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A B S T R A C T   

Gaseous acetic acid is formed under conditions of storage of historic paper objects. Its presence not only pro-
motes hydrolytic cleavage of cellulose, but also causes acetylation of the cellulosic material to very small degree. 
The acetylation reaction proceeds under ambient conditions and without catalyst. Different analytical methods 
were used to prove the presence of organic acetates on cellulosic paper matrices. DESI-MS in combination with 
2H-isotopic labeling showed the presence of sugar fragments with different acetylation patterns. A method based 
on Zemplen saponification was applied and worked also in the presence of a large excess of acetic acid and/or 
inorganic acetates. The acetylation effect was quantified for model papers and original, naturally aged paper 
samples. While cellulose acetylation was clearly proven to be another general pathway of paper aging, further 
studies of this acetylation phenomenon are needed with regard to conservational aspects and suitable paper 
storage conditions.   

1. Introduction 

All papers suffer from different aspects of material aging as time goes 
by (Area & Cheradame, 2011; Havermans, 2002; Zervos, 2010). Cellu-
lose degradation is an unavoidable effect of natural paper aging, which 
evidently multiplies over the course of years, decades, centuries, and 
even millennia. There are two main mechanisms of cellulose aging, 
hydrolysis and oxidation, which might occur both separately and in 
combination (Henniges et al., 2008, Hosoya et al., 2018, Łojewska et al., 
2006, Milichovsky et al., 2013, Potthast et al., 2008). Paper aging pri-
marily depends on the environment the paper has experienced, the 
conditions under which it has been stored and the stressors it has been 
exposed to. In general, temperature, irradiation (UV/VIS, beta- or 
gamma irradiation), relative humidity or moisture content in the paper, 
exposure to various chemicals, presence of acids, presence of metal ions 
and fluctuation of environmental conditions are the major factors 
influencing cellulose degradation upon natural aging (Alongi & Malu-
celli, 2015, Barański et al., 2004, Ding & Wang, 2007, El-Saied et al., 
2000, Jeong et al., 2014, Menart et al., 2011, Zou et al., 1996a, 1996b). 

Among various environmental noxa, especially acids have been identi-
fied as a main cause for fast degradation of cellulose. This is logical as 
acids trigger the hydrolytic degradation of cellulose by catalytic cleav-
age of the glycosidic bonds (Calvini et al., 2007, Calvini 2012, Kalinina 
et al., 1998, Hosoya et al., 2014). Such acids can be endogenic, i.e. they 
result from the paper itself: they originate from acidic degradation 
products of cellulose or hemicelluloses (Clark et al., 2011; Sistach et al., 
2017) or, more importantly, are introduced by papermaking additives, 
such as alum or resin acids in the case of alum rosin sizing (El-Saied 
et al., 1998, Jablonsky et al., 2020, Jablonský & Šima, 2020, Karademir 
et al., 2007). The effect of endogenous degradation products on cellulose 
aging is easily demonstrated by experiments in sealed vessels where the 
influence of exogenous agent can be excluded (Calvini et al., 2007, 
Zervos & Moropoulou, 2005). Typical exogenic acid sources are volatiles 
(volatile organic compounds, VOCs) which contain short-chain (<C4) 
organic acids as the major components among a vast number of other 
(non-acidic) organic substances. The degradative effect of VOCs on 
cellulose has been well covered in recent literature (Battistel et al., 2018, 
Gaspar et al., 2010, Gibson et al., 2012, Strlič et al., 2011, Tétreault 
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et al., 2013), which focuses on hydrolysis and to some extent also on the 
question whether cellulose oxidation is involved in addition to hydro-
lysis. As a result of natural cellulose/paper aging, the aged paper be-
comes in general more brittle and mechanically unstable (Bludova et al., 
1984, Jablonský et al., 2011, Jablonský et al., 2012, Ligterink & Di 
Pietro, 2018). In paper exposed to gaseous acids, this effect is signifi-
cantly larger than in the case of counterparts kept under neutral or 
alkaline conditions (Dupont & Tétreault, 2000, Jancovicová et al., 
2012). In addition, sometimes a hydrophobization of the paper surface 
has been observed, which hinders penetration of water or aqueous sol-
vent mixtures in treatments for paper conservation (Hubbe et al., 2017, 
Hubbe et al., 2019). For oxidatively stressed papers, the conversion of 
hydroxyl groups to carbonyl groups and the formation of hemiacetal/ 
hemialdals crosslinks, oxidation to carboxylic aids and ester crosslinks, 
and surface hornification effects in general explain this behavior (Ahn 
et al., 2019, Potthast et al., 2005, Zervos, 2010, Zervos & Alexopoulou, 
2015). Associated with this, differences in hydrophobicity are observed 
across book cross-sections, with the central parts of a book page being 
less hydrophobic than the regions towards the margins which are more 
severely impacted. However, also papers without oxidative damage can 
have hydrophobized surfaces, the effect increasing with aging time (Ahn 
et al., 2013; Potthast & Ahn, 2017). 

In the present studies on cellulose degradation induced by organic 
acids, mainly acetic acid, we encountered similar surface effects. While 
the hydrolytic effect of the acid was easy to explain with regard to the 
mechanism and lost integrity of the cellulose, we were somewhat puz-
zled by the extent of the observed hydrophobization effect. Acetylation 
as explanation seemed rather far-fetched: the concentration of the acids 
was very low, the temperature was ambient, moisture was always pre-
sent, and catalysts were absent– conditions under which classical 
esterification are possible but not favored. This eventually led to the 
question of whether acetic acid might, after all, be able to acetylate 
cellulose surfaces under such typical “anti-esterification” conditions of 
storage, and whether the sometimes observed changes in the paper 
surface and morphology might result from such a chemical effect or be 
due to other causes. 

Acetylation of cellulose – under appropriate reaction conditions – is a 
very common reaction used to modify cellulose, either on industrial 
scale to produce cellulose acetates or on laboratory scale for analytical 
or synthesis purposes. The esterification, as a typical equilibrium reac-
tion, usually requires the absence of moisture/water and the presence of 
catalysts, such as concentrated sulfuric acid or other hygroscopic aux-
iliaries (Schwetlick, 2015). As the equilibrium is usually far on the side 
of the starting materials, i.e., carboxylic acid and alcohol, the presence 
of water is supposed to favor the reverse reaction, i.e. ester hydrolysis. 
Considering the low molar concentration of acids in the storage envi-
ronment in relation to water that is provided by material moisture and 
atmospheric humidity, a non-catalyzed system would not be expected to 
yield any significant amounts of the organic acetates (esters). 

Hypothesis. 
We hypothesized that cellulose surface acetylation is another 

pathway in paper aging caused by acetic acid from both endogenous and 
exogenous sources, although the prevailing conditions are actually un-
favorable for esterification reactions. In the present study, we would like 
to address the role of (surface) acetylation of papers as a pathway in 
cellulose and paper aging, discussing source and formation of the acetic 
acid, the confirmation of organic acetates on the cellulose, the formation 
kinetics and finally the quantification of the acetyl groups on model 
papers and real-world book samples. 

2. Material and methods 

2.1. Chemicals 

The following chemicals were obtained from Sigma–Aldrich–Fluka 
(Schnelldorf, Germany): acetic acid, β-D-glucopyranoside pentaacetate, 

dichloromethane, dry methanol, methyl acetate and sodium methoxide 
solution (0.5 M sodium methoxide (NaOCH3) in methanol). Isotopically 
(13C) labeled acetic acid (99.5 atom% 13C) was obtained from Chemo-
trade (Leipzig, Germany). All chemicals were of the highest purity 
available and were used without further purification. 

2.2. Aging 

Different types of paper (100 mg to 1 g) were exposed to the vapor of 
glacial acetic acid (concentrations see main text) in a closed desiccator 
at r.t. for times between 3 h and 42 days. Alternatively, aging was car-
ried out in sealed ampoules at 70 ◦C. Paper samples: Whatman filter 
paper, Whatman filter paper containing pigments (Cu-acetate, iron gall 
ink), binding agent (gum Arabic), and linen rag paper with or without 
binding agent (gum Arabic). After treatment, the samples were either 
washed with deionized water until neutral pH, dried at r.t. and stored at 
− 18 ◦C or were stored at -80 ◦C directly after aging without washing. 

2.3. ESI-MS analysis 

The Whatman filter paper sample (approximately 100 mg) was 
stored in a sealed vial over acetic acid for 4 weeks. The acetic acid was 
either deuterated, non-deuterated, or a 1:1 mixture of both. A part of 
each sample (50 mg) was kept in 0.1 M aqueous NaHCO3 (3.5 mL) 
overnight for neutralization, decanted, and washed two more times with 
deionized water (3.5 mL). The air-dried sample was extracted two times 
with 2 mL chloroform overnight, and the combined extracts were 
evaporated in a stream of nitrogen. The residue was dissolved in a 
water/methanol mixture (v/v = 1:1) and filtered through a 0.45 μm 
syringe filter. Mass spectra of this solution were recorded on an Agilent 
6320 XCT Ion Trap MS in positive mode, scan range 50–500 m/z, profile 
mode. The capillary voltage was set to 4000 V, source temperature to 
300 ◦C, and nitrogen gas flow was 7 L/min at 15 psi. 

2.4. GC–MS analysis with solid-phase microextraction (SPME) 

GC–MS analysis was carried out on an Agilent 7890A gas chro-
matograph coupled with an Agilent 5975C triple axis mass selective 
detector (MSD). The GC was equipped with two inlets, an Agilent 
multimode as well as an Agilent split− /splitless inlet. 

For the analysis of methyl acetate, a VF-WaxMS column (30 m ×
0.25 mm i.d. x 0.25 μm film thickness; J&W Scientific, Folsom, CA, USA) 
was connected to the multimode inlet on one end and to the MSD on the 
other. The split− /splitless inlet was used for fiber conditioning prior to 
enrichment. A 5 m × 0.25 i.d. fused silica capillary was connected on 
one end to the split− /splitless inlet to ensure a moderate pressure build- 
up of the helium carrier gas. The other end just protruded into the GC- 
column oven. The multimode-inlet was operated under the following 
conditions: constant column flow: 0.9 mL/min using helium carrier gas, 
purge flow: 60.0 mL/min (2.54 min); injector: 90 ◦C constant. Tem-
perature gradient profile: 30 ◦C (1 min), 8 ◦C/min to 50 ◦C (0 min), then 
10 ◦C/min to 200 ◦C (2 min). The MSD operated in EI-mode at 70 eV 
ionization energy and 1.13 × 10− 7 Pa. Ion source temperature: 230 ◦C, 
quadrupole: 150 ◦C, transfer line: 200 ◦C. Data acquisition: SIM mode, 
74 m/z for detection of methyl acetate, as well as 76 m/z for detection of 
its carbon-labeled derivative at 50 ms dwell time each. The fully 
automatized operation of all SPME steps was realized with a CTC-PALxt 
autosampler, controlled by Chronos software v.3.5 (Axel Semrau, 
Spockhövel, Germany). SPME fibers (Carboxen/PDMS) were obtained 
from Supelco (Bellefonte, PA, USA). 

2.5. Optimized standard procedure for accurate acetylation analysis 

10 mg of 4-O-(13C2-acetyl)-vanillin as internal standard were dis-
solved in 4 mL of anhydrous methanol (stock solution A). Approximately 
2 mg of cellulose or paper sample were transferred into a 1.5 mL vial for 
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analysis. 50 μL of anhydrous methanol and 20 μL of stock solution A 
were added to each sample. 300 μL of sodium methanolate (0.5 M in 
MeOH) were added to the sample before sealing the vials with 1.3 mm 
silicon/PTFE septa crimp caps. The samples were immediately used for 
analysis by GC–MS. 

3. Results and discussion 

Before addressing acetylation as a possible reaction mode in natural 
cellulose aging, it is necessary to briefly elaborate on the question why 
the presence of acetic acid is an actual issue in paper aging, why this 
carboxylic acid in particular is so important and what its origins are. 
Storage areas in libraries, archives or exhibition halls in general contain 
rather high concentrations of acetic acid (Menart et al., 2014, Pastorelli 
et al., 2019, Strlič et al., 2011). This compounds, in fact, is one of the 
most abundant volatile organic compound (VOC) present in indoor air in 
general, and in air in contact with woody material and paper in 
particular. It is a nearly ubiquitous degradation product from different 
biological (and some synthetic) sources, in particular wood and other 
plants. Acetic acid is easily cleaved off from partially acetylated hemi-
celluloses, mainly from xylan, which is abundantly present in hard-
woods. When storing cellulosic objects, wooden constructs, such as solid 

or particle boards or drawers, are a major source of acetic acid fumi-
gation. In the gaseous state, acetic acid is present as a dimer with strong 
hydrogen bonds linking the two monomers in an eight-membered cyclic 
structure. This dimer structure is also partly maintained in pure acetic 
acid in the liquid and solid state (Barton et al., 1968, Chocholoušová 
et al., 2003, Dollien & Shroff, 1972, Dreyer, 2005, Halford, 1946, Zhang 
et al., 2017). When entering mixed liquid or solid phases, the dimer 
dissociates and the individual molecules are free to interact with the 
condensed matter. In water, the acid can dissociate, which is the basis of 
its acidic nature. 

During pulp production, almost all of the rather labile organic ace-
tates from the wood's hemicelluloses are cleaved off (Sixta 2006). This 
loss is deliberate – or at least utilized in a way that retrieves the released 
acetyl groups as acetic acid for further use as a chemical. In purified and 
concentrated form, it is a major value-added side product in some 
pulping lines. Both common pulping techniques, the kraft process (pH 
13–14, temperature above 140 ◦C, several hours) and the sulfite process 
(pH 2–3, temperature above 120 ◦C, several hours) operate under con-
ditions which cleave off the hemicellulosic acetyl groups completely. 
Even though the hemicellulose portion forms a significant fraction of the 
final paper, it does not contain the “original” acetyl groups anymore. A 
minor content of residual organic acetates – if present at all – is the result 

Fig. 1. Schematic of the generation of volatiles and chromophores upon aging of cellulose or cellulose model compounds. The overall process from cellulose 
comprises hydrolytic and/or oxidative chain cleavage and further fragmentation of the resulting (oxidized) mono- and oligosaccharides. 
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of transesterification reactions rather than of incomplete initial cleav-
age. Papers produced by (chemo)mechanical pulping processes have a 
significantly higher content of residual acetyl groups as their removal by 
tribochemical means or by mechanochemical combinations is much less 
complete than upon chemical pulping. 

Independent of whether acetyl groups are present in papers from the 
beginning or not, cellulose itself can be a source of small amounts of 
acetic acid as aging proceeds (Becker et al., 2016, Tétreault et al., 2013, 
Jablonský et al., 2012, Michal et al. 2012). If bacterial cellulose, cotton 
linters or pure Whatman filter paper – almost pure celluloses virtually 
devoid of any potentially acetyl-delivering hemicelluloses – were aged 
(air, 90 or 100 ◦C, 65 or 100%RH), a mixture of volatiles was formed, 
with acetic acid and formic acid being the main components, and for-
mation of chromophores as well as cellulose chain degradation pro-
ceeding in parallel (Rosenau et al. 2005, Rosenau et al., 2011, Rosenau 
et al., 2014), see Fig. 1. Formation was much enhanced when acidic (cat. 
H2SO4), alkaline (cat. NaOH) or oxidative (1 wt% H2O2 or NMMO) 
conditions were present. Production of these volatiles was much faster 
when non-polymeric model compounds, such as glucopyranose (1), 
methyl 4-O-methyl-β-D-ribo-hex-3-ulopyranoside (“3-keto-glucose”, 2) 
or methyl β-D-gluco-hexodi-aldo-1,5-pyranoside (“6-aldehyde-glucose”, 
3) as model compounds for an oxidized anhydroglucose unit in cellulose 
(see Fig. 1), were used (Krainz et al., 2010; Rosenau et al., 2007). This 
underlines the well-known fact that development of volatile degradation 
products does not proceed from cellulose per se, but requires hydrolysis 
and/or oxidation to lower-molecular fragments (oligomers, monomers) 
beforehand, which are then further degraded. When cellulose– via its 
monomer, oligomers and its oxidized units – generates acetic acid and 
other short-chain acids and volatiles during aging – in traces only, but 
clearly detectable – it acts as an internal, endogenous source of acetic 
acid to which the paper material as a whole is exposed. The source of the 

acid is not only spatially close to the paper, but actually is the paper 
material itself, which might render the reactions of the generated acid 
more immediate and effective than in the case of exogenous sources. 

The mechanisms of formation of volatiles during celluloses/paper 
aging have been discussed in the literature. Evidently, metabolic path-
ways are able to produce acetic acid from cellulose and glucose, but they 
usually require the action of microbiota or enzymes. This might be 
relevant for specific cases of infested papers, but not for general aging. 
Also upon thermolysis/pyrolysis and upon room-temperature alkaline or 
acidic treatment of cellulose or glucose, acetic acid is produced (Bai 
et al., 2013; Gao et al., 2019; Hosoya et al., 2008; Lu et al., 2019; Shen 
et al., 2010). The mechanisms of both general scenarios – thermolysis 
and acidic/alkaline degradation – have been proposed to underlie also 
the formation of organic acids and other volatiles from cellulose upon 
paper aging (Alongi & Malucelli, 2015, Bai et al., 2013, Clark et al., 
2011, Jablonský et al., 2012): it was assumed that upon natural aging 
similar reactions proceed, albeit extremely slowly in comparison. 
Although we agree with this view with regard to the ionic (heterolytic) 
room-temperature degradation processes, we cannot concur with regard 
to thermolytic reactions. Thermal degradation and pyrolysis processes, 
many of them being homolytic (radical), generally require very high 
energies to overcome the kinetic barriers. Only very high temperatures 
(>250 ◦C) provide the energy for homolytic C–C, C–O or C–H bond 
cleavages, which makes such pyrolysis-like processes unlikely to be 
involved in natural (or accelerated) cellulose aging. Moreover, ther-
molysis of cellulose or glucose affords many products of such radical 
processes which are not found upon natural aging. By contrast, cellulose 
and glucose degradation under ambient conditions is mainly based on 
retro-aldol and redox processes, tautomerizations and decarboxylation/ 
decarbonylation (Scheme 1) which can very well proceed under quite 
mild, ambient and even physiological conditions (Schwetlick, 2015) and 

Scheme 1. Various possible pathways (without claiming completeness or simultaneity) for the generation of acetic acid and formic acid from D-glucose by processes 
that, from the viewpoint of reaction energetics, are allowed under conditions of natural or accelerated aging of cellulose or paper. Acids and bases may catalyze 
different steps along the sequence. ox = oxidation (air, oxidants from autoxidation, irradiation), RA = retro-aldol reaction; KET = keto-enol tautomerism. 
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thus also upon long-term paper storage conditions (Ahn et al., 2019, 
Łojewska et al., 2006, Strlič et al., 2011, Zervos, 2010). These reactions 
have relatively low activation barriers, so that they can proceed at room 
temperature, although obviously at a low rate. Moreover, aldol reactions 
or tautomerisms can be catalyzed by acids and bases, but proceed – 
although once more much slower – also without these catalysts. Possible 
reaction scenarios for the special case of acetic acid formation are shown 
in Scheme 1. 

We were interested in the question of whether the generation of 
acetic acid is related to specific carbons in glucose/anhydroglucose 
units, i.e. if acetic acid is formed always from the C2-fragment that in-
cludes the reducing end or if any of two neighboring carbons in the C6- 
unit might give rise to that degradation product. We applied differently 
13C-isotopically labeled glucoses, which contain one particular carbon 
as 13C isotope, and exposed them to mild thermal stress (100 ◦C–150 ◦C). 
The generated acetic acid was subsequently analyzed by headspace (HS) 
GC–MS, see Scheme 2. The mass spectra were supposed to clearly 
indicate whether the generated acetic acid contained the labeled carbon 
or not, and thus whether the respective carbon was involved in the acid 
formation. We used isotopic labels at the positions 1 or 2 or 6. The results 
are given in Table 1. 

All three differently labeled glucoses produced 13C-labeled acetic 
acid, i.e. each of the three carbons C1, C2 and C6 were involved in acetic 
acid formation. In all cases, also non-labeled acetic acid was generated. 
Thus, also alternative degradation pathways – not involving the 
respective labeled position – were operative. It was thus evident that the 
thermal degradation under acetic acid generation involved multiple 
parallel pathways. Interestingly and unexpectedly, 13C-acetic acid gen-
eration from C6-labeled glucose was higher than from 1-13C-glucose or 
2-13C-glucose, even though in the latter the isotopic label was directly at 
or close to the (masked) aldehyde function of the reducing end (C1), 
where the corresponding fragmentation seemed to be more likely to 
occur. The difference between the outcomes from 1-13C and 2-13C ma-
terial indicated that not only the C1–C2 moiety was converted to acetic 
acid – in this case the two values would have been identical within the 
error margin – but an additional pathway involving release of the C2–C3 
unit must have been present. C2 was involved in two different ways, 
once together with C1 and once with C3. 13C-Perlabeled glucose was 
used as blank to confirm the absence of any isotopic scrambling due to 
analytical errors; it yielded exclusively acetic acid-13C2 as expected. 
Negligible traces of not fully 13C-labeled acids (m/z 60 and 61) result 

from incomplete isotope enrichment in the starting product which 
contained some 12C “impurity”. 

As the next step, it was interesting to compare relevant carbohy-
drates or carbohydrate-derived products with regard to their “acetic- 
acid generation capacity” under otherwise similar conditions of (ther-
mal) aging. We used D-glucopyranose as the reference substance, for 
which the acetic acid production was set to unity (100%), because the 
total amount of acetic acid produced relative to the D-glucopyranose 
starting material, as in the labeling experiments above, was very con-
stant. Interestingly, D-fructose clearly generated a much greater amount 
of acetic acid, an increase by more than 6-fold. If the hexose-dehydration 
product 5-hydroxymethylfurfural (HMF) was used as starting material, 
the generation of acetic acid was boosted 330 times, and reached the 
highest values among the starting compounds tested (Table 1). How-
ever, this does not necessarily mean that HMF (or fructose) are involved 
as intermediates in the acetic acid production from D-glucose. The high 
rate of AcOH-formation from HMF demonstrates that the respective 
pathway is favored under the conditions of thermal treatment. It does 
not allow the conclusion that this pathway was also active under the 
ambient conditions of natural aging. It could well be that the acetic acid 
from glucose is not formed via HMF, but according to kinetically favored 
mechanisms, which at higher temperatures are overrun by parallel 
processes which then become thermodynamically favored. Neverthe-
less, there is still a high probability that the fragmentation schemes are 
similar, and that the mechanistic considerations derived from the la-
beling experiments for the degradation under mild thermal stress retain 
their validity also for acetic acid generation upon ambient, lower- 
temperature aging conditions. 

To establish first whether such an acetylation by gaseous acetic acid 
traces under ambient conditions is possible at all, some initial tests were 
performed with deliberately increased concentrations of acetic acid in 
the gas phase, which were 10–15 times above those found under natural 
storage conditions. Different air-dried celluloses were exposed to acetic 
acid vapor at 23 ◦C and 65%RH for different periods of time (until 8 
months) in a well-sealed desiccator. After extensive ventilation and 
washing with distilled water, the exposed cellulose was extracted with 
freshly distilled and deacidified chloroform. Surprisingly, the extract 
yielded a white residue upon evaporation, which was further analyzed. 
Size exclusion chromatography (SEC) indicated the remainder to be still 
polymeric cellulose (Fig. 2). Since cellulose and cellooligosaccharides 
are completely insoluble in chloroform and extraction of non-modified 
cellulose with chloroform should not have yielded any residue, this 
result was a strong indication of cellulose acetylation. Moreover, this 
acetylation was supposed to be rather extensive, or at least to affect 
surface areas to a considerable degree so that those parts became solu-
ble. For chemically prepared cellulose acetates (by acid-catalyzed 
esterification with acetic acid), a degree of acetylation of about 0.8 is 
the minimum to reach solubility (in acetone). Admittedly, those 

Scheme 2. Studying degradation pathways and acetic acid generation by 
means of 13C-isotopically labeled D-glucose. Red dots: 13C-isotopic label (>99 
atom% 13C); dashed lines indicate C–C bond cleavages that would release 
C2-fragments. 

Table 1 
Ratio of acetic acid isotopomers formed from differently 13C-labeled D- 
glucopyranoses.  

Compound Acetic acid ratios (based on area): Total amount of acetic acid 
formed 

m/z = 60 
(no 13C) 

m/z =
61 
(13C1) 

m/z =
62 
(13C2) 

Glucose 100% None None  100% 
1-13C- 

Glucose 
69.0% 31.0% –  100% 

2-13C- 
Glucose 

61.3% 38.7% –  100% 

6-13C- 
Glucose 

57.5% 42.5% –  100% 

13C6-Glucose Traces Traces ~100%  100% 
Fructose 625% None None  625% 
HMF 32,987% None None  32,987%  
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acetylation conditions are completely different from the ones in the 
aging experiments and the substituent distribution patterns will, as a 
consequence, likely differ as well, but still this DS value can serve as an 
indication that the surface acetylation went far beyond trace levels. 
Apparently, some cellulose chains had been modified to such a high 
degree that solubility in chloroform was achieved while the majority of 
cellulose molecules was not modified to a sufficient extent. This clearly 
argued in favor of a surface process, with deeper regions and bulk ma-
terial being much less – or even not at all – acetylated, thus remaining 
non-extractable. The extracted substance amounted to 0.1–0.25 wt% of 
the starting cellulose. 

From this initial test, it was already safe to conclude that acetylation 
of paper by acetic acid in the gas phase was possible also under ambient 
conditions and without catalyst, although in these preliminary experi-
ments it was enforced by higher concentrations of acetic acid vapor than 
present during natural aging. Cellulose acetylation occurred at 23 ◦C and 
at 65% RH in the paper – despite the presence of about 5–8% water in 
the pulp and despite the absence of catalytically active strong acids. 
Under usual conditions of storage of historic papers in libraries and 

museums acetic acid concentrations in the gas phase are around 3000 
mg m− 3 (3 mg L− 1) and often reach 5000 mg m− 3 (5 mg L− 1) (Meyer 
et al., 2014). This left the question to be answered whether celluloses 
can indeed become acetylated also under those “real world” aging 
conditions, i.e. at acetic acid vapor concentrations not artificially 
boosted. A definite proof of such acetylation was provided by means of 
2H-isotopic labeling in combination with mass spectrometry. A gas 
phase containing 2 mg L− 1 of acetic acid as a 1:1 M mixture of fully 
deuterated (CD4COOD) and non-deuterated (CH3COOH) isotopomers 
was used. Isotopic scrambling of the acidic carboxyl protons is imme-
diate, but leaves the methyl protons completely unaffected. When con-
verted to organic acetates, the corresponding acetyl moieties, CH3CO– 
and CD3CO–, show a mass difference of three m/z units which is readily 
detectable by common mass spectrometers as used in GC–MS or LC-MS. 

Whatman filter paper was exposed for 28 days to the gas phase 
containing the acetic acid isotopomer mixture (23 ◦C, 65% RH). The 
paper, after exposure to this acetic acid mix, was briefly kept under 
reduced pressure to desorb physisorbed acetic acid, washed until neutral 
and then extracted with freshly distilled and deacidified CHCl3. The 
chloroform was removed and the sample redissolved in MeOH/water 
and then directly subjected to MS analysis (Fig. 3, left). It contained D- 
glucopyranose monoacetate (detected as the sodium cation adduct), and 
the mass ratio truthfully reflected the isotopic composition of the acetic 
acid from the gas phase (Δm/z = 3). Glucose, as well as other cellooli-
gosaccharides are always present in most minute amounts at a cellulose 
surface, but become only extractable with organic solvents after deriv-
atization (in this case: acetylation). Similarly, a cotton linters sheet was 
exposed to deuterated acetic acid (CD3COOD) in the gas phase (2 mg 
L− 1) under conditions similar to the ones just described (23 ◦C, 65% RH) 
for 1050 h (ca. 44 d). Upon natural aging, reactions of the acetic acid 
from the gas phase were supposed to provide acetylated material with 
acetyl moieties of a molecular weight by 3 m/z units higher than non- 
deuterated acetyl groups originating from endogenous sources (cellu-
lose degradation). The surface was scanned for possible acetylated 
fragments, and the aged material clearly showed the presence of (D- 
glucopyranose mono(trideutero)acetate, m/z = 248.2), see Fig. 3, right. 

Desorption Electrospray Ionization Mass Spectrometry (DESI-MS) 
was also used to prove acetylation in naturally aged paper samples. DESI 
is a mass spectrometric technique operating under ambient conditions 
(atmospheric pressure) to directly analyze the surface of materials. A 
focused beam of ionized gas and solvent mist sputters the surface. 
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Compounds adhering to the surface are electrically charged and drawn 
into the mass spectrometer. Being a very mild and non-destructive 
technique with particular suitability for surface analysis, DESI-MS is 
very well apt to study also historic papers and sensitive samples. Fig. 4 
(right) shows a scan of a page of a (randomly chosen) book that had been 
stored in a library since its publication in 1924. The presence of traces of 
mono- and diacetylated D-glucopyranose was obvious. In historic books, 
the concentration of chromophores usually increases towards to the rim. 
This effect is quite well-known: in old books the edges appear darker 
than the middle parts of the pages. This is contributed to the higher air 
exchange rate at the edges in combination with a higher exposure to 
light and other exogenic factors. The higher exposure to UV irradiation 
might not appear to be a major influence factor as the books are closed 
most of the time and the penetration depth of UV/VIS light into the book 
is in the mm range, but the better exchange of oxygen and volatiles at the 
outer book parts compared to the inner ones is certainly an important 
factor in aging. For the acetic acid, the situation is more complicated 
than for atmospheric oxygen. At present, we can only speculate that 
exogenous acetic acid (produced “outside the book”) will mainly affect 
the outer rim, while endogenous acetic acid (produced “inside the book” 
by (hemi)cellulose degradation) might be able to diffuse away and into 
the atmosphere from outer layers, but not from inner parts. However, 
diffusion and transport rates of acetic acid in paper matrices, which will 
moreover strongly depend on the moisture content and porosity, have 
not yet been determined. Both exogenous and endogenous processes are 
in principle opposed to each other, and it is not easy to predict which one 
will dominate. DESI-MS analysis of the book showed a clear increase of 
acetylation towards the edges (Fig. 4, right). In the case of that particular 
book specimen, exogeneous acetylation, with the acetic acid coming 
from the surrounding storage atmosphere and entering the book slowly 
from outside, was thus dominant, so that the concentration of acetylated 
material decreased from the edges towards the center. Note also the 
darkening of the page increasing towards the edge (Fig. 4, right), indi-
cated by the arrow, which is due to higher concentration of cellulose- 
derived chromophores (Schedl et al., 2016). 

In recent work, we have demonstrated that the surface-confined 
water in celluloses, often called “non-freezing water”, can act as a re-
action medium and reaction site for processes that cannot occur in bulk 
water in this way (Beaumont et al., 2021). The surface confinement 
evidently changes the properties of the water in a way that makes it very 
different from conventional bulk phases or films. Acetylation was shown 

to proceed in high yields and with unprecedented C6-selectivity which 
was even increasing with the availability of the non-freezing water 
layer. The mechanism of such processes is substantially different from 
that of classical esterifications (Beaumont et al., 2020; Beaumont et al., 
2021) which explains the obvious “insensitivity” to water. While in that 
work certain acylating agents or acetyl transfer agents were used, it is 
reasonable to assume that the acetic acid investigated in this study 
would react quite similarly. We are currently working to corroborate 
these mechanistic aspects. 

In previous work we have demonstrated that already low degrees of 
chemical derivatization (esterification) can significantly alter the 
macroscopic properties of cellulosic materials (Henniges et al., 2013; 
Müller et al., 2010). These changes are due to a combination of both 
chemical and physical effects. It must also be noted that the extent of 
chemical modifications is generally related to the bulk material as a 
whole: a minor overall modification can well mean that the surface is 
relatively strongly modified and the interior is not derivatized at all, 
resulting on average in a low derivatization degree. However, the sur-
face and not the bulk material is exposed to and interacting with 
external agents, such as water, and it determines the hydrophobicity of 
paper, which makes the large observed effects, despite the low overall 
acetylation degree, better understandable. When addressing the issue of 
a possible trace acetylation under natural aging conditions of paper, we 
had to be aware of the fact that the degrees of substitution (DS) with 
acetyl groups would be generally extremely low. This posed at first the 
question whether it was possible to detect – and even more, possibly 
quantify – such a minute acetylation effect in paper, books and other 
“real world” cellulose samples, and not just in special model samples 
under optimized analytical conditions. A reliable detection method 
would be the prerequisite for such a trace analysis and the application to 
all kinds of historic materials stored in libraries and archives. The dif-
ficulty in this context is not only the very low quantity, because about 
one acetyl per several hundred anhydroglucose units must be reliably 
detected, but first of all we have to cope with the presence of free acetic 
acid, which is ubiquitous in paper, and its salts, which might exceed the 
concentration of organic acetate (cellulose esters) by several orders of 
magnitude. The available methods for acetic acid quantification were 
neither able to distinguish between free acid and its organic esters nor 
did they meet the low limits of detection required. For the purpose of 
quantifying minute amounts of organic acetates (acetic acid esters), we 
resorted to a recently developed, very sensitive general quantification 
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method for acetyl groups in biopolymers (Zweckmair et al., 2014). This 
approach was sufficiently accurate and able to determine organic ace-
tates independent of the presence of free acetic acid and its salts. It is 
based on the quantitative conversion of organic acetates by sodium 
methanolate into the volatile methyl acetate which is quantified by 
either liquid GC–MS or by SPME – GC–MS. The ability to report minute 
traces of organic acetate even in the presence of a large excess of free 
acetic acid or acetate salts distinguishes the method positively from 
alternative methods that quantify acetate only as a sum parameter. The 
protocol uses only small sample weights which, at least in most cases, 
are also tolerable in the case of valuable paper heritage objects; 2 mg is 
the optimum. The limit of detection of acetyl groups for the biopolymer 
cellulose is as low as 0.09 nmol mg− 1, which allows for a very sensitive 
quantification of acetyl moieties in paper and celluloses. 

Finally, the acetylation in real-world material upon natural aging, i. 
e. books stored at libraries for different times between 35 and 109 years, 
was studied. So far, data on the effects of library storage conditions on 
paper degradation have been scarce (Becker et al., 2016, Gibson et al., 
2012, Ligterink & Di Pietro, 2018, Zervos & Alexopoulou, 2015). Four 
different library books, printed between 1912 and 1986 were compared 
(double determination). The samples average ten different regions from 
the book (early vs. late pages, page center vs. margins, printed vs. 
unprinted areas). While the most recent book (1986) did not yet show a 
higher acetylation than a cotton linters blank, the acetylation increased 
greatly with storage time. Already the acetyl content for the book 
printed in 1968 was considerably higher, but was clearly exceeded by 
those of the two books from 1913 and 1912. Although these specimens 
showed a somewhat higher degree of acetylation than the younger book 
species, the absolute acetylation degree relative to the bulk material (DS 
= 0.002) was very low. 

The acetylation degree can be best compared by means of the DSAc 
which ranged between 0.00007 (7 × 10− 5) and 0.03 (3 × 10− 2) for the 
investigated books or, in other words, one acetyl group in about 30 to 
14,000 anhydroglucose units. For the four examples in Fig. 5 (from 
1986, 1968, 1913 and 1912) the DS values correspond to one acetylated 
hydroxyl group in 4800, 850, 320 and 170 anhydroglucose units, 
respectively. This number can give some indications regarding proper or 
improper storage, but drawing further conclusions would appear rather 
far-fetched because of the different materials of the specimens, the un-
known constancy of storage conditions and other uncertainties alike. 
Nevertheless, this result was clear proof that the cellulosic material in 
randomly selected, naturally aged book samples from libraries was 
acetylated and that the degree of acetylation had increased over time. 

4. Conclusion 

Acetylation of cellulose in papers does occur under conditions of 
natural aging, i.e., during storage in museums, libraries or archives. This 
confirms our initial hypothesis that low-level surface acetylation is 
another general pathway in paper aging. From the chemical viewpoint, 
the degrees of substitution are rather minor, with values between 0.008 
and 0.00007 for our samples measured, corresponding to one acetyl 
group per 30 up to several thousand anhydroglucose units. Although 
minute, the chemical alteration can be unambiguously proven and 
quantified by the quantification approach described. If we assume the 
acetic acid to come at least partly from endogenous sources, acetylation 
is an indirect sign of cellulose degradation in addition. Given these re-
sults, it will be difficult to follow the recently expressed view that dis-
missed acetylation as an insignificant side effect of paper aging and 
storage (Ligterink & Di Pietro, 2018). The chemical changes are 
mirrored by effects on the physical properties, such as extractability and 
hydrophilicity/hydrophobicity. Other impacts relevant from the con-
servation perspective, such as interactions with ink and print, influences 
on mobility and complexing of pigments and metal ions, are likely, but 
have not yet been studied. 

The gas phase acetylation is a continuous process. If excess acetic 
acid was present in the surrounding air the acetylation degree increased 
over time, which was observed both in model papers and in natural 
books with different storage times. It is unknown if and when a plateau is 
reached where the acetylation degree would remain constant. Clearly, 
more research efforts and more data are needed to assess and optimize 
storage conditions and to evaluate their influence of paper acetylation. 
While it is obvious that the concentration of acetic acid in the atmo-
sphere surrounding the paper is a major influencing factor, it is not clear 
in most cases what the ratio between endogenous and exogenous con-
tributors is. Air ventilation would be beneficial in the case of mainly 
endogenous formation (release of acetic acid in the paper by poly-
saccharide degradation reactions) because it transports the acetic acid 
off and decreases the local (surface) concentration. However, it would 
be adverse, by contrast, in the case of mainly exogenous acetic acid 
formation (e.g. from wooden bookshelves or drawers) as it supplies 
“new” acetic acid and increases its local concentration. 

Today, rather at the beginning of systematic research on acetylation 
in paper conservation, not much more than a mere description of the 
acetyl content in historic paper materials is possible. But even this is an 
important first step. The advent of an accurate method for determining 
the minute amounts of acetyl groups in paper has certainly been 
essential in recognizing acetylation of paper as a new pathway in natural 
paper aging – perhaps a minor one compared to chain cleavage and 
oxidation, but certainly an important one with regard to paper conser-
vation science and preservation of cultural heritage on paper. In 
particular in this field, accurate determination of trace acetylation is a 
prerequisite to future studies of the acetylation-aging issue. 

The acetylation mechanism could also have implications outside the 
paper conservation field. Although the degree of change is rather small 
and the peculiar conditions of a more or less closed book are not so easily 
paralleled in the case of other applications, there is a chance that similar 
processes might occur as well in all more or less closed systems where a 
good ventilation is not possible, such as cellulose embedded in building 
matrices or polymers. 
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