a neutral to mildly alkaline pH range

(between 6.5 and 8 (Selih et al. 2007)) in which

(1) acid-catalyzed hydrolysis is not expected and

(2) chain scissions rather take place through

oxidative routes, mostly through b-alkoxy elim-

ination reactions occurring on the oxidized cellu-

lose. Hydroxyl radicals were similarly sought in

acidic (non deacidified) IGI impregnated papers

(pH 3–4) but they always remained below or close

to the limit of detection; when detected, their

negligible amounts were moreover of little rele-

vance to account for paper degradation (Gimat

et al. 2016). Conversely, Reactive Oxygen

Species (ROS) distinct from hydroxyl radicals

were formed, as deduced from Electron Param-

agnetic Resonance spectroscopic experiments

done in solution in the presence of a non-specific

spin-trap (Gimat et al. 2016). This revealed the

existence of some oxidative process, even if the

precise nature of the ROS and their possible role

in cellulose chains scissions remained unclear;

5. Most historical IGIs recipes involve a large excess

of iron compared to gallic acid (Neevel 1995).

Hence, iron not involved in the iron gall ink

precipitate is free to interact with the surrounding

components, for instance by binding with neigh-

bor sulfates and sugars or through its oxidation or

reduction by gallic acid (Powell and Taylor 1982;

Burgaud et al. 2010).

All above considerations directly raise the ques-

tions addressed in this work (1) of the precise effects of

oxygen and iron towards degradation of acidic IGI

impregnated papers and (2) of the predominant

mechanism involved between acid-catalyzed hydrol-

ysis and oxidation.

A difficulty in modeling corrosion of paper by IGIs

lies in the fact that the degradation process is not

restricted to chemical aspects but also includes

physical ones. Indeed, the paper and the ink are

usually designed so that the ink line lies on the paper

surface without significant penetration. In this case,

the manuscript generally ages normally because the

interaction between the ink and the cellulose is limited

to a few fibers at the surface of the sheet. Yet, ancient

manuscripts might have been exposed to high humid-

ity during their lifetime, which enhances the possibil-

ity of diffusions of acidic components and of soluble

iron in the paper. Even if these migrations obey

physical mechanisms that are beyond the scope of this

article, they may strongly impact the chemical degra-

dation by increasing the amount of cellulosic material

in contact with the migrating compounds. This process

is uncontrolled, making the interpretation of chemical

data more complex. Moreover, the distribution of the

ink components within the paper is substantially

heterogeneous (Rouchon and Bernard 2015). Hence,

the use of paper is not appropriate to achieve a

homogeneous distribution of reactants, as required for

a proper modeling of chemical events, and liquid

samples are to this respect more relevant.

To simplify the system, cellobiose (or b-D-glu-

copyranosyl(1?4)D-glucopyranose) was selected as

a model molecule to substitute cellulose. It is the

structural unit of cellulose, has one b-1,4 glycosidic

bond and is soluble in water. Its degradation was

studied in solution, in the presence or absence of iron,

at two different pH (mildly or strongly acidic medium)
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and under aerobic (O2) or anaerobic (Ar) conditions.

For each cellobiose molecule, the cleavage of the

glycosidic bond is expected to lead to two glucose

units. This was monitored by capillary electrophoresis,

a technique that allowed separating and quantifying

simultaneously cellobiose and glucose. The samples

were analyzed by FTIR spectroscopy after sample

freeze-drying to characterize eventual newly formed

chemical groups. In addition, Fe2? and Fe3? concen-

trations were measured by UV–Vis spectroscopy to

characterize the chemistry of iron in the solutions.

Experimental

Solution samples

Different types of parent aqueous solutions were first

prepared, referred to as Acid (sulfuric acid solution

obtained from H2SO4 Sigma-Aldrich, 95.0%), Fe2

(iron(II) sulfate heptahydrate solution obtained from

FeIISO4�7H2O Sigma, 99.0%) and Fe3 (iron(III) sul-

fate pentahydrate solution obtained from Fe
III

2 (SO4)3-

7H2O Accros organics, 99.0%). The ink (referred to as

Ink) consisted of a combination of Fe2 and gallic acid

monohydrate (Sigma, 97.5%) with a molar ratio

Fe:gallic acid of 3, identical to the ratio identified in

a previous study as appropriate to represent historical

iron gall inks (Rouchon et al. 2011). The initial

concentration of iron in all iron containing solutions

was 41.9 mmol L-1. Note that Gum Arabic, a main

component of IGIs, was not added to the model ink,

because its effect consists mainly in being a physical

barrier preventing diffusion phenomena (Remazeilles

et al. 2004, 2005).

The samples were prepared by dissolving 3 g of

D(?)-cellobiose (99.0% Sigma Aldrich, supplier

specification Fe\ 5 ppm) in 34 mL of one of the

above mentioned solutions. This was done under

stirring in an experimental set-up made of a reflux

condenser attached to a triple neck round bottom flask

that allowed homogeneous heating (silicon oil bath)

and gas sparging directly into the solution (Fig. 1).

The cellobiose concentration (259 mmol L-1) was

chosen so as to reach a constant molar ratio iron:cel-

lobiose of 0.16 in all iron containing samples. This

ratio matches iron rich original manuscripts thereby an

iron concentration in the paper of 26 mg g-1 (or

approx. 2 9 1018 atoms cm-2 assuming a paper

grammage close to 70 g m-2) (Remazeilles et al.

2001).

All prepared solutions were heated at a temperature

of 80 �C found appropriate to accelerate degradation

and thus make the experiments feasible in a suit-

able time scale (few days). Oxygen-rich conditions

(referred to as O2) were obtained by oxygen bubbling

(25 mL min-1) so as to ensure oxygen saturation in

the solutions. Conversely, oxygen-free conditions

(referred to as Ar) were obtained with argon bubbling

(25 mL min-1) and using de-aerated water that had

been placed under argon bubbling for at least 1 h prior

to the preparation of the solution.

Table 1 lists the names of the samples and details

the initial concentrations in Fe2, Fe3, Ink and Acid as

well as the nature of the sparging gas. The pH was

1.6 ± 0.2 (3.6 ± 0.2, respectively) in the acid solu-

tions prepared with 25 mmol L-1 (0.32 mmol L-1,

respectively) of sulfuric acid. In addition, a blank

sample, referred to as Blank_O2, was made in aerobic

conditions by dissolving 3 g of cellobiose in 34 mL of

purified water (Milli-Q, Millipore).

Fig. 1 Experimental setup for aging of diluted cellobiose

solution samples
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Aging methodology

The solutions were kept during 10 days under contin-

uous stirring and gas bubbling, and Milli-Q water was

added from time to time to replace the water lost by

evaporation. Two aliquots of 3 mL were taken after an

aging time t of 0, 1, 3, 7 and 10 days (as well as

15 days for the Fe2–O2 sample) for analysis:

• the first aliquot was cooled to ambient temperature

in an ice-water bath and used for pH measurements

and, if necessary, iron quantification;

• the second aliquot was frozen at -20 �C then

stored until sugar analyses carried out by capillary

electrophoresis (quantitative determination of cel-

lobiose and glucose concentrations, done for all

samples) and by infrared spectroscopy in ATR

mode (done on few selected samples to identify

specific carbohydrates).

In what follows, the initial samples will be called

fresh samples while the others will be considered as

aged ones.

Capillary electrophoresis

In order to analyze sugars by capillary electrophoresis,

a derivatization reaction (Dahlman et al. 2000;

Sjöberg et al. 2004; Dupont et al. 2007) was done

between the sugar and an UV-absorbing molecule (4-

aminobenzoic acid ethyl ester, also called benzocaine

or ABEE, Sigma) allowing UV detection. The reagent

solution consisted in a 100 mg mL-1 ABEE and

100 mg mL-1 acetic acid (99.6%, Carlo Erba

Reagents) in methanol. 1 mL of this reagent solution

was mixed with 10 mg of sodium cyanoborohydride

(95%, Aldrich) in conical bottom vials, then with

1 mL of the sample solution that had been previously

diluted (by a factor 51) in deionized water. After

heating for 1 h at 80 �C, the unreacted ABEE was

precipitated by adding 3 mL of aborate buffer at pH

8.6 (450 mmol L-1 boric acid (99.79%, Fisher

Chemicals) and sodium hydroxide (Fisher Chemicals)

in Milli-Q water). Each vial was finally vortexed and

cooled to room temperature and the precipitate was

removed by filtration with a Chromafil filter (0.20 lm

PTFE, Macherey–Nagel).

The capillary electrophoresis system (P/ACETM

MDQ, Beckman Coulter) was equipped with a Pho-

todiode Array Detector (PDA). The method (Dupont

et al. 2007) used a fused silica capillary (20 lm

internal diameter and 40 cm effective length) rinsed

before each analysis (flushing with 0.1 mol L-1

NaOH for 1 min and then with deionized water for

1.5 min) and conditioned for 3 min with the running

borate buffer (450 mmol L-1 boric acid, pH 9.9). The

injection was made in hydrodynamic mode by apply-

ing a pressure of 0.5 psi for 20 s. The separation

voltage was 28 kV applied to the anodic end and the

resulting current was 17 lA. The run was carried out

at 20 �C and the data collection rate was set at 4 Hz.

The derivatized sugars were detected at 305 nm, with

a bandwidth of 30 nm. They were identified according

Table 1 List of all prepared aqueous solution samples (initial cellobiose concentration: 259 mmol L-1)

Sample Initial concentrations in solutions (mmol L-1) Sparging

gas

pH after

1 day

Color after

1 day

Cellobiose

conversion
Sulfuric acid Iron Gallic acid

Acid1.6_Ar 25 – – Ar 1.5 Colorless Yes

Acid1.6_O2 25 – – O2 1.6 Colorless Yes

Fe2_Acid1.6_Ar 25 41.9 – Ar 1.8 Colorless Yes

Fe2_O2 – 41.9 – O2 1.6 Orange Yes

Acid3.6_Ar 0.32 – – Ar 3.6 Colorless No

Acid3.6_O2 0.32 – – O2 3.6 Colorless No

Fe2_Ar – 41.9 – Ar 3.5 Colorless No

Fe2_NaOH3.6_O2
a – 41.9 – O2 3.7 Orange/brown No

Fe3_O2 – 41.9 – O2 1.6 Orange Yes

Ink_O2 – 41.9 14 O2 2 Blue/Brown Yes

Blank_O2 – – – O2 5.5 Colorless No

a Regular addition of a 0.1 mol L-1 NaOH solution along aging to maintain pH at 3.6
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to their migration time compared to the model

compounds. After analysis, the capillary was rinsed

for 2 min with deionized water.

The ‘‘32 Karat 5.0’’ software (Beckman Coulter)

was used for data acquisition, calibration and quan-

tification. Sugars concentrations in the diluted solu-

tions were determined and cellobiose (Ct) and glucose

(Gt) concentrations at each aging time t were calcu-

lated based on a calibration curve made for each sugar.

The calibration for cellobiose was done in the range

0.210–14.6 mmol L-1 and yielded a linear plot with

R2 = 0.9995. Limits of detection (LOD) and of

quantification (LOQ) were 0.210 and 0.700 mmol

L-1, respectively. For glucose, the calibration was

done within the range 0.19–5.55 mmol L-1, yielding

to a linear plot with R2 = 0.9982 and to LOD and

LOQ of 0.190 and 0.650 mmol L-1, respectively.

Normalized cellobiose concentration (Nt) and glucose

yield (Rt) at time t were finally deduced using the

formulas Nt = Ct/C0 and Rt = Gt/2C0, where C0 is the

initial cellobiose concentration.

Since iron has a high ability to form precipitates

that may block small capillaries, it was also important

to verify that the presence of iron/ink did not hinder

the measurements. To this end, fresh samples with and

without iron/ink were analyzed. Similar concentra-

tions were obtained which meant that the filtration step

performed prior to the measurements to remove the

excess ABEE was sufficient to also remove potentially

formed iron particles.

Spectroscopic measurements

Cellobiose degradation was also monitored by infrared

spectroscopy on selected samples, using a Nicolet

6700 spectrometer (Thermo scientific) equipped with

a diamond crystal allowing recording of spectra in

single reflection ATR (attenuated total reflectance)

mode (ATR-FTIR). Before the experiments, the

aliquots were freeze-dried for 48 h with a Cryos-55

(Cryotec) apparatus. Infrared spectra were collected

within the range 500–4000 cm-1, with a resolution of

4 cm-1 (average of 128 scans). All spectra were

background subtracted and normalized with respect to

the C-H stretching vibration at 2897 cm-1.

In addition, UV–Visible spectroscopy was used to

measure Fe2? and Fe3? concentrations in the sample

solutions, using chelating agents able to form specific

colored complexes. The agent was 2,2-bipyridyl

(99.5%, Merck) for Fe2? determination [stability

constants of 17 (Thompsen and Mottola 1984; Frese-

nius and Schneider 1965)]: the reactant solution was

prepared at a concentration of 0.45 mmol L-1, after

completion to 50 mL with a 25 mmol L-1 phosphate

buffer prepared with sodium phosphate monobasic

anhydrous (99%, Merck) and sodium phosphate dibasic

anhydrous (99%, Merck). The pH of the final solution

was 6. For Fe3? determination (stability constant of 2.3

(Charlot 1961; Najib and Hayder 2011), the chelating

agent was potassium thiocyanate, added at a concen-

tration of 0.85 mol L-1 in a 4 mmol L-1 sulfuric acid

solution. The pH of the final solution was 2. In both

cases, the fresh aliquots (from section ‘‘Aging method-

ology‘‘) were placed into 50 mL flasks that contained

the reactants for iron dosage. The spectra were recorded

between 350 and 600 nm with a V-570 JASCO UV–

Visible spectrometer. Quantifications were done at the

absorption maxima (523 and 479 nm for Fe2? and

Fe3?, respectively) identified from calibration curves

previously established in the range 0–0.1 mmol L-1

and with R2 = 0.9996 for both Fe2? and Fe3?.

Results

Impact of oxygen and Fe2 on cellobiose

degradation

Cellobiose degradation was first monitored in the

solutions prepared with iron (full lines in Fig. 2a, b).

For Fe2_O2 aged in aerobic conditions, the normalized

cellobiose concentration Nt decreased regularly with

aging time until reaching 80% cellobiose conversion

after 10 days (full squares, Fig. 2a), showing that

cellobiose was not stable in the medium containing

both Fe2? ions and oxygen. This agrees with a

previous viscometry study where Fe2? impregnated

cellulosic papers suffered 50% loss of degree of

polymerization when they were kept in aerobic

conditions: in this work, the depolymerization

occurred within a few days at ambient temperature

and a few hours at 80 �C, but it was significantly

reduced when dry O2 atmosphere was replaced by dry

N2 (Rouchon et al. 2011, Rouchon et al. 2016).

Similarly, cellobiose was much less degraded in the

present experiments when Ar was used instead of O2

as bubbling gas (sample Fe2_Ar, empty squares,

Fig. 2b). This analogy in terms of effect of oxygen
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between cellobiose conversion (this work) and cellu-

lose depolymerization in paper (previous work) con-

firms that oxygen plays a role in the degradation.

Since the only difference with respect to prepara-

tion between Fe2_O2 and Fe2_Ar was the nature of the

bubbling gas, a blank test was performed to verify if

oxygen alone (no iron in the solution) could initiate the

decomposition of cellobiose. To this end, a control

solution free of iron was prepared (Blank_O2 sample)

and left to age under oxygen bubbling at 80 �C. After

10 days, cellobiose concentration was unchanged

demonstrating that neither oxygen alone nor the

applied temperature of 80 �C promoted, by them-

selves, cellobiose degradation. It was rather the

combination of oxygen with Fe2 that provoked

cellobiose conversion in the Fe2_O2 sample.

Correlation between pH and cellobiose

degradation

It is well established that iron(II) in presence of

oxygen is prone to oxidation, resulting in the

formation of iron(III). The latter is also known to

behave as a Lewis acid, releasing protons through

formation of the FeIII(OH)2? and FeIII(OH)2
? hydrated

iron complexes with respective pKa values of 2.4 and

4.7. Both phenomena may have impacted the pH of

above solutions and pH appears therefore as an

important parameter to follow versus time, as well.

The pH was the same (equal to 3.6) in the fresh

Fe2_Ar and Fe2_O2 samples, in agreement with their

identical initial chemical composition. Nevertheless,

while this value remained almost constant in Fe2_Ar

(slight decrease from 3.6 to 3.3 after 10 days, empty

circles, Fig. 2b0), it rapidly dropped to about 1.6 within

a few hours in Fe2_O2 and then stabilized at this value

until the end of the experiment (full squares, Fig. 2a0).
Hence, pH was indeed strongly impacted by the

oxygenation (aerobic or anaerobic) conditions, which

could account for the distinct levels of cellobiose

degradation observed in Fe2_Ar and Fe2_O2.

In order to confirm this effect, complementary

experiments were carried out which consisted in

preparing a set of solutions with or without iron at

Fig. 2 Evolution with aging time of the (a–c) normalized

cellobiose concentrations and (a0–c0) pH of solutions for

samples with iron (full lines) and without iron (dotted lines).

Aerobic and anaerobic conditions are represented by full (O2)

and empty (Ar) markers, respectively
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two pH values: the pH of 3.6 (characteristic of a mildly

acidic medium) corresponds to usually reported values

for iron impregnated papers while the pH of 1.6

(typical of strongly acidic medium) was chosen with

reference to the above strong pH drop in Fe2_O2

during the first stage of the experiment. In this new set

of solutions, the pH was the natural one (left to

naturally fall without adjustment), except for two

solutions in which pH was either maintained at the

initial value of 3.6 by regularly adding NaOH (sample

Fe2_NaOH_O2) or artificially decreased down to 1.6

by adding an appropriate volume of H2SO4 (sample

Fe2_Acid1.6_Ar) (Table 1).

Before going further, it is worth recalling that

kinetics of acid-catalyzed hydrolysis decrease with

decreasing protons concentration (Zou et al. 1996b).

The absence of cellobiose conversion in the series of

mildly acidic samples at pH 3.6 (Fig. 2b) is

therefore consistent with limited hydrolysis process

at this stable pH (Fig. 2b0), and this is independent

on iron presence (Fe2_NaOH_O2 and Fe2_Ar) or

absence (Acid3.6_O2 and Acid3.6_Ar). Conversely,

faster acid-catalyzed hydrolysis is expected at very

low pH, in line with the cellobiose conversion

observed in all samples at pH 1.6 (Fig. 2a). At this

low pH and after a long duration of 10 days, it

reached 75% which is similar to what was reported

for cellobiose degradation after 2 h at 80 �C at

higher sulphuric acid concentration [0.5 mol L-1

(Kwon et al. 2012)]. By comparison, it was 40%

after 5 h at 150 �C under Ar (100 psi) (Deng et al.

2011).

Nevertheless, even if observed in all acidic

solutions (Fig. 2a, a0), the cellobiose degradation at

low pH occurred more or less rapidly depending on

the sample: it was similar in Fe2_O2 (full squares)

and Acid1.6_Ar (empty diamonds) but lower in both

Fe2_Acid1.6_Ar (empty squares) and Acid1.6_O2 (full

diamonds). The slightly lower pH in Acid1.6_Ar

could explain the higher degradation in this sample

compared to Fe2_Acid1.6_Ar (also placed under

argon). However, there is no pH difference between

Fe2_O2 and Acid1.6_O2 after one day of aging (full

marks, Fig. 2a0) and the faster cellobiose degradation

in the Fe2_O2 solution should then come from

another—possibly oxidative—degradation pathway

besides acid-catalyzed hydrolysis.

Occurrence and impact of iron oxidation

More insight on the possible oxidative mechanism

occurring in the presence of oxygen and Fe2 was

obtained by following the Fe2? and Fe3? concentra-

tions in Fe2_O2 as a function of aging time. A rapid

decrease of the Fe2? concentration was observed

during the first day of the experiment (Fig. 3a), in the

same timeframe as the decrease of pH (Fig. 2a0).
Simultaneously, Fe3? was formed in concentrations

(maximum at 4.2 mmol L-1) that remained largely

below those of the lost Fe2? (up to 18.8 mmol L-1).

This resulted in a total iron concentration in solution

(Feaq.tot) about 50% below the initial one (41.9 mmol

L-1) at the end of the experiment, consistent with the

progressive appearance of an orange precipitate later

identified as goethite (XRD data, Fig. 3c).

This can be modeled by a two-step reaction

consisting of the oxidation of a large proportion (until

approx. 60%) of Fe2? (reaction 1), then the precipi-

tation of the formed ferric ions into oxide-hydroxides

(reaction 2). The superimposition of these two steps

leads to an overall acidification of the solution

(reaction 3):

4 Fe2þ þ O2 þ 4 Hþ ! 4 Fe3þ þ 2H2O ð1Þ

4 Fe3þ þ 8 H2O ! 4 FeOOH þ 12 Hþ ð2Þ

4 Fe2þ þ O2 þ 6 H2Oþ ! 4 FeOOH þ 8 Hþ ð3Þ

The significant formation of protons in reaction (3)

can explain the fast pH decrease observed in Fe2_O2.

The occurrence of such acidification process was further

supported by performing an additional experiment

where pH was followed in an aerobic iron(II) solution

(same as Fe2_O2) without cellobiose. Again, a fast pH

drop from 3.6 to 1.6 took place within one day, together

with the formation of an orange-brown precipitate. This

confirms the important impact of iron oxidation and

precipitation towards acidification of the medium that,

in turns, enhances acid-hydrolysis of cellobiose. It is

worth adding that the Fe2? concentration was on the

contrary stable in the absence of oxygen (data not

shown), demonstrating again the effect of oxygen.

To complete these results, two additional aerobic

samples were prepared in the same conditions as for

Fe2_O2, but using either Fe3 (Fe3_O2 sample) or Ink
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(Ink_O2 sample) as starting iron component. Cel-

lobiose degradation took place in both cases, but it was

slightly slower in Ink_O2 (crosses, Fig. 2c) than in

Fe2_O2 (full squares, Fig. 2a), probably due to the

higher pH range for the former (from initially 2.6

down to 2 during aging, Fig. 2c0). On the contrary,

cellobiose degradation was faster in Fe3_O2 (straight

lines, Fig. 2c), which is consistent with the pH as low

as 2 in the fresh solution due the higher acidity of Fe3?

ions compared to Fe2?. It is worth recalling that the

acidification of the medium containing both iron and

gallic acid (Ink_O2 sample) could come additionally

from the formation of the iron gall ink precipitate,

which according to a recent study (Ponce et al. 2016)

induces a deprotonation of the gallic acid phenolic

groups and thus protons release.

Surprisingly, some proportion of Fe2? was also

formed during aging of the Fe3_O2 sample (Fig. 3b),

indicating that this solution contained a reducing

species able to transform part of Fe3? into Fe2 ions. In

view of the compounds present in solution, this species

should be related to sugar molecules present in the

system. This reinforces the hypothesis that a redox

mechanism involving cellobiose (or its degradation

products) could take place as secondary degradation

mechanism.

Glucose quantification

In addition to cellobiose conversion, capillary elec-

trophoresis provided quantitative data on glucose

formation. The glucose yields with aging time (Rt,

full lines) and the yield of total sugars normalized

concentration (Rt ? Nt, dotted lines) are shown in

Fig. 4 for all samples where cellobiose conversion was

detected. Strictly based on glycosidic bond breaking,

one cellobiose molecule should lead to the formation

of two glucose molecules. Then, the total sugars

normalized concentration should be 1.

Such value was obtained within experimental

precision during aging of both acidic iron-free samples

(Acid1.6_Ar and Acid1.6_O2), independently on the

presence or absence oxygen (dotted lineswith enmpty

and full squares, Fig. 4a). This cellobiose conversion

into almost exclusively glucose is consistent with a

degradation pathway based on acid-catalyzed hydrol-

ysis. Such pathway could also lead to smaller

compounds such as formaldehyde or formic acid as

already reported for diluted solutions of cellulose

placed at temperatures above 180�C (Kupiainen

2012), but these compounds were not detected in our

case. Similar observations were done for the anaerobic

Fe2_Acid1.6_Ar sample (empty circles, Fig. 4a),

Fig. 3 Fe2?, Fe3? and total aqueous Feaq.tot concentrations

(normalized with respect to initial concentration) measured by

UV–Vis spectroscopy in samples a Fe2_O2 and b Fe3_O2. c The

iron missing in solution (Feaq.tot below 1) is due to precipitation

as goethite (*) as identified by X-ray diffraction
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suggesting again the prevalence of an acid-catalyzed

hydrolysis degradation route in this acidic sample

containing iron but not oxygen.

Contrarily, the total sugars (cellobiose ? glucose)

normalized concentration were no longer equal to 1 in

all aerobic solutions containing iron, and they progres-

sively decreased after three days of aging down to 0.5 or

0.6 depending on the sample (dotted lines, Fig. 4b).

Hence, degradation of either cellobiose or glucose into

secondary products occurred at a significant level. This

degradation was not directly linked to a change of pH,

neither to the Fe2? or Fe3? concentrations, since all

these parameters were constant during the same period

of time (from 3 to 10 days, Figs. 2 and 3). This

demonstrates that degradation routes other than glyco-

sidic bond scissions exist in presence of both oxygen

and iron (whichever the iron oxidation state).

Spectroscopic investigation of oxidation products

Infrared spectroscopy in ATR-FTIR mode was used to

monitor the molecular changes and the possibly

formed oxidation products during aging. It was

performed on samples in their solid form obtained

by freeze-drying to remove water which intense

absorption bands would jeopardize the interpretation

of spectra.

Figure 5 shows a typical cellobiose spectrum

obtained with fresh Fe2_O2 as representative example.

Several groups of bands are observed, which all agree

with wavenumber ranges classically reported in the

literature for cellobiose (Table 2). For the present

study, the most relevant information expected from

cellobiose degradation and from secondary products

formation would have been in the fingerprint region

(1500–650 cm-1), which detailed interpretation faced

however two difficulties. First, in spite of using

conditions recommended in the literature (Heljo

et al. 2012; Nireesha et al. 2013), the freeze-dried

cellobiose was not fully amorphous and it had a high

propensity to recrystallize upon hydration (Heljo et al.

2012). This was not easy to control, even by keeping

the samples in a dessicator, and it strongly impacted all

infrared bands (including in the region of interest).

Changes with sample aging were therefore not easy to

analyze properly. Secondly, some of the samples

contained iron sulfate (coming from samples prepara-

tion) which absorption bands superimpose those of

cellobiose in the 970–1100 cm-1 region that is

characteristic of both S–O asymmetric stretching

vibrations of FeSO4 and of C–OH streching vibrations

of cellobiose.

Due to these limitations, the detection of spectral

changes was done only the 1850–1650 cm-1 region

where water absorption and C=O stretching bands are

distinct from those of the sugar molecules and of their

related degradation products. Figure 5b, c compare

the spectral evolution in this region for the Acid1.6_O2

and Fe2_O2 samples, respectively. The band at

1641 cm-1 corresponds to water remaining after

Fig. 4 Evolution with aging time of glucose production (Rt,

full lines) and of total sugar concentrations (Rt ? Nt, dotted

lines) in the strongly acidic solutions (pH 1.6). The left and right

parts correspond to solutions (a) where glucose was almost

exclusively formed as products or (b) where side products

distinct from glucose were also present (Rt ? Nt lower than 1).

Aerobic and anaerobic conditions are represented by full (O2)

and empty (Ar) markers, respectively
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freeze-drying and eventually re-adsorbed in spite of

the efforts to limit rehydration. This band tended to

increase with aging, revealing a higher hydration state

of the aged freeze-dried samples. This seems to

indicate a higher sensitivity of more degraded samples

to rehydration.

A small broad shoulder is also visible, after aging of

Acid1.6_O2, centered near 1730 cm-1 (Fig. 5b). It

could be tempting to assign it to aldehyde end-groups

resulting from glycosidic bond cleavage, but this

hypothesis was ruled out for two reasons. Firstly, the

band is slightly shifted compared to the 1718 cm-1

value previously reported for aldose and ketose

systems undergoing epimerization (Parker 2012).

Secondly, the band was not observed before aging

while the sample should already contain a consider-

able number of such end-groups. Hence, this signal

might indicate some (although very limited) formation

of C=O bonds by weak oxidation in aerated Acid1.6_-

O2 as discussed in the last section.

On the iron-containing Fe2_O2 sample, the absorp-

tion around 1730 cm-1 is still present and its intensity

strongly increases after aging (by more than 4 times

for the 15 days aged samples compared to the 5 days

one). Moreover the bands in this region

(1850–1550 cm-1) are broad and asymmetric, indi-

cating several contributions. For each aging time, this

part of the spectra was deconvoluted in a series of

Gaussian–Lorentzian, as illustrated in Fig. 6a for the

sample aged 15 days, which allowed to discriminate

seven distinct components. Three of them (1621, 1641

and 1682 cm-1) were initially present. The band at

1641 cm-1 is typical of the O–H bending vibration

modes of adsorbed water (Fan et al. 2012; Faure 2013)

Fig. 5 a Typical infrared

spectrum of cellobiose

obtained after freeze-drying

the fresh Acid_O2_1.6

solution; enlarged spectra in

the 1550–1850 cm-1 range

(dashed square in the main

figure) showing the

evolution with aging for

samples b Acid_O2_1.6 and

c Fe2_O2_1.6
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but the attribution of the tow other bands is less

straightforward. Even if the one at 1682 cm-1 is

within the range of conjugated C=O, this attribution

seems unlikely since this band was already present in

the fresh (in principle C=O free) cellobiose solution.

An alternative could be that the 1621 and 1682 cm-1

bands come from water with different degrees of

hydrogen bonding (low and high H-bonding, respec-

tively) and/or from water interacting with metal ions

as already reported for other solids (Lin et al. 2017).

Besides, the band at 1621 cm-1 is within the

1560–1628 cm-1 range, which is typical of iron

oxalates (Calvini and Silveira 2008; Ferrer and Sistach

2005). This attribution seems however unlikely in the

present case due to the presence of this band before

aging.

Four other bands progressively appeared with aging.

Those at 1705 and 1662 cm-1 could not be assigned

with certainty, but they interestingly matched values

calculated for the formation of two carboxylic acid

functions on cellopentaose (Lojewska et al. 2006). They

are also compatible with aldehyde end group formation

Fig. 6 a Deconvolution of the infrared signal between 1550 and 1850 cm-1 for the Fe2_O2_1.6 sample aged 15 days and b evolution

with aging time of the area of the infrared components at 1729 and 1775 cm-1

Table 2 main reported

infrared absorption bands

for cellobiose (Socrates

2001; Nikonenko et al.

2000)

Wavenumbers (cm-1) Attribution

3421/3364/3327/3285/3187 O–H stretching (H bounding)

2982/2971 C–H stretching of aliphatic groups

2929/2917 C–H asymmetric stretching

2897 C–H stretching

2884 C–H stretching

2863 C–H symmetric stretching

1454 C–C–H deformations (scissoring)

1426 C–C–H deformations or C–OH

1359/1337/1309 O–H deformation (alcohol I or II)

1260 C–H deformations (out of plane) or C–OH cyclic

1204 O–H deformation (alcohol I or II)

1163/1145 C–O–C glycosidic linkage

1123 C–O stretching ou 6-o-cycle

1098 C–OH stretching (alcohol II) or cyclic C–O

1079/1040 C–OH stretching (alcohol I or II) or cyclic C–O

1027 C–OH stretching (alcohol I) or cyclic C–O

989/975 C–O–C glycosidic linkage

895/890/836 C–H deformation

640 O–H deformation

Cellulose (2017) 24:5101–5115 5111

123



and water, respectively. Those at 1729 and 1775 cm-1

are typical of the C=O stretching mode of different

functional groups, such as aldehyde, ketone, carboxylic

acids or lactones (Socrates 2001). On paper, the band at

1729 cm-1 was previously mainly attributed to car-

boxyl groups, the participation of aldehyde end groups

being negligible for cellulose (Lojewska et al. 2006).

More generally on carbohydrates, carboxylic acid

groups absorb in the range 1730–1740 cm-1, ketone

or aldehyde end groups of open-ring sugars around

1718 cm-1, lactones between 1760 cm-1 and

1726 cm-1 (for aldono-1,5-lactone) and 1790 cm-1

and 1765 cm-1 (for aldono-1,4-lactone) and ester

between 1748 cm-1 and 1724 cm-1 (for example

1727 cm-1 on cellobiose octoacetate).

The deconvolution of the 1700–1800 cm-1 region

in the series of aged Fe2_O2 samples allowed

measuring the peak area for each individual compo-

nent and following their evolution with aging time.

Amongst the seven components, only the two bands at

1729 and 1775 cm-1 regularly increased with time

(Fig. 6b), evidencing C=O formation during aging at a

much higher level than in the previous iron-free

solution, consistent with the accentuated higher

degradation of cellobiose evidenced by capillary

electrophoresis.

Discussion on the effect of oxygen on iron gall

inked paper degradation

All above data on cellobiose degradation in the

presence of iron and oxygen provide a clearer picture

of the reaction pathways involved in the depolymer-

ization of acidic IGI impregnated papers. If simulta-

neously present, iron and oxygen accelerate the

degradation of cellulose and this trend, observed

earlier on inked papers (Rouchon et al. 2011), is

confirmed here using cellobiose as model molecule for

cellulose.

The present work goes further and demonstrates

that the impact of oxygen is mostly related to an

acidification of the medium through iron(II) oxidation

to iron(III), followed by iron(III) precipitation. With-

out gallic acid (Fe2_O2 sample), this process is

relatively fast (less than one day in the conditions of

the experiments) and it induces simultaneously (1) a

pH decrease, (2) a color change of the solution (from

colorless to orange) and (3) the precipitation of

goethite. Interestingly, such color change,

characteristic of an oxidation of iron(II) to iron(III)

was also observed in Fe2_NaOH_O2 in which cel-

lobiose was not degraded because pH was kept at 3.6

by addition of NaOH. Thus, pH appears to be the main

impacting factor in the degradation.

In all mildly acidic media, cellobiose conversion

was negligible regardless of the presence or absence of

iron and/or oxygen. Conversely, it occurred in all

samples at pH 1.6, moreover accentuated in the

presence of both iron and oxygen. Not only glucose

(formed by glycosidic bond breaking) but also

secondary products of degradation (evidenced by the

progressive appearance of C=O infrared bands at 1729

and 1775 cm-1) were obtained. The newly formed

C=O groups could arise through oxidation of cel-

lobiose or glucose, but they could result as well from

isomerization of glucose to fructose and subsequent

dehydration, as has been observed in acidic medium

(Popoff and Theander 1976). This leads to the

formation of hydroxymethylfurfural (HMF), humins

and possibly levulinic acid and formic acid (Kwon

et al. 2012). All these new molecules bear C=O groups

that might account for the increase of both above-

mentioned IR absorption bands. The fact that forma-

tion of such C=O bearing dehydration by-products was

not detected in Acid1.6_Ar (no signal) and was seen at

a very small extent in Acid1.6_O2 (broad weak signal

around 1730 cm-1) agrees with the observation of

Kwon et al. (Kwon et al. 2012) who reported that

cellobiose hydrolysis is easier than glucose dehydra-

tion, the former process being therefore favored.

Conversely, the significant increase of the C=O bands

with aging for the Fe2_O2 sample attest of the

occurrence of some cellobiose oxidation in addition

to hydrolysis, similarly to what was reported for

cellulose in an iron free medium (Bouchard et al.

1989). In our case, it is thought that iron participates to

the oxidation through (at least partially) radicalar

mechanism, as deduced from a previous study in

which we demonstrated by ESR spectroscopy that

reactive oxygen species (ROS) were produced in

solutions when iron(II) lixiviated from impregnated

paper samples was oxidized to iron(III) (Gimat et al.

2016). It is also worth adding that the formation of

electron-attracting groups such as carbonyls in the

neighborhood of the glycosidic oxygen was found to

favor acid hydrolysis explaining the higher hydrolysis

rate in wood pulp in comparison to cotton (Krässig

1993).
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The predominance of the acid-catalyzed hydrolysis

degradation pathway in Fe2_O2 is also consistent with

previous kinetics measurements done on an acidic IGI

impregnated paper exposed to air and to 50% relative

humidity. Indeed, the depolymerization rate on this

paper was several orders of magnitude higher than on

iron-free papers with similar pH (3–4) and the

activation energy (Ea) value of the process was equal

to 97 ± 2 kJ.mol-1, close to reported Ea values for

acid-catalyzed hydrolysis (100–115 kJ.mol-1) (Rou-

chon et al. 2016). Nevertheless, a new question arises

when considering the pH of this acidic paper that is

within the usual range for acid papers but is close to

the pH of our mildly acidic (stable) cellobiose

solutions and far above that at 1.6 of the acidic

(degraded) ones. This apparent discrepancy finds a

convincing explanation in the fact that pH of paper

samples is usually measured in water extracts using

standard protocols (TAPPI T 509 om-02). It is thus an

average value of the protons released by the paper in

solution. Two papers with similar average pH but with

different distributions of acidic compounds at the

microscopic level in the fibers may in all likelihood

behave differently. In the case of IGI impregnated

papers, the formation of the iron(III) precipitate may

induce a strongly acidic environment locally, favor-

able to acid hydrolysis, while similar amounts of

protons distributed more homogeneously in the fibers

would have a much lower impact. This scenario would

explain why no cellobiose degradation was observed

at 80 �C in Fe2_NaOH_O2 that was maintained at pH

3.6, while chain scissions were measured at ambient

temperature on IGI impregnated papers with similar

apparent pH (average value). Getting a better insight

into these aspects requires investigating paper samples

at the nano-scale. This can be done using techniques

that allow mapping the IGI or iron distribution within

paper fibers. Scanning Transmission X-ray Micro-

scopy (STXM) is one such technique and proved to be

useful for this purpose (Rouchon and Bernard 2015).

This investigation will be the purpose of the following

work.

Conclusion

In this work, cellobiose was used as a model molecule

to study the mechanism leading to glycosidic bond

breaking in cellulose in presence of iron and oxygen.

This approach appeared relevant since the effect of

oxygen and iron was qualitatively similar in cellobiose

solutions (this work) and on IGI impregnated paper

samples (previous publications). In both systems the

combined presence of iron and oxygen was highly

detrimental and rapidly led to glycosidic bond

cleavage.

The choice of working in solution, a homogeneous

system, enabled to study the chemistry taking place

and circumvent the physical aspects related to the

migration of ink components in paper fibers. It showed

that the most deleterious effect of oxygen and iron was

operating through a fast acidification of the medium

consecutive to iron oxidation, leading to acid-cat-

alyzed hydrolysis of cellobiose. Cellobiose oxidation

also occurred, to some extent, leading to some

formation of C=O bonds which can weaken the

glycosidic bond (so-called ‘‘weak links’’) and make

it more prone to cleavage by acid hydrolysis. The

impact of cellulose oxidation on chain scission is thus

synergetic, as the glycosidic bond cleavage was

mainly driven by the pH of the solutions. Neverthe-

less, the main degradation mechanism was clearly

acid-catalyzed hydrolysis.

Despite the pH dependence of chain scissions,

extrapolating the behavior of cellobiose solutions to a

solid substrate such as paper is not straightforward.

Indeed the pH of a paper is usually measured on

aqueous extracts. This gives an average value of all the

acidic components that can be extracted from the

paper, but does not take into account the eventual

heterogeneous distribution of the components within

the fibers that can induce local pH differences.

Therefore, at similar pH, the behavior of a paper

may not be comparable with the behavior of solutions.

On an IGI impregnated paper, local spots of iron may

induce very low pH at the microscopic/nanoscopic

scale. This point needs confirmation by nanoscale

observations, but could explain why IGI papers at pH

3–4 undergo strong depolymerization while cellobiose

solutions at similar pH remain unaffected.
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