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To better understand the degradation of cellulose upon the formation of a tideline at the wet-dry interface
when paper is suspended in water, the production of chemical species involved in oxidation reactions
was studied. The quantitation of hydroperoxides and hydroxyl radicals was carried out in reverse phase
chromatography using triphenylphosphine and terephthalic acid, respectively, as chemical probes. Both
reactive oxygen species were found in the tideline immediately after its formation, in the range of micro-
moles and nanomoles per gram of paper, respectively. The results indicate that hydroxyl radicals form for

g?l’l‘;vl% rSdeS: the most part in paper before the tideline experiment, whereas hydroperoxides appear to be produced
Hydroxyl radical primarily during tideline formation. Iron sulfate impregnation of the paper raised the production of
Hydroperoxide hydroperoxides. After hygrothermal aging in sealed vials the hydroxyl radical content in paper increased
Molar mass significantly. When aged together in the same vial, tideline samples strongly influenced the degradation
Antioxidant of samples from other areas of the paper (multi-sample aging).

Hygrothermal aging Different types of antioxidants were added to the paper before the tideline experiment to investigate
their effect on the oxidation reactions taking place. In samples treated with iron sulfate or artificially
aged, the addition of Irgafos 168 (tris(2,4-ditert-butylphenyl) phosphate) and Tinuvin 292 (bis(1,2,2,6,6-
pentamethyl-4-piperidyl) sebacate and methyl 1,2,2,6,6-pentamethyl-4-piperidyl sebacate) reduced the
concentration of hydroperoxides and hydroxyl radicals, respectively. Tinuvin 292 was also found to con-

siderably lower the rate of cellulose chain scission reactions during hygrothermal aging of the paper.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction oxidation have been identified in tidelines (Bogaty, Campbell, &

Appel, 1952; Dupont, 1996b; Jeong et al.,2012; Souguir et al., 2008).

Tidelines (brown lines) in paper can affect degradation of cel-
lulose in the brown area itself and in neighboring areas (Jeong,
Dupont, & De la Rie, 2012; Souguir, Dupont, & De la Rie, 2008).
They can form in historical papers and books at the wet-dry inter-
face upon local exposure to water or high relative humidity (Bone
& Turner, 1950; Dupont, 1996a; Eusman, 1995; Hofenk de Graaff,
1994; Madaras & Turner, 1953). Understanding the degradation
of cellulose due to a tideline is therefore important for paper
conservation purposes. Various degradation products evidencing
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Among those, low molar mass organic acids, can directly affect cel-
lulose via acid catalyzed hydrolysis, which results in a decrease in
the molar mass (Fengel & Wegener, 1984; Souguir et al., 2008).
Hydroperoxides have also been found in tidelines in larger quanti-
ties than in other areas of the paper (Souguir et al., 2008).
Cellulose oxidation may involve the often cited oxidation of the
C2 and C3 hydroxyl groups to ketone groups and of the C6 hydroxyl
group to a carboxylic acid group (Lai, 2001). Much more destruc-
tive oxidation involves free radical reactions. Free radical oxidation
in organic materials encompass a complex series of reactions and
has been studied widely, although perhaps less so in cellulose.
Some of the free radical reactions possible in cellulose are pre-
sented in Scheme 1 (Luo, Abbas, Zhua, Deng, & Tang, 2008; Prousek,
2007; Scott, 1993). They involve hydrogen abstraction from a cel-
lulose molecule and formation of an alkyl radical. Certain hydrogen
atoms are more easily abstracted than others, such as those in an
a-position to a double bond and those attached to a tertiary carbon
atom. In Scheme 1 examples are indicated of H-abstraction on C3,
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Scheme 1. Autoxidation chain reaction and related free radical reactions. UV =UV catalyzed reaction, A =thermal reaction, M = metal ion catalyzed reaction.

which is in an a-position to a double bond formed after oxidation
of the —OH on C2 to a ketone group, and on the tertiary carbon
atom C5. The alkyl radical rapidly reacts with oxygen to form a per-
oxy radical. The peroxy radical abstracts a hydrogen from another
molecule and forms a hydroperoxide (R-OOH). Hydroperoxides,
the initial products of oxidation, easily decompose to yield peroxy,
alkoxy and hydroxyl radicals, which further participate in the free
radical chain process, which is therefore also considered autocat-
alytic (Scott, 1993). Many more complex reactions may take place.
In an aqueous environment, Fenton reactions, in which hydrogen
peroxide is decomposed in the presence of Fe2*/Fe3*, as well as
other transition metal ions such as Cu%*/Cu'*, to yield free radi-
cals, can furthermore play a role (Kolar, 1997; Kolar, Strli¢, Novak,
& Pihlar, 1998; Walling, 1975). Superoxide radical anion is believed
to play a part in aqueous oxidation reactions (Kocar et al., 2005).
It is known to be involved in a stepwise one-electron reduction of
molecular oxygen leading to the production of hydrogen peroxide
(Prousek, 2007).

Antioxidants interfere with free radical oxidation by eliminating
reactive species. They can be divided into free radical scavengers,
also known as chain-breaking antioxidants, which remove free
radicals (Pospisil & Nespurek, 1995; Scott, 1993), primarily peroxy
radicals, and preventive antioxidants, which convert hydroperox-
ides to their corresponding alcohols (Scott, 1993). Hydroperoxide
decomposers are often used in combination with free radical sca-
vengers as they work synergistically.

Antioxidants have been rarely employed in paper. For the most
part they have been utilized in attempts to stabilize iron gall
ink containing papers, in which oxidation reactions catalyzed by
iron ions are believed to play a role. Potassium iodide and other
halides (Malesic, Strli¢, Kolar, & Polanc, 2005), as well as calcium
and magnesium phytate have been studied for this purpose (Kolar
etal., 2007; Neevel, 1995). Although the latter have been described
as preventive antioxidants in the literature, it appears that their
main function is as chelating agents for iron ions to suppress the
Fenton reaction. The chelating effects of EDTA, citrate and other
compounds have also been studied (Strli¢, Kolar, & Pihlar, 2001).
Although present at low concentrations, iron and other metal ions

may be a factor in the tideline phenomena observed on pure cellu-
lose paper.

Lignin, a common constituent in paper, has been reported to
function as an antioxidant although it may also cause discoloration
(Schmidt, Rye, & Gurna, 1995). It is structurally similar to phe-
nolic antioxidants. Hindered phenols are powerful chain breaking
antioxidants (Pospisil & Nespurek, 1995). They have the drawback
of developing colored transformation products and are therefore
not suitable for use in paper. Hindered amine stabilizers (HAS) are
powerful free radical scavengers that do not form colored trans-
formation products (Gugumus, 1994). They are oxidized by peroxy
radicals to nitroxyl radicals, which are considerably more stable
and can be regenerated via a process that involves alkyl radicals
and peroxy radicals (Scheme 2). The chemistry of HAS is complex
and cannot be done justice in the context of this paper. In this study
the effects of the HAS Tinuvin 292 (bis(1,2,2,6,6-pentamethyl-4-
piperidyl) sebacate and methyl 1,2,2,6,6-pentamethyl-4-piperidyl
sebacate) were investigated. Preventive antioxidants such as tetra-
butylammonium bromide, 1-ethyl-3-methylimidazolium bromide
and Irgafos 168 (tris(2,4-ditert-butylphenyl)phosphite), a phos-
phite with presumably better hydrolytic stability than most
phosphites (Tochacek & Sedlar, 1993), were also included in this
study (Scheme 2). The molecular structures of the antioxidants can
be found in Table 1.

The aim of this research was to further study oxidation reactions
occurring during tideline experiments. Only the effects of water
migration were investigated but it is plausible that exposure to high
or fluctuating humidity affects similar reactions. The formation of
hydroperoxides and hydroxyl radicals in papers with or without
treatment with antioxidants was studied to better understand the
oxidation process occurring in the tideline and neighboring areas
in the paper. To assess the role of metal ions, Whatman paper
was doped with various concentrations of ferrous sulfate (Calvini
& Silveira, 2008). Some papers were artificially aged in order to
enhance degradation and predict future behavior.

Among the various methods available for quantifying hydroper-
oxides and hydroxyl radicals, chromatographic methods using
triphenylphosphine and terephthalic acid as probes, respectively,
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were chosen (Linxiang et al., 2004; Nakamura & Maeda, 1991;
Souguir et al., 2008; Yan et al., 2005). Molar mass of cellulose was
also evaluated chromatographically (Dupont, 2003).

2. Experimental
2.1. Materials and chemicals

Whatman No. 1 paper sheets (15 (or 7.5)cm x 28 cm) composed
of circa 100% cotton cellulose fibers (alpha cellulose content >98%)
were used to produce the brown lines.

Triphenylphosphine (TPP) (ReagentPlus® 99%), and terephtalic
acid (TPA) (98%) were purchased from Sigma-Aldrich. Triph-
enylphosphine oxide (TPPO) (98%), N,N-dimethylacetamide and
lithium chloride were from Fluka. Potassium dihydrogen phos-
phate (99.5%), phosphoric acid (>98%) and methanol (>99.9%) were
obtained from Acros. Hydroxyterephthalic acid (HTPA) was syn-
thesized in the laboratory according to the protocol by Yan et al.
(2005).

Four different antioxidants were used. Tinuvin 292 (T292)
(bis(1,2,2,6,6-pentamethyl-4-piperidyl) sebacate and methyl
1,2,2,6,6-pentamethyl-4-piperidyl sebacate) and Irgafos 168
(1168) (tris(2,4-di-tert-butylphenyl)phosphate) were provided by
Ciba (now BASF). Tetrabutylammonium bromide (TBABr) (98%)
and 1-ethyl-3-methylimidazolium bromide (EMIMBTr) (>97%) were
purchased from Sigma-Aldrich.

2.2. Production of tidelines

Several sheets of paper were suspended vertically, 4-cm apart,
the lower end immersed 2.5 cm deep in deionized water (1 L) (Milli
Q, Millipore) at 23 °C in the dark. The wet/dry interface stabilized
after about 2 h at approximately 17-18 cm from the water surface.
The experiment usually lasted 16 h unless otherwise stated. After
formation of the tideline, papers were dried in ambient air and
equilibrated for at least 24 h at stable ambient conditions (23°C
and 45 + 3% relative humidity (RH)). Several areas in the paper were
analyzed: the area above the tideline (aTL), the tideline area (TL),
and the area below the tideline (bTL). The latter was sub-divided
into an upper area bTL (U-bTL), a middle area bTL (M-bTL), and a
lower area bTL, near the water surface level (L-bTL). In some cases
the ‘light brown’ area adjacent to the tideline (LB-TL), due to dif-
fusion of the migrating species, and the bottom area below water
level (B-bTL) were also measured (Fig. 1). For analysis, the tideline
was cut from the paper as a thin ribbon, as close on each side of the
brown boundaries as possible.

2.3. Analysis of hydroperoxides by RP-HPLC

2.3.1. Sample preparation

To enable a significant production of hydroperoxides and a
measurable effect of the antioxidants, some papers were pre-
treated with iron sulfate. Three sheets were immersed in 420 mL
FeSO4-7H,0 0.05% (wt/v) (1.80 mM) for 10 min, after which water
was squeezed out by pressing gently with blotting paper and the
paper was left to dry at stable ambient T/RH conditions for 4h
before the impregnation with antioxidants. The iron concentra-
tion in the samples was not measured but was expected to be
about 100 pg g~ ! according to literature data (Rouchon, Duranton,
Burgaud, Pellizzi, & Lavédrine, 2011), which falls in the range of
iron content measured in a set of historic papers dating from the
15th to the 18th century (~280 ppm on average) (Stephens et al.,
2008).

After this pretreatment, papers were impregnated with antiox-
idants by spreading evenly 9 mL of antioxidant dissolved in the

appropriate solvent in known concentration, directly on their sur-
face (Table 1). The samples were dried and equilibrated for one
week at stable ambient T/RH conditions.

The tideline experiment was carried out according to the
experimental setup described in Fig. 1. After drying, the different
areas were cut out. The samples TL (5-10mg), LB-TL, aTL and U-
bTL (20 mg) were immersed in 1.2 mL TPP (150 pM) prepared in
water:methanol (1:3), and stirred at room temperature for 2 h to
allow the reaction between hydroperoxides and TPP to occur. The
solution was filtered using 0.2 wm pores PTFE membrane filter and
was analyzed immediately and after one week (standing time).

2.3.2. Analysis

An Agilent 1100 series HPLC system equipped with a vacuum
degasser, abinary pump, an autosampler, a photodiode array detec-
tor (PDA) and a variable wavelength detector (VWD) was used.
The method was adapted from a previously published procedure
with some modifications (Souguir et al., 2008). The separation was
carried out on a Pursuit C18 column (2.0 mm x 100 mm), 3-pm
particle-diameter (Varian) preceded by a guard cartridge (Security-
Guard, Phenomenex). The column compartment was thermostated
at 25°C. The mobile phase was a mixture of water (solvent A)
and methanol (solvent B) and was used under the following linear
gradient mode: 0 min, 80% A and 20% B, 0-5 min, 20-100% linear
B, 5-12min, 100% B. The analyses lasted 20 min and the system
was re-equilibrated up to 80% A and 20% B during 10 min before
each new analysis. The flow rate was 0.3 mLmin~! and sample
injection volume was 5 L. The full PDA scan was made over the
range 190-390 nm. The detection wavelengths used for TPPO and
TPP were 224 and 262 nm, respectively, with the reference set at
380 nm. The system operation, data acquisition, calibration and
quantitation were performed using ChemStation for LC 3D systems
(Agilent).

The sensitivity of the method was evaluated with the limit
of detection (LOD) calculated as three times the signal to-noise
ratio (§'/N), and with the limit of quantitation (LOQ) calculated as
3.33 x LOD (Snyder, Kirkland, & Glajch, 1997) when possible. The
linearity of the response was established by building calibration
curves with five concentration levels using individual solutions.
Each calibration point was the average of two injections. The
calibration curves for TPPO and TPP were done over the concen-
tration range 5.35 x 1076 M to 1.07 x 104 M and 1.93 x 10~> M to
9.32 x 107> M, respectively. In order to compare the results, data is
reported in terms of moles of TPP or TPPO in a gram of paper.

2.4. Analysis of hydroxyl radicals by RP-HPLC

2.4.1. Sample preparation

Samples were prepared by pre-impregnating the paper with TPA
before the formation of the tideline. Each paper was immersed for
3 minin 200 mL of an aqueous solution of 1 mM TPA, which resulted
in an uptake of 2.24 pumolg~! of paper. The samples were dried
and equilibrated for 20 h at ambient laboratory condition and the
tideline experiment was performed. The optimization of the sample
preparation is described in Section 2.4.2.

The antioxidant-impregnated samples were prepared by adding
0.05%, 0.1%, 0.5% and 1.0% (wt/wt) of T292, 1168, and mixtures
T292:1168 (1:1 and 4:1). T292 and TPA were dissolved in methanol
while 1168 was dissolved in acetone due to poor solubility in
methanol. To minimize the interference of oxidation by simple
exposure to ambient air, all the samples containing TPA were equil-
ibrated for 2 h only.

The extraction was done in 1.4 mL of water-methanol (7:3) in
which about 10 mg of each sample was immersed for 24 h under
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Fig. 1. Scheme showing water migration and evaporation during the tideline experiment and the different sampling areas in the paper sheet (16 h migration, Whatman No.

1,28cm x 15cm).

constant stirring at room temperature. The solution was then fil-
tered using 0.2 um pores PTFE filter.

2.4.2. Optimization of the sample preparation
2.4.2.1. TPA uptake in the paper. Unlike the methodology for R-
OOH, using TPP, which had been developed in a previous work by
the authors, several experimental parameters had to be optimized
before the TPA/HTPA method could be applied, especially in the
preparation of the paper samples. One of them was the extent and
reproducibility of the TPA uptake in the paper. Figure SI-1(a) in the
Supporting information file shows that this uptake varied in direct
proportion to the TPA solution concentration. The experiment car-
ried out on 8 paper samples immersed in 1 mM TPA showed that
the uptake was reproducible, at 2.24 pumol g~! (RSD 2.6%).
Increasing the immersion time in the 1 mM TPA solution showed
that the uptake was stable (2.24 pmol g~! for 3min, 2.27 wmol g~!
for 1h, 2.36 wumolg~! for 4h) indicating that 3 min is enough to
achieve reproducible uptakes. This is due to a good accessibility of
the solvent (methanol) in the fibrillar mesostructure of cellulose.

2.4.2.2. HTPA content with equilibration period. The HTPA content
of the paper pre-impregnated with the aqueous solution of TPA
1mM and kept in stable ambient T/RH conditions (henceforth
called equilibration) increased in a linear fashion until about 200 h,
after which it stabilized (Fig. SI-1(b) in the Supporting informa-
tion file). The initial rate of production of OH" in paper can be
determined from the slope of the plot on the portion 0-200h as
0.026 nmolg-1h-1,

Figure SI-2 in the Supporting information file shows the HTPA
content as a function of the TPA uptake in the paper after 60 h equil-
ibration, this period being the total exposure time of the paper to
air (20h initial T/RH equilibration, 16 h water migration for the
tideline experiment and 24 hT/RH post-equilibration). The HTPA
content in the paper gradually increased from 0.12 to 0.64 nmol g~!
for TPA concentrations from 0.27 to 2.24 umol g1, and then essen-
tially stabilized. From these results it appears that using a 1 mM
TPA solution for paper impregnation is sufficient for the purpose of
hydroxyl radical analysis.

Table 2
Samples proportion (%) and amount (mg) in each aging vial. Samples were pre-
impregnated with TPA, resulting in a concentration of TPA in the paper of 2 umol g~'.

Aging type aTL TL bTL

aTL and bTL (without TL) (A) 50%—41.4 50% —41.4
aTL, U-bTL and TL (B) 50%—41.4 25%—20.7 25%-20.7
aTL, U-bTL and TL (TL in glass tube) (C) 50%—41.4 25%—20.7 25%-20.7

2.4.3. Hygrothermal aging of TPA impregnated samples

Artificial aging using a scaled down procedure ASTM D6819-
02e02 standard was carried out at 100°C for 2 and 5 days with
3 mL crimp cap vials and PTFE/butyl septa (Fig. 2 left (A-C)). The
total mass of paper placed in the aging vial was downsized in order
to follow the ratio of sample weight to vial volume as in the ASTM
standard. All other parameters were as in the standard method.
One or several areas of the paper (aTL, TL, U-bTL, M-bTL, L-bTL, B-
bTL) were placed in the vials in various proportions, as described in
Table 2. The samples extracts were prepared as described in Section
2.4.1.

2.4.4. Analysis

An Agilent 1200 series HPLC system equipped with a vacuum
degasser, a quaternary pump, an autosampler, a fluorescence detec-
tor (FLD) (Agilent 1100 series) and a PDA detector (Agilent 1100
series) were used. The separation was carried out on a Pursuit C18
column (4.0 mm x 100 mm), 5-p.m particle-diameter (Varian) pre-
ceded by a guard column (Varian). The column compartment was
thermostated at 30°C. The system was operated in isocratic mode
with a mixture of KH,PO4-50mM at pH 3.2 (adjusted with phos-
phoric acid 1 M) (70%) and methanol (30%). Analyses lasted 10 min.
Flow rate was 0.8 mLmin~! and sample injection volume was 5 or
10 p.L. The detection of HTPA was done with the FLD, the excitation
set at 250 nm, and the emission at 440 nm. The PDA was used at
245 nm for TPA detection. The system operation, data acquisition,
calibration and quantitation were performed using ChemStation
for LC 3D systems (Agilent).

Sensitivity of the method was evaluated with LOD and LOQ as
for TPPO. The linearity of the response was established by building
calibration curves with four concentration levels using individual
solutions. Each calibration point was the average of two injections.
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Fig. 2. Scheme of the hermetically closed vials used for hygrothermal aging: configurations A, B and C in 3 mL vials (left) and in 144 mL glass tube (right).

The calibration curves for TPA and HTPA were done over the con-
centration range 2.0 x 1075 M t0 2.0 x 10~ M and 1.0 x 102 M to
5.0x1072M (5.0 x 1072 M to 5.0 x 10~7 M for the aged samples),
respectively.

In order to be able to compare the results, data is often reported
in terms of moles of TPA or HTPA in a gram of paper.

2.5. Molar mass determination by SEC/MALS

2.5.1. Hygrothermal aging

Antioxidant impregnated papers were prepared according to
the same procedure as reported in Section 2.4.1. The samples (with
no tideline, i.e. equivalent’ aTL) were aged in 3 mL crimp cap vials
at 100 °C for 5 days to act as control samples (Fig. 2 left (A)).

After the tideline formation, the aging was carried out accord-
ing to ASTM D6819-02e02 standard where the whole paper sheets
were aged at 100°C in 144 mL glass tubes (Fig. 2 right).

2.5.2. Analysis

The macromolecular characterization of cellulose was carried
out by measuring the molar mass and molar mass distribution
(MMD) using size-exclusion chromatography with multian-
gle light scattering and differential refractive index detection
(SEC/MALS-DRI). The dissolution of the paper samples prior to
the analysis was carried out in N,N-dimethylacetamide with 8%
lithium chloride according to a procedure detailed in a previous
publication (Dupont, 2003). An isocratic HPLC pump 515 (Waters),
autosampler ACC-3000T (Dionex), Dawn EOS MALS detector
(Wyatt Technologies), and 2414 (Waters) differential refractive
index (DRI) detector were part of the chromatographic set-up. The
separation was carried out on a set of three polystyrene divinyl
benzene (PSDVB) columns Phenogel Linear(2) (5-pm particle-
diameter mixed bed pores columns, Phenomenex) preceded by a
guard column Phenogel (5-wm, Phenomenex). The columns com-
partment and the MALS detector were thermostated at 60°C, the
DRI was set to 55 °C. The mobile phase was N,N-dimethylacetamide
with 0.5% lithium chloride (wt/vol). The system was operated at
a flow rate of 0.4mLmin~! with an injection volume of 100 L.
Each sample solution was run two times non-consecutively.
The repeatability of the method as previously determined was
RSD%=2.5 on M, for 3 separate cellulose samples analyzed two to
three times non-consecutively.

3. Results and discussion
3.1. Hydroperoxide analysis

There are a number of methods available for quantitative deter-
mination of hydroperoxides (Dobarganes & Velasco, 2002). Most

of these methods are generic chemical methods which rely on
redox reactions. The main limitation of these assays is the possible
interference from minor compounds other than hydroperoxides,
as well as their lack of specificity toward other oxidative species.
Moreover, a total absence of oxygen and light has to be achieved
during the reaction. For these reasons, the method that was chosen
in this work for the analysis of hydroperoxides was one based on
their reduction with triphenylphosphine (TPP) (Barnard & Wong,
1976) (Scheme 3(a)). The reduction of hydroperoxides by trisub-
stituted phosphines has been shown to be highly specific (Denney,
Goodyear, & Goldstein, 1960; Stein & Slawson, 1963). The triph-
enylphosphine oxide (TPPO) produced can be quantified using
RP-HPLC (Nakamura & Maeda, 1991). A method was presented in
our previous work (Souguir et al., 2008).

3.1.1. RP-HPLC method validation

The two peaks of TPPO and TPP are completely resolved (tg = 8.06
(£0.01) min and tg=9.68 (+0.01) min, respectively).

TPP contains a minute amount of TPPO which was subtracted
from the TPPO peak area for precise quantitation as follows:

[ROOH] (pmol g_1)%([TPPO] in paper (pmol)
—[TPPO] inblank (mmol))/paper mass (g)

The calibration curve, plotting peak area as a function of TPPO
concentration indicated a linear regression coefficient R? of 0.9999.
The method shows high sensitivity for TPPO as well as for TPP. LOD
was not investigated below 63 nM, the lowest concentration tested,
for which S’'/N was still about 390. Both LOD and LOQ were thus
defined as this threshold value.

3.1.2. Quantitation of hydroperoxides in paper

3.1.2.1. Effect of iron sulfate pretreatment. Trace metal levels are
present in Whatman No. 1 paper. According to the manufacturer,
5ugg! of iron are present on average, while 3 wgg~! had been
previously measured in the paper batch used for this research
(Jeong et al., 2012). The pretreatment with iron sulfate was car-
ried out to achieve larger iron content in the paper (~100 pgg1).
This was expected to promote oxidation through the Fenton reac-
tion (Scheme 1) (Walling, 1975), which would help evidencing the
possible suppression effect of the antioxidants.

The samples were left to equilibrate for one week in controlled
conditions (23°C, 45+ 3% RH) after the iron sulfate pretreatment
since it was determined that a shorter period was not sufficient
to bring hydroperoxides to substantially higher levels than in the
control paper in any of the subdivided paper areas. Table 3 shows
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Scheme 3. Reduction of a hydroperoxide by triphenylphosphine (TPP) to form triphenylphosphine oxide (TPPO) and the corresponding alcohol (a), and hydroxylation of

terephthalic acid (TPA) by hydroxyl radical to hydroxyl terephthalic acid (HTPA) (b).

the TPPO content of the control paper and of the iron sulfate
pretreated paper (Fe-ref) in the different areas. In aTL and bTL the
TPPO concentration was still not quantifiable for the control sam-
ple, and was extremely small in the papers pretreated with iron
sulfate. In contrast, it was significantly higher in TL. The production
of hydroperoxides during the tideline experiment clearly increased
with the addition of iron in the paper.

It was observed that the papers and their tidelines exhibited dif-
ferent fluorescence in the visible when excited in the UV at 366 nm.
While the control tideline had a bright blue fluorescence, as already
observed in previous research (Dupont, 1996a), the iron sulfate pre-
treated samples were darker and showed a dark blue line, which
did not fluoresce (Fig. 3). Fluorescence may be suppressed by com-

plexing of fluorophores with iron.

3.1.2.2. Antioxidant impregnation of iron sulfate pretreated papers.
Table 3 shows that for the samples impregnated with FeSQOy,
T292 at the lowest concentration (0.5%) reduced the amount of

Table 3

hydroperoxides in TL by about 40% compared to their amount in
the reference sample (Fe-ref), but it did not at the highest con-
centration (2%). It was also noticed that under visible light TL of
the T292 impregnated paper was somewhat lighter than TL of the
other paper samples (Fig. 4).

The samples treated with 1168 at both concentrations (0.5% and
2%) showed highly reduced hydroperoxide content (>95%) but no
noticeable color attenuation of the tideline. There was no measur-
able TPPO either in the diffuse ‘light brown’ tideline area (LB-TL) of
the paper impregnated with 1168 (Fig. SI-3 left, in the Supporting
information file).

The samples containing the mixture 1168:T292 also showed
a reduced amount of hydroperoxides (by 40% at the highest
concentration and by 70% at the lowest concentration) and a signif-
icantly fainter tideline (Fig. 4). The samples containing tBABr and
EMIMBI:T292 revealed a reduced amount of TPPO, while EMIMBr
alone did not reduce the amount of TPPO in TL. With the halides
treated papers, TPPO was found not only in the tideline but also in

TPPO content (wmolg—') in the different sample areas after one week T/RH equilibration period. Freshly prepared solutions (normal font) and one week old (standing)

solutions (italics) (SD = standard deviation).

aTL SD TL SD LB-TL SD bTL SD
No AO 0.0% ND 0.31 0.12 - ND
(control: no Fe SO4) - 0.73 0.02 - -
No AO 0.0% 0.03 0.05 0.9 0.59 0.04 0.02 0.06 0.08
(Fe-ref) 0.09 0.01 2.18 0.01 0.08 0.01 0.17 0.01
1168 0.5% ND 0.04 0.03 ND ND
ND 1.61 0.07 ND ND
2.0% ND ND ND ND
ND ND ND ND
T292 0.5% ND 0.52 0.16 - ND
0.02 0.05 1.51 0.02 - ND
2.0% ND 0.98 0.26 0.23 0.03 0.03 0.01
ND 2.48 0.02 0.57 0.06 ND
T292:1168 (1:1) 0.5% ND 0.24 0.02 - ND
2.0% ND 0.9 0.03 - ND
ND 0.51 0.12 ND ND
ND 1.41 0.01 0.18 0.03 ND
tBABr 1.7% 0.08 0.03 0.55 0.01 0.26 0.03 0.12 0.04
0.08 0.05 0.44 0.05 0.31 0.01 0.17 0.07
tBABr:T292 (0.85:1) 1.9% ND 0.33 0.12 0.39 0.11 ND
0.02 0.05 1.05 0.01 0.79 0.03 ND
EMIMBr 1.0% 0.02 0.03 1.01 0.05 - 0.04 0.02
0.03 0.02 1.14 0.01 - 0.01 0.02
EMIMBI:T292 (0.5:1) 1.5% 0.02 0.04 0.14 0.04 0.42 0.08 ND
0.06 0.01 0.38 0.03 0.74 0.01 ND
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Fig. 3. (a) Control paper, (b) iron sulfate pretreated paper and (c) close-up view in TL area of (b) (image under UV at 366 nm). ND: no TPPO detected.

Fig. 4. Samples pretreated with iron sulfate and impregnated with antioxidants under visible (top) and UV 366 nm light (bottom). Percentages indicated are wt/wt.

the somewhat large ‘light brown’ tideline area above (LB-TL) (Fig.
SI-3 right and Fig. SI-4, in the Supporting information file). The lat-
ter resulted from the spreading of the compounds at the wet/dry
interface. The halides are about 70% water soluble and this may
have affected the distribution of compounds in the tideline area,
which makes it difficult to draw conclusions on the effectiveness
of the two bromide antioxidants in this type of experiment.

The stability of the paper extracts was evaluated by measur-
ing the evolution of the TPPO content in the liquid extracts one
week after adding the TPP solution (standing time in solution)
(Table 3, numbers in italics). It was found to increase consider-
ably for TL samples without antioxidant (no AO), from the initial
0.31-0.73 wmolg~! for the control sample, and from the initial
0.9-2.18 umol g~! for Fe-ref. This indicates that hydroperoxides
were continuously produced in the solution, arising from the dis-
solved compounds present. No suppression effect after one week
for the TL extract of the papers pretreated with FeSO4 and impreg-
nated with T292 was observed: the hydroperoxide concentration
increased quite similarly for the samples impregnated with 2% T292
(153%)and 0.5%T292 (190%) as for Fe-ref (142%). However, the sam-
ple extracts of the papers pretreated with FeSO4 and impregnated
with 1168 2%, tBABr and EMIMBr showed no increase in the TPPO
content in solution with time. It should be noted again that EMIMBr
and tBABr being largely soluble in water, they can migrate during
the tideline experiment as well as dissolve in the solvent mix used
for sample preparation (water:methanol), which would explain
their persistent effect in solution. On the contrary, the solubility
of 1168 in water is below 0.005mgL-!. It is thus expected that it
cannot substantially accumulate at the tideline, nor be significantly
extracted in solution and so should be present in the sample extract

in very small concentration. It is thus all the more noteworthy that
1168 proved extremely efficient in suppressing hydroperoxide for-
mation in the paper to the point that the aqueous extracts were
stable during at least one week.

These results confirm our previous result that hydroperoxides
are produced during tideline formation (Souguir et al., 2008) and
show that once in solution the tideline extract continues to produce
them with time.

3.2. Hydroxyl radical analysis

Direct and indirect methods can be used for the quantitative
analysis of hydroxyl radicals. Electron Spin Resonance (ESR) spec-
troscopy is a direct method. It has been successfully used to study
the formation of radicals in solutions of carbohydrates (Shkrob,
Depew, & Wan, 1993). However ESR is difficult to perform on
purified cellulose due to high background noise level and low sen-
sitivity (Linxiang et al., 2004). Furthermore, ESR does not allow
a dynamic measurement during the tideline experiment or dur-
ing the aging. Indirect methods are based on the use of chemical
probes that react with OH’, the reaction products of which can be
quantitated. These methods rely on the hydroxylation of aromatic
compounds such as salicylate, phenylalanine, tryptophan, N,N'-(5-
nitro,1,3-phenylene) bisglutaramide (NPG), 4-hydroxybenzoic acid
(4-HBA) and terephthalic acid (TPA) (Fang, Mark, & Sonntag, 1996;
Freinbichler et al., 2008; Kolar, Strli¢, & Pihlar, 2001; Linxiang et al.,
2004; Maskos, Rush, & Koppenol, 1992; Matthews, 1980; Yan et al.,
2005). Salicylate, phenylalanime, tryptophan and NPG produce
multiple hydroxylated products, which is the main cause for poor
detection limits. Due to their symmetrical structure, 4-HBA and
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Fig. 5. HTPA (nmolg~') and TPA (pnmolg') content in TL as a function of TPA
concentration in the impregnation solution.

TPA produce only one hydroxylated product, 3,4-hydroxybenzoic
acid (3,4-HBA) and hydroxyl terephthalic acid (HTPA), respectively.
HTPA has the advantage over 3,4-HBA that it fluoresces under UV
(Scheme 3(b)). This allows for sensitive methods with very low
LODs associated with the HPLC analysis using fluorescence rather
than UV detection (Freinbichler et al., 2008).

3.2.1. RP-HPLC method validation

Two distinct peaks were obtained for HTPA and TPA, with
tg =3.50 (£0.02) min (FLD) and tg =5.97 (+0.02) min (PDA), respec-
tively. The calibration curve, plotting peak area as a function of
HTPA concentration, indicated a linear regression coefficient R? of
0.9999. The method shows high sensitivity with LOD = 1.50 nM and
102 nM and LOQ=2.71nM and 468 nM for HTPA and TPA, respec-
tively.

3.2.2. Quantitation of hydroxyl radicals in paper
3.2.2.1. Effect of experimental parameters. If TPA was added to the
TL sample right after the sequence of formation of the tideline and
drying, no HTPA was detected. The very short lifetime and high
reactivity of OH" would explain this absence. It is to circumvent
this problem that the tideline was produced on paper impregnated
with TPA, allowing the latter to react with OH' radicals as soon as
they were produced.

HTPA was then found in much larger amounts in TL (Fig. 5 and
Table 4 top). Using TPA impregnation solutions from 0.1 to 1 mM,
both TPA and HTPA contents in TL and aTL gradually increased. For

Table 4

TPA concentrations over 1 mM, no further increase in TPA and HTPA
contents was found. This is consistent with the results reported pre-
viously for the equilibration periods (Section 2.4.2.2). The amounts
of HTPA found in aTL were small and virtually no HTPA was present
in any of the sub-divided bTL areas. This means that most of the
HTPA present in the area bTL might have migrated with the water
to TL. Therefore it seems that at least part of the HTPA in TL ori-
ginates from the migration through the area bTL and not from de
novo formation.

Table 4 (bottom) shows the HTPA and TPA contents as a func-
tion of water migration time in paper impregnated with TPA on
which a tideline was produced. Confirming the results in Table 4
(top), the HTPA content in TL was found to be considerably higher
than in the other areas in all cases. It also increased with migra-
tion time. As expected, in aTL the amount of TPA was more or
less constant upon migration time as water only affects TL and
bTL areas. The HTPA content in aTL however did increase, which
was attributed to the time of exposure to air after the impreg-
nation with TPA as explained above (Section 2.4.2.2). Plotting the
HTPA content data for aTL in Table 4 as a function of equilibra-
tion time provided a linear plot with a slope of 0.025nmolg~! h~!
(R2=0.992), which confirms the natural rate of production of OH" in
paper determined previously (Fig. SI-1(b) in the Supporting infor-
mation file). Confirming the data in Table 4 (top), the HTPA content
in bTL was much smaller compared with aTL, indicating that most
HTPA and TPA have migrated to the tideline. HTPA in the upper
area bTL (U-bTL) was nevertheless slightly higher than in the other
subdivided bTL areas. This must be due to residual TPA in that
area, which has undergone less water migration, and which can
then react during the drying and equilibration period after forma-
tion of the tideline. Table 4 (bottom) also shows that the HTPA
ratio TL/aTL as a function of migration time was rather constant.
This again confirms that most HTPA found in TL actually origi-
nated from the migration of the HTPA present in the paper (in
bTL), which was probably produced during the T/RH equilibration
time after the TPA impregnation and before the tideline experi-
ment. Since each sample underwent a different exposure time to
air and humidity, this result tends to indicate that OH' radicals are
formed spontaneously in paper and originate primarily from expo-
sure to ambient air. This is to our knowledge the first experimental
evidence for the natural formation of OH in paper. Environmen-
tal research supports this as a plausible interpretation (Weschler &
Shields, 1997). Thus, there seems to be no evidence that hydroxyl
radicals were produced more abundantly in TL than in aTL and
bTL.

Top. TPA (molg~!) and HTPA (nmolg~') as a function of TPA concentration in the solution. Bottom. TPA (nmolg~!) and HTPA (nmol g-') content as a function of water
migration time (TPA impregnation solution 1 mM). Standard deviations are in parenthesis.

aTL TL bTL TL/aTL
U-bTL M-bTL L-bTL B-bTL
oq HIPA 0.12 (0.01) 37.15(10.24) ND ND ND ND
L TPA 0.27 (0.03) 61.70 (4.13) ND 0.01(0.01) ND 0.02 (0.01)
05 HIPA 0.43 (0.02) 85.32(12.93) 0.02 (0.02) 0.01(0.01) ND 0.04 (0.03)
TPA solution (mM) = TPA 1.09 (0.03) 181.62 (13.96) 0.01(0.01) 0.01(0.01) 0.02 (0.02) 0.01(0.01)
HTPA 0.64 (0.11) 102.27 (3.82) 0.12 (0.02) 0.01(0.01) ND 0.01(0.01)
10 1pp 2.22(0.04) 253.73 (7.62) 2.37(0.04) 0.02 (0.01) 0.01(0.01) 0.04 (0.03)
,5 HIPA 0.52(0.13) 93.30(11.67) 0.09 (0.06) 0.04 (0.01) 0.01(0.01) 0.02 (0.01)
= TPA 5.09 (0.08) 233.02 (15.83) 7.40 (0.29) 4.80(0.84) 0.01 (0.01) 0.01(0.01)
5 HTPA 0.29 (0.04) 45.42 (11.16) 0.06 (0.04) 0.06 (0.01) ND 0.02 (0.02) 1553
TPA 2.26 (0.04) 181.67 (26.31) 2.39(0.09) 1.16 (0.28) 0.25 (0.26) 0.82 (0.02) 80.5
HTPA 0.35(0.02) 52.45(14.13) 0.06 (0.01) 0.02 (0.03) 0.02 (0.02) 0.1(0.01) 1514
Migration time (h) 4 TPA 2.23(0.04) 212.44(53.73) 1.67(0.18) 0.04 (0.03) 0.01(0.01) 0.01 (0.01) 95.3
g HTPA 0.47 (0.02) 68.64 (11.84) 0.07 (0.02) 0.01(0.01) 0.01(0.01) 0.01(0.01) 146.9
TPA 2.27(0.02) 218.08 (19.03) 2.03(0.21) 0.01(0.01) 0.01 (0.01) 0.01(0.01) 96.1
HTPA 0.64(0.11) 102.27 (3.82) 0.12 (0.02) 0.01(0.01) ND 0.01(0.01) 160
16 1pa 2.22(0.04) 253.73 (7.62) 2.37(0.04) 0.02 (0.01) 0.01(0.01) 0.04 (0.03) 114.1
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Table 5
HTPA content (nmol g~') in samples aged 5 days at 100°C in the different configu-
rations. Standard deviations are in parenthesis.

Aging aTL TL U-bTL

A 79.8 (6.7) - 64.7 (5.6)
B 109.0 (4.5) 29.6 (4.4) 81.3 (4.5)
C 83.6(7.3) 40.9 (6.0) 74.1(6.9)

3.2.2.2. Effect of hygrothermal aging. The results so far indicate that
if no significant hydroxyl radical formation occurs specifically dur-
ing the tideline experiment, hydroxyl radicals do form naturally
in paper with time at a specific rate. In order to further investi-
gate this aspect of the oxidation artificial aging experiments were
conducted.

Prior to performing the aging, it was verified that the production
of HTPA would not originate from a reaction of TPA at high tem-
perature. Indeed upon heating TPA (0.166 pmol) at 100 °C during
5 days in a 3 mL-vial the amount of HTPA measured was negligible
(0.013 nmol).

TPA impregnated paper was then artificially aged at 100°C
under different configurations, as described in Section 2.4.3. The
HTPA content of aTL and bTL dramatically increased with aging in
most aging configurations, and confirming previous results, it was
higher in aTL than in bTL (Table 5). In contrast to previous results,
however, the HTPA content in TL was the lowest of the three areas.
Additionally, it was observed that when aged together with TL (con-
figuration B), aTL and bTL had a higher HTPA content than when
they were aged without TL (configuration A). These results are con-
sistent with our previous study where it was shown that TL clearly
affected co-aging samples (in same vial) from other areas in the
paper, as monitored by a decrease in their molar mass, but that its
own molar mass was affected the least (Jeong et al., 2012). In addi-
tion, in configuration C, where direct contact during aging between
TL and the other co-aging samples was prevented by placing the
TL sample in a separate small glass tube inside the aging vial, the
HTPA content of aTL and bTL also increased. These results appear
to evidence two phenomena. The first is that the impact of TL, in
this case an increased OH’ production in co-aging paper samples,
must be related to a volatile fraction in the tideline. The second
phenomenon is that non-volatile compounds present in the tide-
line have a counteracting effect on the in situ production of OH",
i.e. an antioxidant effect.

In order to investigate the origin of this production of HTPA, TPA
(0.166 pmol) was placed in a vial with paper samples (not previ-
ously impregnated with TPA) and underwent hygrothermal aging
for 5 days in the same conditions as described previously. Two sep-
arate 3 mL-vials were filled with TPA +aTL (82.8 mg), and TPA+TL
(20.7 mg), respectively. Similarly as upon heating TPA alone, in both
cases the amount of HTPA measured after aging was extremely
small (0.012 and 0.019 nmol, respectively). This result has to be
compared with the amount of HTPA found in aTL in aging configu-
ration A, which was of 6.61 nmol (Table 5: 79.8 nmol g~! x 0.0828 g
paper). It therefore appears that TL did not release OH" in the
gas phase directly. More likely, TL releases volatile compounds
that enhance the production of OH' in the paper, as for example
hydroperoxides.

3.2.2.3. Effect of antioxidants. Papers without tidelines containing
different amounts of antioxidants (1168, T292, and their mixture)
were hygrothermally aged for 5 days in configuration A and their
HTPA content determined (Table 6) (sample preparation as in
Section 2.4.1). For the paper treated with T292, the higher the
antioxidant content, the lower the amount of HTPA detected, but
the HTPA content did not decrease further at concentrations of
T292 above 0.5%. No significant difference in HTPA was detected

Table 6

HTPA content (nmolg~') (£SD) in aTL aged 5 days (configuration A) depending
on the antioxidant content (%, wt/wt) (samples (10.3mg) from eight different
sheets were randomly selected and placed in each vial). Standard deviations are
in parenthesis.

Antioxidant 0% 0.05% 0.1% 0.5% 1.0%
Control 62.1(1.5)

T292 48.1(0.3) 43.8(2.7) 31.9(1.8) 30.6(0.7)
1168 57.7(1.2) 56.7(0.2) 545(4.8) 57.6(2.9)
T292:1168 (1:1) 56.9(1.8) 51.5(54) 37.5(0.2) 323(1.6)
T292:1168 (4:1) 54.0(1.0) 49.2(5.8) 32.5(1.3) 29.6(0.3)

for the papers with and without 1168 whichever the antioxidant
concentration, which is consistent with the operation mode of
this antioxidant. In the mixtures 1168:T292, the HTPA content was
lower and was found to relate to the total antioxidant concentra-
tion, which was attributed to the relative proportion of T292 in the
mixture.

Table 7 shows the HTPA content of aTL, TL and bTL in papers
treated with antioxidants and aged 5 days in configuration C. Con-
firming the results upon aging of aTL in configuration A (Table 6),
T292 was found to reduce the OH" content. Moreover, this was
observed for all areas (aTL, TL, U-bTL). 1168 somewhat reduced OH’
content in aTL and bTL but more notably, did not affect the HTPA
content in TL.

In Table 7 it can be seen that the HTPA content of aTL and bTL
in the samples aged in configuration C was somewhat smaller than
that reported in Table 5. This difference was attributed to the fact
that the two data sets were obtained with two different batches
of paper. This assumption is supported by the measurement of the
HTPA amount in aged aTL without antioxidant (Table 7), which was
closer to that in Table 6 (same Whatman No. 1 batch) than to that
in Table 5 (different Whatman No. 1 batch).

In conclusion, the results of hydroxyl radical and hydroperoxide
analyses showed that 1168 efficiently lowered the concentration of
hydroperoxides and T292 that of hydroxyl radicals, which is con-
sistent with the expected mode of action of these two antioxidants.

3.3. Molar mass determinations

The effect of the antioxidants on the degradation of cellulose
during aging was also evaluated in terms of changes in molar mass.
In a first set of experiments, molar mass determinations were done
on papers impregnated with the antioxidants and without tidelines
(aging configuration A, 5 days) (Fig. 2 and Table 8).

Upon aging, Whatman No. 1 control paper (no antioxidant)
showed a decrease in M,, of cellulose of 45% of its initial value,
while the samples treated with antioxidants showed decreases in
M,, of 40% (1168 0.5%), 26% (T292 0.5%) and 22% (T292:1168 0.5%,
in the two proportions tested). These results show that T292 was
quite efficient at high temperature in inhibiting glycosidic bond
breakage. Whether this beneficial effect was directly due to the

Table 7

HTPA content (nmolg~") (£SD) in aTL, bTL and TL treated with 0.5% antioxidants
(wt/wt) and aged 5 days (configuration C) depending on the antioxidant content (%,
wt/wt). Standard deviations are in parenthesis.

Antioxidant aTL TL U-bTL

content

(%, wt/wt)

T292 1168
Control 0 0 63.9(1.8) 33.9(2.5) 55.5(1.1)
T292 0.50 0 32.1(1.7) 21.6(2.8) 30.9(0.8)
1168 0 0.50 45.4(0.2) 34.4(1.5) 35.8(1.0)
T292:1168 (1:1) 0.25 0.25 33.4(0.6) 22.4(3.9) 35.5(2.2)
T292:1168 (4:1) 0.40 0.10 30.1(0.3) 24.1(2.0) 29.1(0.1)
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Table 8

Number average (M, ), weight average (M,,) molar masses of cellulose (kg mol-1)
and rate constant of glycosidic bond breakage k't120n 100-c (measured as the slope in
the plot 1/DPp120n.100-c — 1/DPpeon =flaging time)) (h~!) of antioxidant impregnated
paper (aTL area) (aging configuration A).

Antioxidant in Mjy, My Kk't120n,100°C

paper (%, wt/wt)

T292 1168
Unaged control 0 0 312 492
5-days aged control 0 0 169 270 2.72x 1074
T292 0.50 0 202 365 1.15x 104
1168 0 0.50 167 296 217 x107*
T292:1168 (1:1) 0.25 0.25 228 380 9.72 x 107>
T292:1168 (4:1) 0.40 0.40 233 384 9.18 x 107>

suppression of hydroxyl and other free radicals is not entirely clear.
A few publications report on cellulose glycosidic bonds scissions
due to oxidation reactions (Fengel & Wegener, 1984; Lewin, 1997;
Mosca Conte et al., 2012). In the case of T292, the effect of the
alkaline properties of the amine moiety in decreasing the rate of
glycosidic bonds scissions has to be examined, as alkaline moieties
are well-known to counteract acid catalyzed hydrolysis, which is
the main degradation mechanism during hygrothermal exposure.
This is the rationale for widely used deacidification methods in
paper conservation, which are known to enhance paper longevity.
The ‘alkaline reserve’ in the paper treated with T292 is however
negligible as theoretically calculated (7.5 mEq OH~/100 g at most
for the samples treated with 2% T292), and is null as measured
using the TAPPI standard method T 553 om-00. Moreover, the pH
of the papers treated with T292 varied widely, from 6.3 to 9, for con-
centrations of 0.5% and 2%, respectively. Furthermore, it has been
shown that for cotton papers, a variation of pH departing 5 to 15%
above neutrality had little influence in lowering the decrease in
DP upon hygrothermal aging (Malesic, Kolar, & Strli¢, 2002). It is
thus unlikely that alkalinity alone could explain the large reduc-
tion in the degradation rates observed. For purposes of permanence
and efficient molar mass retention upon natural aging, alkaline
reserve usually recommended in paper is 40 mEq OH~/100g (ISO
9706:1994). It is therefore more likely that the reduction in OH’
and other free radicals plays a major role in lowering the rate of
glycosidic bonds scissions.

Compared with the control paper, the rate of glycosidic bond
breakage (Ekamstam, 1936) upon 5 days aging (120h), called
k't120n,100°c, was lowered by a factor 2.4-3, whether the paper was
impregnated with T292 or with T292:1168, which indicates that the
molar mass retention is primarily due to T292. This result favors the
interpretation that protection against glycosidic bond scissions of
cellulose is largely due to the suppression by the antioxidants of
oxidation species. The issue of the efficiency of the anti-oxidants
versus their concentration in the paper, which could not be fully
investigated here, certainly would deserve a more in-depth study.

In a second set of experiments papers were impregnated with
antioxidants after which the tideline experiment was done and the
whole sheets were hygrothermally aged in large tubes (144 mL)
as shown in Fig. 2. Table 9 shows M,, in the different areas. Upon
impregnation with T292, M,, for aTL was quite similar at the
two concentrations tested, 0.5% and 2%, (about 11% and 15% less
decrease in M,, than the control sample, respectively). T292 at
0.5% was sufficient to significantly slow down cellulose degrada-
tion, which is consistent with the results for the hydroxyl radical
analysis and in agreement with M,, of aTL when aged in 3 mL vial
in configuration A (Table 8). In the case of TL and bTL, the evolu-
tion of M,, was different than for aTL, with TL in particular being
the most degraded. For bTL, T292 lowered the rate of glycosidic
bonds scission, and more efficiently so (19%) at the highest concen-
tration. Conversely, chain scissions upon aging in TL for the T292

Table 9
Weight average molar masses (M,,) of Whatman No. 1 paper impregnated with
antioxidants in the different areas after aging in 144 mL closed tube for 5 days.

Antioxidant in aTL TL bTL
paper (%, wt/wt)
T292 1168
Control aged 0 0 309 317 262
0.50 0 348 254 277
T292 2.00 0 361 230 324
1168 0 0.50 302 298 234
0 2.00 96 160 58
T292:1168 0.25 0.25 346 225 270
(1:1) 1.00 1.00 364 190 322

impregnated samples were more abundant than in TL of the con-
trol sample. This was observed for TL samples of all the antioxidant
impregnated papers, and especially for 1168. It was also more pro-
nounced at the higher antioxidant concentrations. For the paper
impregnated with 2% 1168, the results show that the degradation
upon aging was larger than for the control samples in all the areas.
This unexpected result shows the complexity of the reactions tak-
ing place during aging. Although 1168 is considered to be less prone
to hydrolysis than other types of phophite antioxidants (Tochacek
& Sedlar, 1993), the hypothesis of acid production due to hydroly-
sis of 1168 upon thermal exposure can be proposed, which would
cause enhanced acid-catalyzed hydrolysis of glycosidic bonds.

4. Conclusion

This study focused on cellulose oxidation reactions at the
wet/dry interface in paper, specifically the formation of hydroper-
oxides and hydroxyl radicals, and the effects of antioxidants.
Micromolar range levels of hydroperoxides per gram of paper were
found in freshly formed tidelines. This concentration increased
upon natural aging and upon pretreatment of the paper with iron
sulfate. A phosphite antioxidant, Irgafos 168, was found to consid-
erably reduce the occurrence of hydroperoxides. Conversely, there
seems to be no evidence that hydroxyl radicals were produced as
a consequence of the tideline experiment. It was found that most
hydroxyl radicals measured in the tideline originated from reactive
species present in the paper, which reacted with the terephthalic
acid (TPA) and migrated to the tideline area with the water raise. It
was shown that hydroxyl radicals form spontaneously in paper. On
the other hand, the hydroxy terephthalic acid (HTPA) content con-
siderably increased upon hygrothermal aging in a closed system.
The presence of the tideline in the aging vial led to an increase in
the hydroxyl radical content in co-aging paper samples (aTL, bTL),
while hydroxyl radical content in the tideline itself appeared to be
the lowest. Future research is still needed to fully explain this but
these observations illustrate the complexity of the chemical com-
position of the tideline. The presence of a volatile fraction, which
promotes oxidation of neighboring paper (co-aging samples), and
a non-volatile fraction, which counteracts in situ oxidation, seems
the most likely explanation. Hydroperoxides, which are present in
high concentration in tidelines are likely to play a role during aging.
Oxidation products such as the volatile low molar mass formic and
acetic acids, which have been found in large amounts tidelines
(Souguir et al., 2008), would catalyze hydrolysis reactions during
aging, leading to decreased molar mass of adjacent paper samples,
as proposed by Jeong et al. (2012). Formic acid in particular would
have a crucial part, not only because this acid is the most abun-
dantly presentin the tideline, but also because it has been identified
recently as very aggressive in vapour phase for paper, being respon-
sible for significant molar mass decrease of cellulose even at room
temperature (Tétreault, Dupont, Bégin, & Paris, 2013). Notewor-
thy is the fact that in tidelines it has been shown to be present
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also partly in its (non-volatile) carboxylate form, formate (Jeong
et al., 2012; Souguir et al., 2008), which is known to be a hydroxyl
radical scavenger (Buettner & Mason, 1990). Non-volatile phenolic
compounds produced from acid-catalyzed dehydration and con-
densation reactions of sugars (Popoff & Theander, 1976; Rosenau
et al., 2011) could also play a role in the observed antioxidant
behavior.

The hindered amine stabilizer Tinuvin 292 reduced the hydroxyl
radical concentration. Although acid catalyzed hydrolysis of
glycosidic bonds is the main mechanism in cellulose during
hygrothermal aging, it is clear that oxidation reactions play a signif-
icant role in the specific case of papers containing tidelines. Indeed
the incorporation of Tinuvin 292 in the paper succeeded in lowering
the degradation rate of cellulose. This finding is of potential inter-
est in the broader scope of paper conservation and paper durability
studies. Indeed, although research on the oxidative degradation
of cellulose during aging is scarce, some results support the fact
that oxidation reactions play a role, even in paper without tide-
lines (Arney & Jacobs, 1979, 1980; Arney & Novak, 1982; Kleinert
& Marraccini, 1963, 1966a, 1966b; Marraccini & Kleinert, 1962;
Tétreault et al., 2013). Most studies on oxidative reactions in cel-
lulose have used alkaline conditions and further investigation of
the influence of pH is therefore paramount (Minor & Sanyer, 1971;
Williams, Fowler, Lyon, & Merrill, 1978).
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