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Abstract Cellulose paper degradation products forming in
the “tideline” area at the wet-dry interface of pure cellulose
paper were analyzed using gas chromatography-electron ion-
ization-mass spectrometry (GC-EI-MS) and high-resolution
electrospray ionization-mass spectrometry (ESI-MS, LTQ
Orbitrap) techniques. Different extraction protocols were
employed in order to solubilize the products of oxidative cel-
lulose decomposition, i.e., a direct solvent extraction or a more
laborious chromophore release and identification (CRI) tech-
nique aiming to reveal products responsible for paper discol-
oration in the tideline area. Several groups of low molecular
weight compounds were identified, suggesting a complex
pathway of cellulose decomposition in the tidelines formed
at the cellulose-water-oxygen interface. Our findings, namely
the appearance of a wide range of linear saturated carboxylic
acids (from formic to nonanoic), support the oxidative auto-
catalytic mechanism of decomposition. In addition, the iden-
tification of several furanic compounds (which can be, in part,
responsible for paper discoloration) plus anhydro
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carbohydrate derivatives sheds more light on the pathways
of cellulose decomposition. Most notably, the mechanisms
of tideline formation in the presence of molecular oxygen
appear surprisingly similar to pathways of pyrolytic cellulose
degradation. More complex chromophore compounds were
not detected in this study, thereby revealing a difference be-
tween this short-term tideline experiment and longer-term cel-
lulose aging.

Keywords Cellulose degradation - Tideline -
Chromophores - Paper conservation

Introduction

Cellulose paper degradation and discoloration caused by the
exposure to different environmental conditions remains a
main concern for paper-based artwork conservation profes-
sionals. A well-documented phenomenon is the appearance
of readily visible brown lines during the submerging of cellu-
lose materials into water [1-9]. These narrow “tidelines” ap-
pear exclusively on the wet-dry interface—the boundary
where the capillary force bringing water up cellulose fibers
is compensated by the water evaporation process. A deeper
understanding of the cellulose degradation mechanisms is es-
sential to elaborating strategies for preservation and remedia-
tion of valuable paper specimens. Water is widely used for the
cleaning of degraded graphic documents in conservation
workplaces. During a cleaning treatment of a localized area,
such wet-dry interfaces can be created in the paper. In addi-
tion, dramatic events such as natural floods, water pipe leaks,
and water sprinkler inundations caused by fire alarms can
unfortunately occur in archival repositories, putting paper
documents at risk of water damage. The elucidation of the
nature of compounds responsible for the visible paper
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discoloration at the tideline can provide a better comprehen-
sion of the specific chemical reactions involved in their for-
mation, which will enable the use of appropriate measures to
limit or stop the degradation involved.

Documentation of the appearance of brown-colored
tidelines in cellulose-containing materials was described in
the 1930s [1], and early research aiming to find an explanation
for this phenomenon dates from the early 1950s [2—-4].
Nonetheless, the mechanism of brown line formation during
cellulose degradation at the wet-dry boundary has not been
completely clarified, including the identification and catalog-
ing of low molecular weight products forming at the interface.

Bone and Turner [2], Bogaty et al. [3], and Madaras and
Turner [4] reported the observation of increased UV fluores-
cence and cellulose depolymerization and thus established via
the use of different experimental setups and conditions that the
tideline formed at the cellulose-water interface in the presence
of atmospheric oxygen involves oxidative degradation of cel-
lulose. More recent research concerning tidelines [5—8] has
largely confirmed these observations. Early infrared (IR) spec-
troscopy experiments of brown line extracts [6] showed the
absorbance bands of long-chain alkanes, and likely those of
aliphatic ethers, as well as the bands corresponding to carbox-
ylic acid salts. The FTIR study of the dry residues of brown
line extracts [8] also established the presence of aliphatic ether
groups and carboxylate salt bands (though no evidence of
acidic O-H bands was found). This same FTIR experiment
also revealed the vibrational bands characteristic of alcohol
O-H, carbonyl (probably from ketone or lactone), and ethyl-
ene groups.

Further evidence of the oxidative nature of acid-catalyzed
cellulose degradation in the tideline area was shown by ana-
lyzing the low molecular weight products forming in the
tideline using capillary zone electrophoresis, and by quantifi-
cation of acetic and formic acids, as well as various
hydroperoxo species, which accumulate in the tideline over
time [10]. Exposure to atmospheric oxygen at the wet-dry
interface is proposed to promote the formation of hydroperox-
ide species which, in the presence of trace amounts of metal
ion catalyzers such as Fe, Mn, or Cu, can decompose to free
radicals. The latter species can contribute to amplified cellu-
lose degradation and the appearance of chromophore contain-
ing products responsible for discoloration in the tideline area
[9-12].

Though several groups of low molecular weight com-
pounds forming in the wet-dry interface on cellulose paper
were identified, isolation and identification of compounds re-
sponsible for the characteristic discoloration at the tideline
remain a challenge. In this regard, some similarities can be
drawn between cellulose degradation occurring in the narrow
tideline area and that taking place in artificially aged cellulose
samples. Application of accelerated aging techniques, whose
protocols can vary considerably, is often used to evince
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mechanisms of cellulose oxidation and hydrolysis as well as
demonstrate physical deterioration of cellulose (degree of po-
lymerization, mechanical properties, etc.) [9, 13]. The work
by Lewin and colleagues [14-16] on oxidized cellulose
showed that yellowing of the material is due to the formation
of free aldehyde groups at the C1 carbon of terminal glucose
moieties of the cellulose chain. This leads to “peeling” of
glucose units, their decomposition and isomerization, and fi-
nally, condensation to furan derivatives. This conclusion was
further confirmed by other researchers [8] who identified the
glucose C1 oxidation products—gluconic acid and its lactone.
Moreover, the oxidation at C6 was also evidenced by the
formation of glucuronic acid; however, furan derivatives were
not detected in this later work.

In a series of articles published by Lojewska et al. [17-19],
the artificial aging of cellulose paper was investigated using
FTIR, UV-vis, and Raman spectroscopy in order to trace hy-
drolytic cellulose degradation and pertinent oxidation process-
es. Production of oxidized species containing carbonyls,
diketones, aldehydes, and carboxyls was shown in these stud-
ies, and the model of chromophore formation through the
appearance of conjugated ketones on cellulose chains was
proposed.

The employment of nondestructive ambient desorption
electrospray ionization-mass spectrometry (DESI-MS and pa-
per spray-MS) techniques was recently shown to be useful for
the detection of individual chromophore compounds in both
artificially aged cellulose specimens and historical paper [20].
Although present in the paper at only very low concentrations,
key chromophores (2,5-dihydroxyacetophenone, 2,5-
dihydroxybenzoquinone, 5,8-dihydroxynaphthoquinone)
were successfully detected by these techniques.

Corsaro et al. [21] used the 'H magic-angle spinning
(MAS) NMR technique to investigate cellulose degradation
products in ancient and artificially aged paper. NMR spectral
interpretation allowed the authors to conclude that the main
products of cellulose degradation are low-mass carboxylic
acids. Hexanoic acids (six carbon atoms) should be the main
acid product due to the ring opening of glucopyranose. Other
common degradation products for all types of paper are formic
and acetic acids. Among other compounds identified by MAS
NMR were dicarboxylic acids and hydroxycarboxylic acids.

Ab initio density functional theory calculations were also
carried out in order to estimate the probability of formation of
different chromophore groups responsible for paper discolor-
ation appearing during cellulose aging [22, 23]. By comparing
the calculation results to the UV-visible reflectance spectra, it
was shown that the main chromophore moieties responsible
for paper discoloration are aldehyde groups and conjugated
diketones [22].

The aim of the present study is to further investigate the
low molecular weight compounds forming in the wet-dry in-
terface in cellulose paper and to put an effort into
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identification of key products responsible for visible tideline
discoloration using hyphenated gas chromatography-mass
spectrometry (GC-MS) analysis. Several extraction protocols
and analysis configurations were employed in order to broad-
en the ability to detect a wide range of products forming in the
tidelines. Brown line extracts were prepared either by direct
solvent extraction (in water or methanol) or by utilizing a
more laborious chromophore release and identification (CRI)
protocol, proposed originally by Rosenau et al. [24-26] to
liberate chromophore compounds covalently bound to cellu-
lose chains.

Materials and methods
Materials and chemicals

Whatman No. 1 paper sheets (Fisher Scientific, Illkirch,
France) composed of pure cotton cellulose were used to pre-
pare tidelines. Water (HPLC-grade), dichloromethane
(99.5 %), boron trifluoride acetic acid complex (36 % BF3),
acetic acid (glacial), ethereal hydrogen chloride solution
(2 mol Lfl), a-tocopherol, sodium sulfite (98 %), and sodium
hydrogen carbonate (99 %) were purchased from Sigma-
Aldrich (Saint-Quentin-Fallavier, France). Methanol (HPLC-
grade) was purchased from Fisher Scientific (Illkirch, France).
Ethyl acetate (SupraSolv® MS) and sodium sulfate (p.a.) were
purchased from VWR International (Fontenay-sous-Bois,
France). All reagents were used without further purification.

Tideline preparation

Tideline preparation was carried out in different environ-
ments. First, direct extractions were performed for the
tidelines prepared in a climate-controlled room at fixed tem-
perature and relative humidity. Twenty-two sheets of
Whatman No. 1 paper (15 cm x 28 cm) were suspended ver-
tically; the lower part was immersed 2 cm deep in deionized
water (Millipore, Molsheim, France) with a few centimeters of

Table 1
low molecular weight compounds from the samples

space between adjacent sheets. The experiment was carried
out in a climate-controlled room in the dark at 23 °C, with
50 % relative humidity, for 16 h. The sheets were then left to
dry. Formed brown lines were cut out from paper sheets as
close as possible to the boundary. The lines were further cut
into smaller pieces of ca. 2-3 mm. Subsequently, the whole
tideline preparation was carried out in an analogous manner
under “clean” ambient conditions using HPLC-grade water in
a laboratory where no paper-related experiments were previ-
ously conducted. The environment can thus be considered to
be free of any reagents used in paper treatment experiments.
This second approach was used for the preparation of tidelines
extracted further by direct aqueous and modified CRI proto-
cols (see Table 1).

Preparation of aqueous tideline extract

Soluble products formed in the tidelines were extracted in
triplicate by wetting the sample with deionized water.
Deionized water (2.5-3.0 mL) was sufficient to cover the
tideline sample cuts in the extraction vial (generally 0.33—
0.39 g of tidelines produced by the procedure described
above). After 6 h, the liquid above the tidelines was collected
by pressing the paper cuts through a 0.45-um-pore sized
polytetrafluoroethylene (PTFE) syringe filter. The obtained
filtrate of pale yellow color was stored at —18 °C before
analysis.

Preparation of methanol tideline extract

Tideline extract in methanol was prepared by the same proto-
col described above, using an HPLC-grade solvent instead of
water.

Preparation of aqueous and methanol extracts
of untreated Whatman paper

Aqueous and methanol extracts were also prepared in tripli-
cate using the untreated Whatman No. 1 paper as another

Tideline and untreated Whatman No. 1 paper samples, tideline preparation conditions, and different extraction protocols employed to release

Sample type Tideline preparation conditions Method of extraction Solvent Extract color
Tidelines formed on Whatman No. 1 paper  Climate-controlled room Direct extraction Water Pale yellow
Methanol Almost colorless
Pure Whatman No. 1 paper Direct extraction Water Colorless
Methanol Colorless
Tidelines formed on Whatman No. 1 paper ~ Ambient, using HPLC-grade water ~ Direct extraction Water Pale yellow
Tidelines formed on Whatman No. 1 paper ~ Ambient, using HPLC-grade water =~ Modified CRI method  Dichloromethane ~ Brown-green
Pure Whatman No. 1 paper Modified CRI method  Dichloromethane ~ Almost colorless
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“blank,” according to the procedure described above. Small
pieces of Whatman paper were exposed to solvent in a closed
vial and filtered after 6 h using a PTFE syringe filter. The
collected filtrate was analyzed in the same way as the tideline
extracts in order to distinguish the products present in the
untreated paper.

Preparation of tideline extract using a modified CRI
method

A modified version of the CRI protocol, proposed originally
by Rosenau et al. [24], was utilized in this work in an attempt
to solubilize and identify compounds containing chromophore
moieties covalently bound to cellulose chains. The tideline
extraction using the CRI protocol was performed in triplicate
as follows:

To a vial containing tideline cuts (0.33 g), 10 mg of
sodium sulfite, 2.1 mL of dichloromethane, and 0.9 mL
of boron trifluoride acetic acid complex were added. The
closed vial was slightly shaken to let the sample be covered
completely with solution and was left for 48 h. The extract
was separated from the tideline cuts by filtering through a
0.45-pum-pore sized PTFE filter connected to a 10-mL glass
syringe equipped with a Luer Lock connector. The sample
was put into the syringe, pressed out, and washed three
times with glacial acetic acid. The solids were discarded,
and the filtrate was transferred to a separatory funnel. The
solution of 10 mg of a-tocopherol in 1 mL dichlorometh-
ane was added, followed by 10 mL of Milli-Q water; then,
the solution was shaken, and after phase separation, the
organic part was decanted to a separate flask. The water
phase was then extracted three times with 2 mL of dichlo-
romethane. The organic phases were combined and washed
with 0.5 mol L™ sodium hydrogen carbonate until acid-free
and then dried over sodium sulfate. The volume of the
obtained extract was reduced to half by solvent evaporation
at 45 °C. Methanol (0.3 mL) and 2 mol L™! ethereal hydro-
gen chloride solution (0.1 mL) were then added to the ex-
tract, the mixture was heated again at 45 °C for 15 min, and
the final extract volume was adjusted to 2 mL by solvent
evaporation. The product was filtered again through a
0.45-um-pore sized PTFE syringe filter and stored in a
refrigerator before analysis.

In the extraction method used in the current work, several
modifications of the original CRI procedure were introduced.
First, the experimental setup was scaled down to perform the
extraction of a small amount of the tideline sample. In addi-
tion, the resulting extract was not evaporated to dryness, and a
step of chromatographic separation of different fractions of
products on a silica column was omitted, as the resulting ex-
tract was a clear solution with low chromophore
concentration.
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Preparation of Whatman No. 1 paper extract using
a modified CRI method

A reagent blank was prepared in triplicate by the same proto-
col without tidelines. The blank was analyzed in the same way
as the tideline extracts in order to identify contaminants which
do not originate from the tideline sample. The untreated
Whatman No. 1 paper was used to prepare the extract by the
modified CRI protocol. Similarly, the small cuts of paper were
extracted instead of tidelines following the same steps de-
scribed above. The obtained extract was analyzed in the same
way as the tideline extracts in order to reveal contaminants
which are present in the untreated paper or form during the
extraction.

GC-MS experiments

GC-MS experiments were conducted on an Agilent 7890B
GC system coupled to a 5977A MSD mass spectrometer
equipped with an extractor electron ionization source and a
single quadrupole analyzer (Agilent Technologies, Les Ulis,
France). Sample injection was performed in triplicate in the
splitless mode using an automatic sampler. The chromato-
graphic separation was performed on two different capillary
columns: nonpolar highly inert VF-5ms with 5 %
phenylmethylpolysiloxane phase (30 m, 0.25 mm, 0.25 pm,
Agilent Technologies) and a polar DB-FFAP with
nitroterephthalic acid-modified polyethylene glycol stationary
phase (60 m, 0.32 mm, 1.00 um, Agilent Technologies).
Helium was used as a carrier gas with a flow of 1 mL min ™"
for the nonpolar column and 1.8 mL min~" for the polar col-
umn. The injector temperature was set to 250 °C for all runs;
the interface temperature was 280 °C in the case of the non-
polar column and 250 °C for the polar one. Temperature pro-
gramming was employed for both the nonpolar column (50—
80 °C in 1.5 min and then 80-280 °C in 40 min with a hold
time of 1 and 5 min at starting and end temperatures, respec-
tively) and the polar column (30-240 °C in 10.5 min with a
hold time of 1 and 20 min at starting and end temperatures,
respectively). All mass spectra were acquired in scan mode
over the range m/z 29—420. The ion source and the quadrupole
detector temperatures were held at 230 and 150 °C, re-
spectively, and the ionization energy was 70 eV. Qualitative
analysis of the obtained data was carried out using
MassHunter Workstation software (Agilent Technologies).
Attribution of the mass spectra to chemical compounds was
performed with assistance from the NIST mass spectral
library.

Tideline sample analyses by GC-MS

Triplicate aliquots of aqueous tideline and Whatman No. 1
paper extracts were dried at room temperature in vacuo and
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dissolved in an equal amount of methanol prior to GC-MS
analyses using the polar column. For the analyses with the
nonpolar column, the samples were further diluted tenfold
with ethyl acetate. The tideline and untreated Whatman No.
1 paper samples prepared by direct methanol extraction pro-
tocols were analyzed by GC-MS, equipped with a polar col-
umn without dilution or pretreatment. For analyses with the
nonpolar column, the samples were diluted tenfold with ethyl
acetate prior to GC-MS injection. No dilution or pretreatment
was employed prior to polar column GC-MS analyses of the
reagent blank, the untreated Whatman No. 1 paper samples, or
the tideline extracts prepared by the modified CRI protocol.
For analyses with the nonpolar column, the samples were
diluted tenfold with methanol prior to GC-MS injection.

Electrospray ionization using an Orbitrap mass analyzer
(Orbitrap ESI-MS)

High-resolution mass spectra were recorded on an LTQ
Orbitrap XL mass spectrometer equipped with an ESI source
(Thermo Instruments). The experiments were performed in
positive and negative ion modes; spray voltage was set to
+3.5 kV. In the positive ion mode, the capillary voltage and
the tube lens offset were set to 8 and 46 V, respectively, and in
the negative ion mode, they were set to —2 and —23 'V, respec-
tively. The mass spectra were acquired in the range m/z 50—
1000 at a resolution of 100,000 at m/z 400. The maximum
injection time was 200 ms, and each mass spectrum represents
the average of three scans. All samples were diluted tenfold
with methanol and introduced into the ESI source at a flow
rate of 5 uL min ' using a syringe pump. Elemental compo-
sition was calculated using Xcalibur software (Thermo).

Results and discussion
Tideline samples and extracts

To begin our investigation of the low molecular weight com-
pounds formed in so-called “tidelines” at the wet-dry interface
of cellulose paper, pure cotton paper (Whatman No. 1) was
used to prepare tideline samples following the procedure
outlined in the “Materials and methods™ section (Fig. 1a).
The variety of samples prepared and analyzed in the current
work, along with their preparation conditions and methods of
extraction, are summarized in Table 1. Two different protocols
were employed to extract low molecular weight soluble prod-
ucts of cellulose oxidative decomposition from the tidelines.
First, a direct extraction was performed using either water or
methanol as the solvent. Filtered water extracts typically ex-
hibited a light yellow coloration (Fig. 1b), whereas methanol
extracts were almost colorless. This observation further con-
firms previous reports claiming that the most effective

v
=
e
L 4 ¢ =
] =
Nt S '

Fig.1 a Tideline formed on the wet-dry boundary in pure cellulose paper
by partial immersion in water. b Direct aqueous extract of tidelines. ¢
Extracts prepared by the modified CRI protocol for chromophore
release: reagent blank, d Whatman No. 1 paper blank, and e tideline
extract

extraction of colored materials from brown lines can be
reached when the solvent used for tideline preparation and
extraction is the same [7]. A second extraction protocol, chro-
mophore release and identification (CRI) developed by
Rosenau et al. [24-26], employs a method for chromophore
release from cellulose materials. In this case, the obtained
extract had a deeper brown color (Fig. le), which signals a
more efficient release of colored compounds from paper to
solvent. In addition to the tideline samples analyzed, both
protocols were used to prepare extracts from pure, untreated
Whatman No. 1 paper (Fig. 1d). The analysis of these blank
samples served to distinguish between the compounds formed
in cellulose exclusively at the wet-dry interface of tidelines,
and those present in paper or adsorbed during storage, which
can be brought to this interface with the waterfront.

Direct aqueous extraction of tidelines

Figure 2 presents the total ion current (TIC) chromatograms
obtained by GC-MS using a nonpolar column for the direct
aqueous extracts of: (a) untreated Whatman paper, (b) tidelines
prepared in the climate-controlled room, and (c) tidelines pre-
pared under ambient conditions in the contamination-free lab-
oratory using HPLC-grade water. The GC-MS data obtained
using the polar column is shown in Fig. 3, which presents the
TIC chromatograms of the aqueous extract of: (a) the untreated
Whatman paper and (b) tidelines prepared under ambient

@ Springer
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Fig. 2 TIC chromatograms
obtained from GC-MS
experiments with a nonpolar (c)
column for aqueous extracts of * D = (b)
untreated Whatman No. 1 paper A a)
(a), tidelines prepared in climate- . : - : A ; - : :
controlled room (b), and tidelines 25 4.5 6.5 8.5 10.5 12.5
prepared in the contamination- §
free laboratory using HPLC-grade [ 1¢2 ©)
water (¢). Peak labels correspond 2 "
to the assignments indicated in i 5 (b)
Table 2 and Fig. 4. Pollutants g i (@)
originating from a fused silica 2
column or solvents used in the S ' j ' ' ' ' ' ' ' '
process are not labeled & 12.5 14.5 16.5 18.5 20.5 225
| . ©
AV (b)
(a)
22.5 245 26.5 28.5 30.5 32.5

conditions in the contamination-free laboratory using HPLC-
grade water. Several chromatographic peaks observed in the
aqueous tideline extracts are absent from the untreated
Whatman paper chromatogram and can be thus attributed to
the compounds formed exclusively in the brown line during
paper immersion into water. These peaks are denoted by num-
bers, and they are listed in Table 2 next to the column type
(polar or nonpolar) used for their separation. Identification of
several compounds isolated by GC-MS was additionally con-
firmed by high-resolution mass spectrometry (HR-MS) exper-
iments performed on an LTQ Orbitrap mass spectrometer. The
exact masses of molecular ion adducts with sodium (formed in
positive mode) or deprotonated species (in negative mode) are
shown in Table 2 with the corresponding mass error.

The compounds identified during GC-MS analyses are re-
ported in Table 2, and the structures of some of these

Retention time / min

compounds appear in Fig. 4. The compounds can be divided
into several groups: first, a series of linear carboxylic acids,
from acetic to octanoic acids (compounds 13 to 19 in Fig. 3
and Table 2), were observed when using the polar GC column.
This data confirms previous observations showing the forma-
tion of carboxylic acids among the major products of cellulose
oxidation both in tidelines and in aged (both naturally and
artificially) cellulose paper [10, 17, 21, 27-30]. Formation of
carboxylic acids during the oxidation of cellulose portions can
increase the overall acidity of paper and further accelerate/
amplify the breakup of cellulose chains, in accordance with
an autocatalytic nature of oxidative paper degradation [31].
Second, ethylene glycol and propylene glycol (compounds 1
and 2, respectively) were identified. These diols were not re-
ported previously as main products of cellulose degradation,
though the presence of hydroxyl groups from alcohols in the

(0]
(8]
C
©
o
C
3
Q
]
(0]
5 A
O
ke i (b)
14
. (@)
15 16 17 18 19 20 21 22 23 24

Retention time / min

Fig. 3 TIC chromatograms obtained from GC-MS experiments with a
polar column for aqueous extracts of untreated Whatman No. 1 paper (a)
and tidelines prepared in the contamination-free laboratory using HPLC-
grade water (b). Peak labels correspond to the assignments indicated in
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Table 2 and Fig. 4. Peaks of contaminants appearing due to the sample
preparation are marked with asterisks. Pollutants originating from a fused
silica column or solvents used in the process are not labeled
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Table 2 Low molecular weight

compounds identified in the Peak  Compounds identified by Formula  Molecular ~ Column  Exact mass confirmation by
tideline extract prepared by direct label ~ GC-MS using the NIST weight type” Onbitrap ESI-MS®, exact mass
aqueous or methanol extraction library (formula) [error, ppm]
protocols using GC-MS and
Orbitrap ESI-MS 1 Ethylene glycol C,HgO, 62 P
2 Propylene glycol C53Hg0, 76 N, P 99.0412 (C3HgO,Na) [-3.4]
3 1-Hydroxyacetone (acetol) C3HgO, 74 P 73.0292 (C3Hs0,) [-3.5]
4 Methyl glycolate C3HgO5 90 P 89.0240 (C3H503) [4.5]
5 2,2'-Oxydiethanol C4Hi005; 106 N, P 129.0520 (C4H;005Na) [-1.2]
(diethylene glycol)
6 2-(2-Ethoxyethoxy)ethanol ~ C¢H40; 134 N, P 157.0833 (C¢H1405Na) [-0.1]
7 1,1'-Oxydi-2-propanol CeH140; 134 N, P
2-(2-Hydroxypropoxy)-1- CeHi140; 134 N, P
propanol
9 2,2"-Oxydi-1-propanol CeH140; 134 N, P
10 y-Butyrolactone C4HgO, 86 N, P 85.0291 (C4H50,) [4.8]
11 3,3"-Oxydi-2-butanol CgH30; 162 N, P 185.1147 (CgH;305Na) [0.6]
12 1,2,3-Propanetriol triacetate ~ CoH 406 218 N, P 241.0681 (CoH40¢Na) [-0.7]
(triacetin)
13 Acetic acid C,H,0, 60 P
14 Propanoic acid C3HgO, 74 P 73.0292 (C3Hs0,) [-3.5]
15 Butanoic acid C4HgO, 88 P 87.0449 (C4H,0,) [4.3]
16 Pentanoic acid CsHjo0, 102 P 101.0603 (CsHyO,) [-5.0]
17 Hexanoic acid CeH1,0, 116 P 115.0758 (C¢H;,0,) [-5.4]
18 Heptanoic acid C;H140, 130 P 129.0914 (C;H50,) [-5.4]
19 Octanoic acid CgHic0, 144 P 143.1071 (CgH;50,) [4.8]
20 Nonanoic acid CoH;30, 158 P 157.1227 (CoH170,) [-4.4]

# Column type used for compound separation: N = nonpolar column VF-5ms and P = polar column DB-FFAP

® The presented exact masses are for sodium adduct species [M+Na]* in positive ESI mode and for deprotonated

species [M—H]  in negative mode

tideline extracts was shown using IR spectroscopy [8].
Ethylene and propylene glycols, as well as 1-
hydroxyacetone (3), were reported as products of catalytic
cellulose decomposition [32, 33], with 1-hydroxyacetone also
being one of the products of cellulose pyrolysis [34].
Identification of methyl glycolate (4) is in line with previous
studies of aged cellulose samples and tidelines that mention
the formation of glycolic acid [13, 30]. Ethylene glycol (1)

Fig. 4 Several low molecular
weight compounds identified by
GC-MS in the tideline extract
prepared by direct aqueous and
methanol extraction protocol

1

H;C CHjy
OH OH ),\/
Ho/\/ Y\ . oH
o HO OH HO\/L
H3C/\O/\/ \/\OH ﬁ/\o/ﬁ/

and propylene glycol (2) likely serve as precursors for the
formation of a third group of compounds identified in the
tideline extracts (i.e., S to 9 in Figs. 2, 3, and 4 and Table 2).
Diethylene glycol (5) and 2-(2-ethoxyethoxy)ethanol (6) can
be regarded as condensation products of ethylene glycol,
whereas 1,1'-oxydi-2-propanol (7) and its structural isomers
(8 and 9) are the condensation products of propylene glycol.
These condensation products can form during tideline

CHs
o PN
)\/OH HO OH
OH o)
2 3 4 5

CHs

CH,
O/\(

CH CH OH
6 3 7 3 8
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o 3
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formation, and their appearance and relative abundance in
GC-MS spectra depend upon the conditions of tideline prep-
aration. In comparing the chromatograms in Fig. 2(b, c),
which present correspondingly the data obtained for the
tidelines prepared under controlled conditions in the climate-
controlled room versus under ambient conditions with tem-
perature and relative humidity differences during the over-
night experiment, one can observe the lower abundances of
condensation products 5 and 6 and the absence of the products
7, 8, and 9 in the spectrum of tidelines prepared in the climate-
controlled room. Higher ambient temperature during the prep-
aration of the tidelines out of the climate-controlled room is
likely responsible for the more pronounced signals of conden-
sation products 7-9. Compound 11 (Table 2, Fig. 4) also can
be regarded as a condensation product of two lower mass
monomer compounds; the latter were not detected by GC-MS.

v-Butyrolactone (10) was detected in low abundance in
GC-MS spectra of tideline samples obtained for both polar
and nonpolar columns. This compound was previously found
among the volatile products of aged cellulose paper [29]. In
general, the formation of lactones (e.g., D-gluconic acid o-
lactone) is highly probable during acidic cellulose oxidation,
if carboxyl groups form in positions suitable for intramolecu-
lar esterification [8, 35, 36]. Compound 12, identified as
triacetin, was found in the GC-MS spectra of tidelines obtain-
ed with both polar (Fig. 3, trace (b)) and nonpolar (Fig. 2,
traces (b) and (c)) columns, and its peak is absent in the spectra
of pure Whatman paper (trace (a) in Figs. 2 and 3). Triacetin is
a widely used plasticizer in the cellulose acetate industry, and
its presence in the tidelines can be reasonably explained by
sample contamination, which stems from cellulose acetate
film samples stored in the same climate-controlled room dur-
ing the course of the experiment. Adsorbed onto paper in a
polluted environment, it can be brought to the wet-dry inter-
face by the capillary effect and accumulate in this area.

Direct methanol extract of tidelines

The GC-MS TIC chromatographic peaks for the methanol
extracts are presented in Figs. S1 and S2 of Electronic
Supplementary Material (ESM) for nonpolar and polar capil-
lary columns, respectively (trace (a) shows the data for pure
Whatman No. 1 paper and trace (b) for the tidelines prepared
in the climate-controlled room). The chromatographic peaks
(denoted by numbers in ESM Figs. S1 and S2) and their as-
signments to compounds are reported in Table 2 and Fig. 4.
Similar to the aqueous extracts results, the juxtaposition of the
spectra obtained for the tidelines and the untreated Whatman
paper allows the visualization of the peaks corresponding to
compounds formed in the tideline. The comparison of the
results obtained for the same type of column but with different
extraction solvents (water or methanol) reveals little differ-
ence. Fewer chromatographic peaks can be discerned in the
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spectrum obtained for the methanolic tideline extract with the
nonpolar column (ESM Fig. S1, trace (b)), and all products
identified in the methanolic extract were found in the aqueous
extract (Fig. 2, trace (b)). In the case of GC-MS analysis with
the polar column, most of the identified compounds were also
found in aqueous extracts, except heptanoic acid (18) and
nonanoic acid (20), which were found only in the methanolic
extract.

Thus, the change of solvent from water to polar organic
(methanol) did not reveal additional groups of compounds
originating from cellulose decomposition, compared to those
already found in the aqueous extracts. This observation, and
also the fact that more intense coloration was achieved for the
aqueous extract of the tidelines, further strengthens the find-
ings of preceding researchers, who concluded that the most
efficient solvent for extraction is the same one that was used
for tideline formation in paper [7]. Despite the successful iden-
tification of several low molecular weight compounds which
form exclusively in the tideline area, and which can be de-
scribed as cellulose oxidation products, paper discoloration
cannot be explained by any of the, at best, weakly absorbing
compounds detected in the direct aqueous and methanol ex-
tracts of tidelines.

Several contaminants identified in the tideline extracts

One can expect that only compounds containing C, H, and O
are produced from pure cellulose during its oxidative degra-
dation. However, several compounds containing nitrogen,
phosphorus, or sulfur were identified (in low abundances)
by GC-MS analysis of aqueous and methanol extracts of
tidelines (Fig. 2, trace (b); ESM Figs. S1 and S2). The appear-
ance of these compounds, denoted by letters (A—H), in the
TIC of tideline extracts, and their absence in the spectra of
the pure Whatman paper extracts (trace (a) in Fig. 2, ESM
Figs. S1 and S2) can be explained from our point of view by
the presence of contaminants in the experimental environment
(air and/or water), and these contaminants should not be con-
fused with the products originating from cellulose
degradation.

Several of the identified pollutant compounds, i.e.,
those with the most intense chromatographic peaks, are
presented in Table 3. N,N-Dimethylacetamide (B) is com-
monly used as a solvent for cellulose, and it may have
originated from a working zone adjacent to the climate-
controlled room, where cellulose-related experiments are
routinely carried out. Formation of compounds A (2-
methylpyrrole) and C (2-pyrrolidinone) can be reasonably
explained by the reaction between carbohydrate fragments
and amino compounds (amino acids), resembling the
Maillard reaction, which can be present as contaminants
in the working zone. The probability of the formation of
pyrrols and pyrrolidones from carbohydrates was shown,
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Table3  Several pollutant compounds identified using GC-MS with a nonpolar column in the tideline extracts prepared by direct aqueous or methanol
extraction protocols. Tidelines were prepared in a climate-controlled room using Milli-Q deionized water

Peak label in TIC Compounds identified by GC-MS Formula Molecular  Probable source of sample Exact mass confirmation by
using the NIST library weight contamination Orbitrap ESI-MS?, exact

mass (formula) [error, ppm]

A 2-Methyl-1H-pyrrole CsH/N 81
B N,N-Dimethylacetamide C4HoNO 87
C 2-Pyrrolidinone C4H;NO 85
D Glutarimide CsH,NO, 113
E Caprolactam CgH NO 113
F N-Butyl-benzenesulfonamide CioHsNO,S 213
G Tris(1-chloro-2-propyl) phosphate  CoH;3sC1304P 326

Unknown
Common cellulose solvent 110.0574 (C4HoNONa) [-2.4]
Unknown 108.0415 (C4H,NONa) [-2.9]
Unknown
Unknown
Common plasticizer 214.0898 (C;oHsNO,S) [0.7]

Flame retardant in polyurethane
foams used for construction

* The presented exact masses are for protonated species [M+H]" or for sodium adduct species [M+Na]* in positive ESI mode

for example, by Tressl and Kersten [37], though the reac-
tion tests were conducted under much harsher conditions
of temperature and pressure than in the current study. The
origins of the cyclic amides D (glutarimide) and E (cap-
rolactam), or the pathway of their formation under the
described experimental conditions, remain unknown.
Compound F (N-butyl-benzenesulfonamide) is a commer-
cially used plasticizer for polyamide compounds; its pres-
ence in the tidelines prepared with Milli-Q water in the
climate-controlled room cannot be easily explained.
Compound G (tris(1-chloro-2-propyl) phosphate) is a
common fire retardant for polyurethane widely used for
construction applications, for example, in insulation. Its
use in construction materials may explain its accumulation
in the confined atmosphere of a climate-controlled room.
Moreover, other samples made of polyurethane foams
were stored in the climate-controlled room during tideline
preparation.

In order to prove the assumption that the presence of
these products in the extracts is due either to the contami-
nation of air in a working zone of the climate-controlled
room, or to contaminants in water used in tideline prepara-
tion, it was decided to repeat the entire process of tideline
preparation and extraction in a laboratory where no paper
material is stored and no paper-related experiments are car-
ried out. In addition, HPLC-grade reagent water was used
in tideline preparation instead of the deionized Milli-Q wa-
ter that was used in the standard experiment. The GC-MS
analysis obtained for the aqueous extract of the tidelines
prepared under these conditions is shown in Fig. 2 (trace
(c)). The obtained GC-MS data supports our assumption
about the pollutant nature of discovered N, P, and S com-
pounds, as chromatographic peaks of the contaminant prod-
ucts described above do not appear in the TIC spectrum, or
their abundance decreased significantly (i.e., caprolactam)
under conditions where risks of pollution due to routine
paper chemical analysis have been precluded.

Analysis of cellulose degradation products in the tidelines
using a modified CRI method

The absence of chromophore compounds among those dis-
covered in the brown-hued samples prepared by the direct
extractions described above can be explained by covalent
bonding or strong adsorption of chromophore compounds to
oligomeric chains of cellulose. Moreover, chromophores can
provide a strong coloration even at very low concentrations
(as low as ppb), but the use of direct solvent extractions may
not provide sufficient quantities of chromophore compounds
to detect them using GC-MS. Rosenau et al. proposed in a
series of papers investigating aged cellulose samples an orig-
inal technique for CRI [24-26]. This technique is based on the
treatment of cellulose paper with a Lewis acid (boron
trifluoride acetic acid complex) containing a reducing agent
(sodium sulfite), followed by chromatographic separation of
the released compounds in the presence of an antioxidant (to-
copherol). The CRI protocol, elaborated by Rosenau for aged
cellulosic materials, was applied with several experimental
modifications (see the “Materials and methods” section) to
the tidelines prepared in our laboratory from pure Whatman
No. 1 paper. These extracts were analyzed by GC-MS using
either the nonpolar or polar column in procedures analogous
to those described for analyses of the direct extracts. LTQ
Orbitrap ESI-MS analysis of these same extracts was used to
confirm GC-MS compound identifications.

Figure 5 (trace (c)) presents the chromatographic data for
the tideline extract prepared using the modified CRI protocol
obtained using the nonpolar capillary column. A reagent
blank, prepared by the same protocol using the same solvents
and reagents without paper, was analyzed by GC-MS (trace
(a) in Fig. 5) under the same conditions. The TIC obtained for
the pure untreated Whatman No. 1 paper extract is shown in
Fig. 5, trace (b). This data was compared to the tideline extract
in order to distinguish compounds initially present in the un-
treated paper or formed during the extraction procedure from
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Fig. 5 TIC chromatograms
obtained from GC-MS
experiments with a nonpolar
column for the extracts prepared
by the modified CRI protocol for

the reagent blank (a), untreated

Whatman No. 1 paper (b), and

tidelines prepared in the
contamination-free laboratory
using HPLC-grade water (c).
Peak labels correspond to the
assignments indicated in Tables 4

and 5 and Fig. 7. Pollutants

originating from a fused silica
column or solvents used in the

Relative abundance

process are not labeled

(c)
X1
,:’/X avi - XX N (b)
A A (@)
22 24 26 28 30 32

the products of cellulose oxidative degradation originating
form the tidelines. Figure 6 shows the ensemble of GC-MS
data obtained using the polar capillary column.

Numerous chromatographic peaks corresponding to the
compounds formed exclusively in the tideline can be observed
in the TIC spectrum (trace (c) in Figs. 5 and 6). Low molecular
weight compounds corresponding to these peaks were identi-
fied using the NIST spectral library. The identified compounds
can be divided into two main groups: (i) low molecular weight
products of cellulose acid hydrolysis or oxidative degradation
and (ii) carbohydrate derivatives formed as a result of cellu-
lose chain hydrolysis and dehydration. The compounds from

Retention time / min

the first group (denoted in the TIC by numbers 7-32) have
retention times in the range 3—13 min for the nonpolar column
(Fig. 5) and 9-18 min for the polar one (Fig. 6). Saccharide
derivatives from the second group have higher retention times;
they are denoted by numbers I-XI in the TIC.

The peak assignments, identification results, and the GC
column (polar or nonpolar) that was employed in compound
separation are presented in Tables 4 and 5. The identities of
several compounds revealed by GC-MS were further con-
firmed using LTQ Orbitrap ESI-MS. The exact masses of
protonated species are also shown in Table 4 with the corre-
sponding mass error. The chemical structures of several

Fig. 6 TIC chromatograms
obtained from GC-MS

experiments with a polar column © A

13

32 29 30
21 29 31 v
v

25516 17
2 1 ¢ 8

o1 t t
for the extracts prepared by the (b) " \ . 14 '15 e n 7 _A.AE.A

modified CRI protocol for the
reagent blank (a), untreated

Whatman No. 1 paper (b), and

tidelines prepared in the
contamination-free laboratory
using HPLC-grade water (c).
Peak labels correspond to the
assignment indicated in Tables 4
and 5 and Fig. 7. Pollutants

Relative abundance

originating from a fused silica
column or solvents used in the

process are not labeled 1V,

NI A AN X Jt (b)

Vil vin viil Vil
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Table 4 The first group of low
molecular weight compounds Peak  Compounds identified by
identified in the tideline extract label ~ GC-MS using the NIST library
prepared by the modified CRI

Formula  Molecular ~ Column  Exact mass confirmation by
weight type® Orbitrap ESI-MS®, exact
mass (formula) [error, ppm]

protocol using GC-MS and

Orbitrap ESI-MS 21 2-Methylfuran
22 Furfural (2-furaldehyde)
23 (3-Methoxy-2-furanethanol

24 2,5-Furandicarboxaldehyde
25 5-Methyl-2-furaldehyde
26 5-(Hydroxymethyl)-2-

furaldehyde

27 5-(Dimethoxymethyl)-2-
furylmethanol

28 5-Acetoxymethyl-2-
furaldehyde

29 3-Methyl-2-cyclohexen-1-one

30 5-Methoxy-1,3-benzenediol
1,1-Oxydi-2-propanol®
2-(2-Hydroxypropoxy)-1-

propanol”
31 Methyl levulinate (methyl 4-
oxopentanoate)
32 Formic acid
13 Acetic acid
14 Propanoic acid
15 Butanoic acid
16 Pentanoic acid
17 Hexanoic acid
18 Heptanoic acid
19 Octanoic acid
20 Nonanoic acid

CsHO 82 N, P
CsH,O, 96 N, P 97.0279 (CsHs0,) [-5.6]
CH,,0; 142 N

CeH,0; 124 N

CeHsO, 110 P

CHO; 126 N 127.0386 (C4H,05) [-3.1]
CsH,0, 172 N 173.0808 (CgH,30.) [0.03]
CsHsO, 168 N, P 169.0495 (CgHoO4) [-0.4]
CH,,0 110 N, P

CHsO; 140 N, P 141.0544 (C;Hy03) [1.7]
CeH140; 134 P

CeH140; 134 P

CeH100; 130 N, P

CH,0, 46 P

C,H0, 60 P

CHO, 74 P

CH0, 88 P

CsH,00, 102 P

CeHpO, 116 P

CHL0, 130 P

CsH1 0, 144 P

CoHs0, 158 P

# Column type used for compound separation: N = nonpolar column VF-5ms and P = polar column DB-FFAP

® The presented exact masses are for protonated species [M+H]* in positive ESI mode

¢ The chromatographic peak can be also attributed to the structural isomer 2,2'-oxydi-1-propanol (compounds 8

and 9 in Table 2 and Fig. 4)

identified compounds, presented in Table 4 and Figs. 5 and 6,
are shown in Fig. 7. The compounds listed in Table 4 can be
further divided into several groups:

(1) Various furan derivatives (21-28) were identified in the
tideline extract. Furfural (22), hydroxymethyl
furaldehyde (26), and other furanic derivatives are often
reported as products of acidic cellulose hydrolysis and
oxidation in aged paper, formed as a result of dehydra-
tion of glucose and pentose units [19, 24, 27-29, 38].
Furfural (22) and 5-acetoxymethyl-2-furaldehyde (28)
were also detected in the extract of pure Whatman paper;
product 8 is even more abundant in the Whatman paper
extract than in the tidelines. This fact indicates that some
furan compounds can form as a result of natural aging
and accumulate in the cellulose paper during its storage
under ambient conditions.

Notably, furanic derivatives have been previously

detected among the products of pyrolytic cellulose de-
composition [39—41]. For example, 2-methylfuran (21),
furfural (22), 5-(hydroxymethyl)-2-furaldehyde (26),
and 5-methyl-2-furaldehyde (25) are reported as being
among the major products of cellulose pyrolysis formed
at temperatures above 400 °C.

Compound 29 (3-methyl-2-cyclohexen-1-one) was
reported as a product of catalytic biomass pyrolysis
[42]. In addition, the structurally similar cyclopentenone
derivative (2,3-dihydroxy-2-cyclopenten-1-one) was
identified by Popoff and Theander [38] in a study of
low molecular weight compounds formed during acidic
decompositions of carbohydrates. The aromatic com-
pound 30 (5-methoxy-1,3-benzenediol) is probably the
product of sugar dehydration and cyclization. Its isomer,
3-methoxy-1,2-benzenediol, was reported among the
products of biomass pyrolysis [42]. To the best of our
knowledge, compounds 29 and 30 were not previously
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Table5 The second group of low molecular weight compounds (carbohydrates derivatives) identified in the tideline extract prepared by the modified
CRI protocol using GC-MS and Orbitrap ESI-MS

Peak Molecular Molecular Possible peak attribution by the NIST library Sample Column Exact mass confirmation by
label formula  weight type®  type Orbitrap ESI-MS®, exact
mass
(formula) [error, ppm]
I CeHgO3 126 Levoglucosenone T, W N, P 127.0386 (CcH,03) [-0.4]
I CgHgOy4 144 1,4:3,6-Dianhydro-o-D-glucopyranose T, W N, P 145.0493 (C¢HoOy) [-1.4]
111 CgHOs 162 Levoglucosan (1,6-anhydro-3-D-glucopyranose) T N 163.0560 (CgH;;05) [-0.9]
v C/H14,0 194 Methyl glucoside (or other aldohexose derivatives) T N, P 195.0865 (C;H;50¢) [1.0]
v CeHi206 180 p-Glucose (or other aldohexose derivatives) T N
VI CgHOs 162 1,6-Anhydro-galactofuranose (or other aldohexose derivatives) T N 163.0560 (CgH;;05) [-0.9]
VII  C;5H»,040 362 Methyl glucoside tetraacetate (or other aldohexose derivatives) T, W N, P
VII C;,H O 288 1,6-Anhydro-glucopyranose triacetate (or other aldohexose T, W N, P 289.0919 (C,H,,0g) [0.5]
derivatives)
X Co,Hg0g 290 Methyl ribofuranoside triacetate (or other aldopentose derivatives) W N, P
X C3Hig09 318 Ribose tetraacetate (or other aldopentose derivatives) w N
XI Ci6H2011 390 Glucose pentaacetate (or other aldohexose derivatives) W N

2 Type of sample extract (W = pure Whatman paper and T = tidelines), where the product was detected

® Column type resulted in compound separation: N = nonpolar column VF-5ms and P = polar column DB-FFAP

¢ The presented exact masses are for protonated species [M+H]" in positive ESI mode

@

reported as cellulose degradation products formed during
paper aging. Compounds assembled in this group, which
possess conjugated double-bond systems, may be re-
sponsible, at least in part, for the visible paper discolor-
ation. Formation of more condensed chromophoric
structures, detected using the CRI extraction method
for aged cellulose [24-26, 38], is not probable during
the tideline experiment, as the tideline formation is car-
ried out under mild ambient conditions for a relatively
short time.

Ethers 7 and 8 identified in the extracts prepared by the
modified CRI method were also detected in the tideline
samples prepared by direct extraction (Table 2, Fig. 4).
As noted above, both products can be regarded as

Fig. 7 Several low molecular

weight compounds identified by
GC-MS in the tideline extract

S

prepared by the modified CRI
extraction protocol 21

26
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condensation products of propylene glycol, which is
one of the major products found in the tideline extracts
prepared by the direct solvent extraction protocol. The
chromatographic peak corresponding to compound 8 can
be assigned to either of two structural isomers that are
virtually indistinguishable in the GC-MS spectral library
(compounds 8 and 9 as reported in Table 2 and Fig. 4 for
the direct tideline extracts).

Similar to direct aqueous and methanol extraction re-
sults, a series of carboxylic acids, from formic to
nonanoic (compounds 32, 13-20), were identified by
GC-MS analysis using the polar capillary column
(Fig. 6, Table 4), confirming previously reported results
for tidelines and aged paper [10, 17, 21, 27-29].
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Detection of the methyl ester of levulinic acid (31) is also
in line with previous observations showing the formation
of levulinic acid during cellulose acid degradation (in the
presence or absence of catalysts) via the intermediate
hydroxymethyl-2-furaldehyde (26) [43, 44].

Carbohydrate derivatives formed during scission and ox-
idation of cellulose chains were separated into a second
group of low molecular compounds identified in the
tidelines and pure Whatman No. 1 paper extracts prepared
by the modified CRI protocol. Chromatographic peaks cor-
responding to these products are denoted by numbers I-XI
in Figs. 5 and 6 and in Table 5. Several peaks with different
retention times offer similar mass spectral patterns and thus
are not distinguished from one another using the MS spec-
tral library. Closely related structural isomers (five- or six-
membered ring structures) likely contribute to this multi-
plicity of chromatographic peaks. The similarity of MS
spectra for certain isomeric compounds together with an
incompleteness of the reference mass spectral library hin-
ders the unambiguous assignment of the obtained GC-MS
data to unique compounds. The proposed assignments for
this group of compounds, alongside the column type used
in their separation, are presented in Table 5. The identifica-
tion of several compounds isolated by GC-MS was also
confirmed using LTQ Orbitrap MS. The exact masses of
protonated species are shown as well in Table 5.

Several anhydro derivatives of carbohydrates were detect-
ed in the tideline extract prepared by the modified CRI meth-
od. Levoglucosenone (I), 1,4:3,6-dianhydro-x-D-glucopyra-
nose (II), and levoglucosan (1,6-anhydro-3-D-glucopyranose)
(III) are well-known products of cellulose dehydration, and
these compounds are reported as the major products of carbo-
hydrate pyrolysis [39-41, 45]. In addition, in the current work,
two other 1,6-anhydro derivatives of aldohexose carbohy-
drates (VI and VIII) were separated using GC-MS. The exact
assignment of structures for these anhydro sugars was not
possible using only the NIST spectral library. Although GC-
MS is perhaps not the best method for analyses of
nonderivatized carbohydrates, a low and broad chromato-
graphic peak of glucose (or another hexose sugar, V) was also
detected in the tideline extract.

Levoglucosenone (I) and anhydro-glucose derivatives IT
and VIII, found in the tideline extract, were also detected in
the Whatman paper extract (Table 5, graph (b) in Figs. 5 and
6). The appearance of cellulose dehydration products in the
pure untreated cellulose paper may indicate the existence of a
pyrolytic-like degradation pathway for cellulose decomposi-
tion during paper storage under ambient conditions.
Furthermore, we cannot exclude the possibility of the forma-
tion of these compounds under the harsh conditions of the
modified CRI extraction protocol, although interestingly, their
formation was not reported previously [24-26].

Additionally, several carbohydrate derivatives were detect-
ed exclusively in the untreated Whatman paper extract, pre-
pared by the modified CRI extraction protocol (IX-XI). Two
acetyl derivatives of aldopentose carbohydrates (IX and X)
and glucose pentaacetate (XI) are likely products formed
and accumulated in the “pure” paper during storage under
ambient conditions or during the CRI extraction procedure.
They may serve as precursors for dehydrated carbohydrates
and oxidation products formed at the tideline interface.

Conclusions

The formation of low molecular weight compounds in
tidelines at the wet-dry interface of pure cellulose paper was
thoroughly investigated using GC-EI-MS and high-resolution
LTQ Orbitrap MS. The specific products detected vary de-
pending upon the sample extraction technique employed.
The use of direct solvent extraction of the tidelines employing
water or methanol served to reveal several cellulose oxidation
products, but the brownish color of the extract and of the
tideline itself could not be associated with any of these com-
pounds. The application of the more complex chromophore
release and identification (CRI) technique led to the formation
of more intensely colored extracts indicating improved effi-
ciency in chromophore extraction.

Several groups of compounds were detected and identified
as cellulose degradation products, thus indicating a very com-
plex mechanism of tideline formation. On the one hand, a
clear indication is given for the oxidative pathway of cellulose
decomposition as evidenced by the formation of different low
molecular weight oxidation products, i.e., linear unsaturated
carboxylic acids, diols (and their condensation products), es-
ters, and ketones. On the other hand, the appearance of several
furanic compounds, which form through successive carbohy-
drate dehydration steps, points to another cellulose decompo-
sition pathway that is not necessarily oxidative in nature.
Interestingly, furans and furanic compounds are also found
among products of pyrolytic cellulose degradation. The simi-
larity between the “wet” tideline formation process and the
pyrolytic cellulose decomposition does not stop there because
various anhydro carbohydrate derivatives that were detected
in the tidelines have also been reported as major products of
cellulose pyrolysis. The formation of these anhydro carbohy-
drate derivatives might indicate another cellulose decomposi-
tion pathway competitive to that of furanic compound produc-
tion [40, 41].

Furan derivatives and carboxylic acids have been previous-
ly reported as degradation products in artificially aged cellu-
lose specimens [10, 17, 19, 21, 24, 38]. Although one can
draw certain parallels between tideline formation and cellu-
lose aging, the former is a relatively short-term process,
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indicating that the conditions at the tideline are correct for
promoting the complex process of cellulose degradation.
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