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ABSTRACT

Adibi Larijani, Amir Houshang

Oxidative reactions of cellulose under alkaline conditions
Jyvéskyla: University of Jyvaskyld, 2020, 102 p.

(JYU Dissertations,

ISSN 2489-9003; 217)

ISBN 978-951-39-8157-0 (PDF)

The purpose of this investigation was to elucidate the influence of oxygen, gas
pressure, and temperature on the oxidative degradation of cellulose and the for-
mation of degradation products under alkaline conditions. In order to simplify
the reaction system the experiments were carried out with the cellulose model
compound cellobiose. Reaction products were determined and identified by GC-
FID and GC-MSD as their per(trimethylsilyl)ated derivatives.

About 37 degradation products were qualitatively identified of which 33
degradation products were quantitatively evaluated. The degradation products
were divided into oxidative and non-oxidative degradation products. The main
degradation products were glucose as well as glycolic, lactic, glyceric, 3,4-dihy-
droxybutanoic, 3-deoxypentonic, and glucoisosaccharinic acids.

An inhibiting character of oxygen upon cellobiose degradation was ob-
served. At lower temperatures an increase in oxygen pressure caused the for-
mation of non-oxidative degradation products in trace amounts. The formation
of oxidative degradation products was kinetically and of non-oxidatives thermo-
dynamically favored.

The kinetic calculations revealed that at room temperature the degradation
of cellobiose proceeded four times slower in air than in 1 bar nitrogen. Further-
more, the activation energy for cellobiose degradation in 1 bar nitrogen was
79 kJ/mol and rose to 122 kJ /mol in air.

Based on the obtained results and made observations a new ionic reaction
mechanism was postulated.

Keywords: cellulose, cellobiose, alkaline oxidative degradation, degradation
products, gas chromatography, mass spectrometry, kinetics, activation energy,
reaction mechanism



TIIVISTELMA

Adibi Larijani, Amir Houshang

Alkalisissa olosuhteissa tapahtuvat selluloosan hapetusreaktiot
Jyvéskyld: University of Jyvaskyld, 2020, 102 p.

(JYU Dissertations,

ISSN 2489-9003; 217)

ISBN 978-951-39-8157-0 (PDF)

Tyon tarkoituksena oli selvittdd hapen ja sen paineen sekd lampoétilan vaikutus
selluloosan hajoamiseen ja pilkkoutumistuotteiden muodostumiseen alkalisissa
olosuhteissa. Reaktiotapahtuman yksinkertaistamiseksi kokeissa kaytettiin sellu-
loosan malliaineena sellobioosia. Reaktiotuotteet madritettiin ja identifioitiin
per(trimetyylisilyyli)johdannaisinaan kayttdamallda menetelmida GC-FID ja GC-
MSD.

Koetyoskentelyssd identifioitiin kvalitatiivisesti noin 37 pilkkoutumistuo-
tetta ja ndistd 33 madritettiin kvantitatiivisesti. Pilkkoutumistuotteet ryhmiteltiin
sekd hapettavissa ettd ei-hapettavissa olosuhteissa muodostuviin yhdisteisiin.
Padhajoamistuotteet muodostuivat glukoosista seka glykoli-, maito-, glyseriini-,
3,4-dihydroksibutaani-, 3-deoksi-pentoni- ja glukoisosakkariinihaposta.

Yleisesti havaittiin hapen sellobioosin hajoamista hidastava vaikutus. Eri-
tyisesti alemmissa lampdtiloissa hapen paineen kasvaessa muodostui vahdisessa
maédrin ei-hapettuneita tuotteita. Ei-hapettuneiden tuotteiden muodostuminen
todettiin tapahtuvan ensisijaisesti kinetiikan ja hapettuneiden hajoamistuottei-
den termodynamiikan mukaisesti.

Kineettiset tarkastelut osoittivat, ettd huoneen lampétilassa sellobioosin ha-
joaminen tapahtui neljd kertaa hitaammin ilmassa kuin hapettomassa typpi-il-
makehésséd aktivointienergioiden ollessa vastaavasti 122 k] /mol ja 79 k] /mol.

Saavutettujen tulosten perusteella kehitettiin kokonaisuudelle uusi,
ionimekanismiin perustuva teoria.

Avainsanat: Aktivoitumisenergia, alkalinen hapettava hajotus, kaasukromato-
grafia, kinetiikka, massaspektrometria, pilkkoutumistuotteet, reaktiomekanismi,
sellobioosi, selluloosa
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1 INTRODUCTION

The degradation of polysaccharides in lignocellulosic materials under alkaline
conditions is a well-established phenomenon in many industrial processes. It has
been applied in the production of artificial fibers, namely rayon, via the formation
of cellulose xanthate, oxygen bleaching processes, mercerization or other conven-
tional aging processes in order to enhance strength properties, to reduce the de-
gree of polymerization (DP), to cause fiber swelling, and to increase material sol-
ubility.

Even though the alkali-oxidative treatment of cellulose has been in use for
a century, its reaction mechanism is rather complicated and has not been fully
understood yet. Different reaction mechanisms have been proposed to explain
experimental results and observations.

The main purpose of this work was to study the degradation under oxida-
tive and non-oxidative alkaline conditions. For this purpose, cellobiose was
treated under varying alkaline conditions (the main parameters were, e.g., pres-
sure, reaction time, and temperature) in oxygen and nitrogen atmosphere. A
wide range of reaction products were formed and these substances (mainly ali-
phatic hydroxy carboxylic acids) were separated after per(methylsilyl)ation by
gas chromatography (GC) with flame ionization detection (GC-FID) and the
chromatographic peaks were identified by GC with mass selective detection (GC-
MSD). The detailed data obtained were also utilized for the calculation of reac-
tion kinetics.

A new reaction mechanism was also aimed at based on the results obtained.



2 NATIVE AND ALKALI-MODIFIED
CELLULOSES

2.1 Native cellulose

Native cellulose or cellulose I is a linear biopolymer of 3-(1—4)-linked D-gluco-
pyranosyl units that are alternately rotated by 180° along the polymer axis, form-
ing flat ribbon-like chains.!*# It is formed by higher plants, algae, fungi, protists,
bacteria, blue-green algae, and some marine invertebrate animal species (ascidi-
ans and tunicates).3

Most cellulose is found in higher plants, serving as reinforcing structural
microfibrils.3 Microfibrils are an entity of parallel arranged cellulose chains, hold
together by various weak forces like van der Waals forces and strong hydrogen
bonds. Cellulose microfibrils are highly elastic and add great amounts of tensile
strength to the cells to resist cell turgor pressure. Nevertheless, cellulose microfi-
brils bend easily and do not add sufficient rigidity and mechanical strength to
form a stable structure and withstand gravitational forces.

Since the beginning of the 20th century, X-ray crystallography has been the
method of choice to resolve the crystal structure of cellulose. However, this
method was not able to provide clear evidence for the existence of different
phases. Rather, high resolution 13C solid-state nuclear magnetic resonance (NMR)
investigations in the mid 80’s by Van der Hart and Atalla showed cellulose I to
be a composite of two crystalline allomorphs, cellulose Ia and cellulose If.> Both
are metastable and formed by living organisms in varying amounts, depending
on the species.® Cellulose Ia is mainly found in bacteria and algae, while higher
plants and animal species show predominantly the latter allomorph. Cellulose la
is thermodynamically less stable than IP.
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2.2 Mercerization and regeneration

2.2.1 Cold and hot mercerization processes

In the early years of the 19t century, the autodidact John Mercer discovered
unintentionally that cotton fabric noticeably changes its physical properties
when it is soaked with highly concentrated NaOH.” After washing out the lye,
the cotton fabric became shinier, lustrous, light reflecting, and foremost showed
a higher affinity for dyes. The mercerization process is usually conducted under
either at 20 °C or at 60-70 °C referred as cold and hot mercerization, respec-
tively.8

In cold mercerization, the fabric is driven under tension through an about
20 °C-tempered 30 %-NaOH solution at a speed of 30-40 m/min.” The fiber re-
mains steeped in the alkali bath for some minutes. After steeping, the fiber is
washed free of alkali, and further neutralized in an acidic solution like acetic acid
to remove all traces of NaOH.

Under hot mercerization conditions a lye concentration of 22-24 % is used.”
Mercerization performed at noticeably lower temperatures like -10 °C resulted in
the formation of much stiffer yarns with linen-like properties.® The addition of
acetic acid might also be used, but this could complicate the recycling runs of
washing water.

Interposed treatments like scouring and the utilization of additives, like vis-
cosity reducing agents 10, glycerin, alcohols 1, and NaCl 2 in the lye assist mer-
cerization more effectively and influence the physical properties of the mercer-
ized end product. As waxes and pectin contents in fibers impede lye penetration
into the mercerized fiber by forming, for example, thin wax layers upon fiber
surfaces and reducing the surface area, fibers can be pretreated by various meth-
ods before mercerization in order to reduce the content of hindering compo-
nents.?

2.2.2 Viscose process

Regenerated cellulose fibers are mainly produced by the viscose process.813-15 In-
troduced in the beginning of the 20t century, it allowed the production of high
performance viscose fibers, such as tire cord. Performance upgrades to the vis-
cose process like hot-stretching or the addition of modifiers and cations enhanced
the viscose fiber quality even further and permitted the production of more ad-
vanced fibers.

In the viscose process, highly refined cellulose sheets (also referred to as
dissolving pulp or dissolving cellulose) are steeped in the so-called slurry steep-
ing process into a lye solution of 18 % at 40 °C for a maximum of 1 hour.!* The
solution thoroughly penetrates the cellulose and, due to the high alkalinity of the
solution, a cellulosate is formed, namely Na-cellulose (sodium cellulose). The for-
mation of alkoxide groups in the cellulose built is crucial for the formation of
cellulose xanthate in one of the following steps. Furthermore, additives, such as
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nonionic and anionic surfactants, are added in small quantities into the slurry.
Additives enhance the xanthation process or permit more efficient viscose solu-
tion filterability.

After steeping, the cellulose is freed from excess lye and shredded into small
pieces (white crumb) in order to increase the surface area of cellulose.!* The white
crumbs are aged in ambient air. The purpose of this aging step (pre-aging) is to
partially oxidize the cellulose and to reduce the DP for lower viscosities in the
spinning solution. In the following xanthation step, the pre-aged white crumbs
are treated with CS; in a mixing vessel. The gaseous CS; reacts with the alkoxide
groups of sodium cellulose, preferably at the anhydroglucose C-2 position, form-
ing cellulose xanthate ester polyelectrolytes:

/5
S—C——S5 + Cel 0 —_— Cell 0—=C (1)
5

The crystalline areas of the white crumbs areas are largely inaccessible for
CS2.14 The end product of the xanthation process is the so-called yellow crumb,
i.e., a cellulose-cellulose xanthate copolymer crumb. The yellow crumb is treated
with lye in a dissolving tank and, due to the xanthate esterification, the cellulose
chains are more effectively separated from one another. Additionally, a sufficient
amount of negatively charged dithiocarbonate groups of cellulose xanthate per-
mits their dissolution in the lye solution. However, rather a suspension of dis-
solved cellulose xanthate and untreated crystalline cellulose is obtained in this
step of the process. Due to significant chain stiffening polymer-solvent interac-
tions, the suspension has a high viscosity and for this reason, it has been termed
“viscose”.

For the regenerated fiber spinning process, only the dissolved cellulose
xanthate is of interest.!* Henceforth, the viscose suspension is filtered to re-
move the undissolved materials. The filtrate contains parts of crystalline unre-
acted cellulose. Those crystalline parts are further broken down and converted
into cellulose xanthate in a second aging stage, called ripening. Due to the re-
versibility of the xanthate reaction, the released CS; from cellulose xanthate
reacts with the unreacted cellulose parts. By the ripening step a higher graded
viscose solution is obtained. A part of the reformed CS», however, escapes un-
reacted.

In the following step, the viscose solution is freed from air bubbles in a de-
gassing step that cause casualties during the wet spinning step of regenerated
cellulose filaments.!* During the wet spinning step the viscose solution is pressed
through a shower head-like device called spinneret into an acidic solution where
cellulose precipitation follows. The acidic solution consists of sulfuric acid, so-
dium sulfate, and usually Zn?* cations. The zinc cations ensure that the extruded
cellulose xanthate jets from a spinneret draw toward one another and, due to the
occurring water loss into the acidic solution and the conversion of the xanthate
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groups into the instable xantheic acid groups, the viscose jet oversaturates and
precipitation takes place under CS; gas release.

The obtained viscose filaments are stretched in the following step to en-
sure parallel chain orientation along the fiber axis.!* Furthermore, the filament
stretching allows the formation of interchain hydrogen bonds and permits the
controlled customization of filament properties of the desired textile fiber end
product. In the following steps the fibers are cut, washed free from impurities,
dried, and finally dispatched for further use, for example, in yarn spinning
mills.

Figure 1 illustrates the described viscose process.
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FIGURE 1. Viscose process. Courtesy of Lenzing AG, Austria.

2.3 Na-cellulose I

If native cellulose soaked in NaOH at a concentration range of 12-20 %, then a
lattice transformation takes place and intermediate Na-cellulose I is formed.1°
The chemical composition, NaOH-3H>0O-CsH1005, has been determined for Na-
cellulose I. From 0-9 % NaOH content, however, Na* is absorbed to small extents
and the native cellulose structure remains unchanged. In the transition period
between native cellulose and Na-cellulose I, the Na* uptake rises very rapidly to
the Na* content of Na-cellulose I. In the Na-cellulose I stage, the NaOH concen-
tration remains constant since no additional NaOH is further absorbed.

Beyond the Na-cellulose I state follows a second transition period at NaOH
concentrations of 27 % and a second Na-cellulose intermediate, namely Na-cel-
lulose II with a chemical composition of NaOH-H>O-C¢H1005.1 Na-cellulose II
exists in two forms, Na-cellulose IIA and IIB.17.18 Na-cellulose IIA is colorless and
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formed if fibers are constrained during NaOH treatment.!8 Na-cellulose IIB, how-
ever, is bright blue and formed by unconstrained NaOH treatment. The de-
scribed swelling characteristics of native cellulose fibers have been discovered 1
in the early 20t century and confirmed by multiple researchers. Figure 2 depicts
a Vieweg curve.
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FIGURE 2. Vieweg curves. Formation of Na-cellulose I and Na-cellulose II. Apparent al-
kali absorption of cellulose, curve I according to Sakurada et al. and curve II ac-
cording to Schramek. Figure reprinted (adapted) with permission from ref. 16.
Copyright (1937) Springer Nature Switzerland AG. Part of Springer Nature.

2.4 Chain polarity of Na-cellulose I and cellulose 11

It is assumed that Na-cellulose I structure is antiparallel,’® thus this state being
the position where parallel native cellulose is being transformed into the antipar-
allel cellulose II allomorph. It is widely debated, how the parallel native cellulose
form could rearrange in solid state into the antiparallel cellulose II structure.
Okano and Sarko 2, Nishimura and Sarko 2!, and Revol et al. 22 have proposed an
interdigitation mechanism. The authors assume that microfibrils that consist of
parallel cellulose chains are themselves arranged with opposite polarity and run
toward one another. This hypothesis could be confirmed by Revol and Goring.??
During the swelling process, however, the sheets would gain the necessary mo-
bility freedom to rearrange and form the antiparallel sodium cellulose I interme-
diate and henceforth, the cellulose II form. The interdigitation mechanism is,
however, not generally accepted. Simon et al. 2 have suggested that the swelling
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process would provide sufficient space for a cellulose chain to leave its straight-
ened state, successively fold together, and result in a single chain that is, once
folded and thus being antiparallel (Figure 3).

Cellulose I

Cellulose I

U

FIGURE 3. Schematic representation of successive stages of the transformation from a par-
allel to an antiparallel arrangement of cellulose chains during mercerization.
Figure reprinted with permission from ref. 24. Copyright (1988) American
Chemical Society.

Kroon-Batenburg et al. > have assumed that mercerized cellulose II is par-
allel or parallel in parts of the fiber and point out that X-ray crystallography
methods would not provide sufficiently clear data to ascertain cellulose chain
polarities.?6 Crawshaw et al. %7 have suggested a yet unknown intermediate be-
fore the formation of Na-cellulose I. They assumed that this intermediate might
represent the first stage of the interdigitation mechanism, where the first rear-
rangements of chains and crystals take place or also possibly be the earliest swell-
ing state of the fiber and thus, not indicating any chain or crystal rearrangements.
The proposed Na-cellulose I structure by Nishimura et al. 1 from mercerized cel-
lulose is shown in Figure 4.
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FIGURE 4. a-b (top) and b-c (bottom) projections of the Na-cellulose I structure. Filled cir-
cles denote Na* ions and dashed lines denote ionic secondary bonds. Figure re-
printed with permission from ref. 19. Copyright (1991) American Chemical So-

ciety.
2.5 Swelling and fiber dissolution process

Sodium ions intercalate in between the cellulose sheets and cause fiber swelling
and dissolution to occur.12?® Crawshaw et al. 27 have applied wide-angle X-ray
scattering (WAXS) and small-angle X-ray scattering (SAXS) investigations on na-
tive ramie cellulose and followed its swelling behavior in water and NaOH. Their
investigations could verify a few but large void areas within tightly packed ele-
mentary crystallite arrangements.

By steeping native cellulose into water or lowly concentrated NaOH solu-
tions cellulose and solvent form a disequilibrium, the original void gaps collapse
while an increased number of smaller gaps in between the elementary microfi-
brils form.?” To balance the system and reach an equilibrium state, solvent mole-
cules intercalate in between the elementary microfibrils and cause their separa-
tion. The intercalated ions form hydrogen bonds with the elementary microfibrils
and alter the existing hydrogen bond network.?8 Equilibrium state is reached
when the osmotic pressure is compensated by cohesive forces in the fiber.8 The
described process is referred to as swelling. Even though the fiber swells, the na-
tive cellulose structure does not alter. Klemm et al. 8 have also suggested that the
transition from native cellulose to Na-cellulose I might go through a yet uniden-
tified intermediate, similar to the water-swollen cellulose structure. At NaOH
concentrations of 4 M and higher, a well-defined void gap system evolves and
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native cellulose transforms entirely to Na-cellulose I. The void gaps are highly

ordered and drastically increased in number (Figure 5).
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FIGURE 5. Schematic illustration of changes to the voids within native cellulose fibers as

during swelling in water, or 1.5 M NaOH.q, and 4, 5 or 6 M NaOH.,q. View in
plane perpendicular to fiber axis. Figure reprinted with permission from ref.

27. Copyright (2002) WILEY-VCH.

Crawshaw et al. 27 could also confirm that the conversion from native cellu-
lose to swollen Na-cellulose I proceeds rather rapidly. NaOH molarities above
4 M accelerate the transformation to Na-cellulose I, the swollen fiber structure
would, however, remain the same. It has generally been assumed that hydroxyl
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anions from the NaOH solution are the interacting agent with the cellulose hy-
droxyl groups, while the sodium cation is rather responsible for the extensive
swelling.8 During swelling the originally existing hydrogen bonds break and re-
arrange with intercalation of solvent molecules and ions in between the sheets.
During swelling, however, conformational and spatial changes occur to the cel-
lulose chains due to solvent-chain interactions. The swelling reaction of cellulose
fibers is diffusion-controlled and shows rather minor temperature influences
upon the process. Lowering the temperature increases the swelling efficiency and
results in stronger Na* binding onto cellulose chains.

Le Moigne and Navard # have studied the dissolution mechanisms of
wood pulp and microcrystalline cellulose (MCC) at moderate NaOH concentra-
tions and -6 °C solvent temperature, using two different samples (Figure 6). Cel-
lulose samples were stirred for a period of two hours and further fractionated by
centrifugation in three steps. Obtained were three insoluble fractions and a clear
solution.

Clear solution
fraction S

. . Centrifugation
Centrifugation Centrifugation 5 min, 9050 g

] 5 min, 2520 g
1% cellulose in| °™Min. 560g

NaOH 8% - water ﬁ . _ I ——
- 6°C , 2 hours :I: ?

mixing at 1000 Fraction | Fraction |,
pm Fraction |, medium2 small
. insoluble parts
. Large insoluble parts P
insoluble parts

FIGURE 6. Centrifugation protocol in three steps to fractionate the insoluble fractions (I,
I, and I5) and the clear solution. Figure reprinted with permission from ref. 29.
Copyright (2010) Springer Nature Switzerland AG. Part of Springer Nature.

Fraction content was visualized by utilizing the optical and transmission
electron microscopy (TEM). The first fraction revealed the presence of undis-
solved, ballooned, and highly swollen fibers. Fiber ballooning occurs when the
secondary wall of the fiber areas swell or dissolve in the solvent and result in the
breakdown of the primary wall and the formation of thick helices, while being
separated by small sections of unswollen fiber areas. The second fraction re-
vealed large amounts of fragmented and unfragmented sections and flat rings.
The last insoluble fraction revealed the existence of little fragments. Insoluble and
small unfractionable parts were found in the remaining solution fraction.
Figures 7-10 depict the mentioned fractions.
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SEDP 360

SE DP 160

FIGURE 7. Optical microscopy images of the fraction I;. Ballooned fibers, highly swollen
fibers, highly swollen sections, and flat rings are observed. Figure reprinted
with permission from ref. 29. Copyright (2010) Springer Nature Switzerland
AG. Part of Springer Nature.

FIGURE 8. Optical microscopy images of the fraction I. Flat rings and fragments of rings
are observed. Figure reprinted with permission from ref. 29. Copyright (2010)
Springer Nature Switzerland AG. Part of Springer Nature.
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SE DP 360

SE DP 403

FIGURE 9. Optical microscopy images of the fraction I3. Only small fragments 10-50 pm
are observed. Figure reprinted with permission from ref. 29. Copyright (2010)
Springer Nature Switzerland AG. Part of Springer Nature.

SE DP 360

Insoluble parts

FIGURE 10. TEM image of the clear solution fraction (S). Figure reprinted with permission
from ref. 29. Copyright (2010) Springer Nature Switzerland AG. Part of
Springer Nature.

Based on the observations, Le Moigne and Navard ?° have developed a
swelling and dissolution mechanism of wood fibers in a moderately concentrated
NaOH-water solution (Figure 11).
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FIGURE 11. Schematic representation of the dissolution steps of wood pulp fibers in NaOH
8 %-water. Figure reprinted with permission from ref. 29. Copyright (2010)
Springer Nature Switzerland AG. Part of Springer Nature.

The results of Le Moigne and Navard ?° on the two analyzed steam ex-
ploded wood pulps confirmed that the vast amount of hemicelluloses, i.e., man-
nans and xylans, 72 % and 90 %, respectively, dissolve readily in moderately con-
centrated NaOH-water solutions, while 28 % and 10 % of mannan and xylan, re-
spectively, remain associated with the cellulose chains. Mannan is more closely
bound to cellulose that xylan. The interactions between cellulose fibers and hem-
icelluloses are supposed to be of physical nature.30 The associated hemicelluloses
might apparently influence the dissolution properties of cellulose fibers 2 by pos-
sibly impairing swelling and solvent accessibility to some extent.

2.6 Cellulose I/II reversibility

The cellulose II structure is the thermodynamically most stable cellulose poly-
morph and it is unlikely that a direct transformation from cellulose II into the
metastable cellulose Ia or I would take place. However, both, the existence and
the absence of cellulose 1/1I reversibility have been proposed. Kubo 3132 has sug-
gested that a thermal treatment of regenerated cellulose fibers (cellulose II) in or-
ganic solvents, like glycol and glycerol, can lead to the retransformation into na-
tive cellulose.

An interesting observation made by Kroon-Batenburg et al. 2 could show
in molecular dynamical (MD) simulations that cellulose II with a parallel-down
packing arrangement and tg/tg hydroxymethyl conformation readily converts
to native cellulose If. Assumed, the cellulose II structure is not static along the
entire fiber but rather interchangeable within areas of the fiber, this observation
could provide a pattern to explain a possible transformation to native cellulose
from cellulose II.

Klemm et al. 8 developed based on the work of Philip et al. 33 and Hayashi 34
the theory of the existence of two sodium cellulose I modifications, namely so-
dium cellulose I with a bent 4C; conformation and sodium cellulose I> with a
twisted and bent C; conformation. Sodium cellulose I is suggested to be capable
of retransforming into the native cellulose I structure while the second structure
rather transforms into cellulose II after neutralization and drying. The equa-
tion (2) depicts this relation.
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Native —w Sodium ___ g  Sodium g Cellulose (2)
cellulose cellulose Iy cellulose I, 11
parallel parallel anti-parallel anti-parallel

Independent from Klemm et al. 8, the results of Crawshaw et al. %7 indicated
the existence of a possible Na-cellulose intermediate with a rather water-swollen-
like cellulose I structure. The observation of Crawshaw et al. 27 could possibly re-
fer to the sodium cellulose I structure and therefore, supporting the theory of the
existence of two possible sodium cellulose I forms by Klemm et al. 8 Experiments
to identify and analyze Na-cellulose I were made in highly concentrated solu-
tions. Observations made by Lee et al. ° supported the earlier assumptions.82”

Lee et al. 2 have investigated on enhancing the properties of cotton to a linen-
like material through low temperature mercerization. They observed that cotton
fibers mercerized with a 10 % NaOH solution remain unaffected in their crystal-
line structure, even though a temporary mercerization effect is clearly observed.
However, after laundering, the fibers loose the property changes that were
gained through the low concentration mercerization process and return into their
original unmercerized state. Permanent effects were observed if the NaOH con-
centration was high enough, meaning NaOH concentrations of 15 % and higher.
Figure 12 depicts typical curve shapes of the crystallinity index (CI) and cellu-
lose I amount of bamboo fibers at different NaOH concentrations.
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FIGURE 12. Amount of cellulose II and crystallinity index of bamboo fibers vs. NaOH con-
centration (20 °C, 20 min). Figure reprinted with permission from ref. 35.
Copyright (2008) Springer Nature Switzerland AG. Part of Springer Nature.

Dinand et al. 26 and Schenzel et al. 3¢ came both to similar results. In Fig-
ure 12, up to 10 % NaOH concentration, cellulose II remains unformed while the
Cl rises for about 3 %. With advancing transformation of cellulose II from cellu-
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lose I, the CI proportion decreases from about 80 % to 60 %. The reduced propor-
tion of existing crystallites in the cellulose II form explains the superior dyeability
of cellulose II compared to cellulose 1.

Nishimura et al. 1 have used a highly concentrated aqueous NaOH solution
(6.3 N NaOH) over a period of about 15 days to achieve a satisfactory transfor-
mation of ramie cellulose into Na-cellulose I to obtain clear X-ray diffraction re-
sults. According to the observations mentioned above, it is most likely that Nishi-
mura et al. 1° analyzed Na-cellulose I> with a twisted and bent 4C; conformation.
They could also confirm the antiparallel structure of the Na-cellulose I allomorph.
Dinand et al. 26 have followed the mercerization process of primary cell wall mi-
crofibrils from initial, untreated state up to a NaOH concentration of 20 % by
TEM microscopy. The images show clearly the formation of an unordered par-
ticulate precipitate, right after swelling occurs at about a transitional NaOH con-
centration from 8 % to 9 % (Figure 13).

FIGURE 13. TEM micrographs of PCC1 samples. (a) Sample treated with 9 % NaOH, (b) as
in (a), but treated with 10 % NaOH, and (c) as in (a), but treated with 12 %
NaOH. Figure reprinted with permission from ref. 26. Copyright (2002)
Springer Nature Switzerland AG. Part of Springer Nature.
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The ordered microfiber structure disintegrates irreversibly and Dinand et
al. 26 have denied the transformation of cellulose II into cellulose I at either crys-
tallographic or morphological level. Lee et al.  have assumed that the extent of
hydroxide ion hydration is the determining factor whether the transition from
cellulose I to cellulose II is permanent or temporary. At lower NaOH concentra-
tions, before the transition state is reached, the large hydrated hydroxide ions do
not penetrate sufficiently the fibers to achieve lattice changes, and thus, easily
accessible amorphous areas undergo changes. Furthermore, Na* intercalate ra-
ther unincisively, causing swelling to some minor extent with temporary mercer-
ization effects.

With increasing NaOH concentration, the hydrated hydroxide ion radii de-
crease and by reaching a critical size the hydrated hydroxide ions start to pene-
trate the lattice (transition state). The post-transition state would henceforth be a
state when the hydrated hydroxide ions would be small enough to penetrate the
cellulose lattice quantitatively and lead to Na-cellulose I>. Liu et al. 3 could show
that a decrease of mercerization temperature shifts the transition state area in be-
tween cellulose I and cellulose II lattice phases toward lower NaOH concentra-
tions. For more details, see Figures 12, 14, and 15.
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FIGURE 14. Amount of cellulose II of bamboo fibers vs. mercerization temperature
(20 min). Figure reprinted with permission from ref. 35. Copyright (2008)
Springer Nature Switzerland AG. Part of Springer Nature.



31

10%NaOH

12=fmaotr>/<r,,_———"c.
//

g

o 16%NaOH

25%Na0H

s

Crystallinity index, %
"'4
(=]

Temperature, "C

FIGURE 15. Crystallinity index of bamboo fibers vs. mercerization temperature (20 min).
Figure reprinted with permission from ref. 35. Copyright (2008) Springer Na-
ture Switzerland AG. Part of Springer Nature.

Liu et al. 35 have explained that the hydrated hydroxide ion radii decrease
when the mercerization temperature is reduced. Depending on the lattice struc-
ture and density of the mercerized material, a minimum hydrated hydroxide ion
radius is required for an irreversible lattice transformation from cellulose I to cel-
lulose II to occur. Liu et al. 35 could also show that an increase of applied tension
on fibers during mercerization reduces swelling efficiency. Therefore, this hin-
ders the transformation from cellulose I to cellulose II, so shifting the transition
state in between cellulose I and II toward higher NaOH concentrations. In ac-
cordance with Crawshaw et al. 27 and Klemm et al. 8 the observations of Lee et al. °
and Liu et al. 35 could confirm the existence of two distinct Na-cellulose I phases.
The temporary mercerization effects would therefore have been achieved when
Na-cellulose I is formed, the pre-transition state Na-cellulose I form. Permanent
mercerization effects are to be expected in the post-transition Na-cellulose I state
when Na-cellulose I» is formed, and its permanent mercerization effect is due to
the irreversibility of the transition from Na-cellulose I1 with an unchanged cellu-
lose I lattice to Na-cellulose I> with an antiparallel cellulose II-like lattice struc-
ture.
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2.7 Cellulose II structure revision

In the MD simulations of Kroon-Batenburg et al.,?> the two most acceptable cel-
lulose II structures were antiparallel-down cellulose II with gt/ gt and gt/tg hy-
droxymethyl conformations. Even though the gt/tg conformation was preferred
energetically, the gt/ gt form, even though it has a slightly higher energy, was
preferably formed during the simulation process. The gt/ gt form sizes well into
the cellulose II unit cell and can be overseen in diffraction analysis. It should be
pointed out that the focus on searching the lowest-energy structure by computa-
tional procedures does not suffice in revealing the exact cellulose structure, for
nascent cellulose, emerging out of the terminal complex, does not crystallize in a
thermodynamical equilibrium state, making the formation of metastable forms
generally inevitable.?

Kolpak and Blackwell 37 have determined the cellulose II structure by using
regenerated cellulose fibers. It should be pointed out that the production process
for regenerated fibers is significantly different than mercerized fibers. The one is
formed entirely from dissolved state and precipitates in acid bath while mercer-
ized cellulose is formed in rather solid state where an ideal lowest-energy state
of microfiber orientation might not been given. Thus, it could be possible that the
cellulose II structure of mercerized cellulose might indeed differ to some extent
from regenerated cellulose. Thus, Kroon-Batenburg et al. 2> have suggested a par-
allel-up cellulose 1II structure with gt/ gt hydroxymethyl conformation for mer-
cerized cellulose and a antiparallel-down cellulose II structure with gt/gt hy-
droxymethyl conformation for regenerated viscose fibers (Figure 16).
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FIGURE 16. Scheme to show the relation between the stable MD structures. The right part
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residues in the constant pressure simulations. Figure reproduced with permis-
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Because the cellulose II structure is not static over the entire entity, it is not
advisable to base cellulose II structure assumptions, for example, on only the
lowest R-values and the maximized hydrogen bonding capabilities. Langan et
al. 38 could show that hydroxymethyl groups are in both, mercerized and regen-
erated cellulose, which would to some extent lead to the formation of different
intermolecular hydroxymethyl hydrogen bonds. Besides this, it was shown by
Raymond et al. % that the cellulose I center chain is strained, thus allowing
higher system energies to be expected than from a supposedly static structure.



3 ALKALINE OXIDATION OF CELLULOSE

3.1 General aspects

3.1.1 Oxygen chemistry

Molecular oxygen in its electronically stable ground state can be described as a
diradical.#0 Each oxygen atom has one electron in one of the two antibonding
orbitals. The electrons have a parallel spin orientation. Due to this orbital occu-
pancy characteristic, oxygen is renowned for radical reactions; the lack of an un-
occupied or fully occupied orbital allows the oxygen molecule to either interact
as a Lewis acid in the former or Lewis base in the latter case.

The stepwise reduction of the oxygen molecule to water is illustrated in Fig-
ure 17. The transients are hydroperoxyl radicals (HOO:), hydrogen peroxide
(HOOH), hydroperoxide anions (HOO-), and hydroxyl radicals (HO-).
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HO—O- === H + 60—O0-
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HO—OH=—= H + ©0—OH
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%

H,0 -OH=== H + 00
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i O HY

H,O0

FIGURE 17. Formation of reactive intermediates during the stepwise reduction of oxygen to
water. Figure reproduced from ref. 40. Copyright (1993) Elsevier B.V.
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3.1.2 Autoxidation in general

Autoxidation 4145 is defined as a spontaneous radical-chain reaction between mo-
lecular oxygen (diradical) and organic compounds at low or moderate tempera-
tures and atmospheric pressure. Autoxidation reactions result in the formation
of hydroperoxides:

initiat
R—H + 0=0 — 2%, R—0—0—H 3)
(slow)

Transition metals are known for their positive catalytic properties, whereas,
for example, amines, screened phenols (Figure 18a) or hydroquinone-type com-
pounds (Figure 18b) are utilized as inhibitors (antioxidants).

~T a) R,R,R,=alkyland H
. b) R, R, = alkyl; R, = hydroxyl

~

FIGURE 18. Screened phenol (a) and hydroquinone-type (b) compounds.
The susceptibility for organic substances to autoxidation varies. However,
compounds with a high electron density hydrogen atoms (strongly reducing

character), like benzaldehyde or cumene, are very susceptible to autoxidation
(Figure 19).

CH, CH,

Cumene Cumene hydroperoxide

FIGURE 19. Formation of benzoyl hydroperoxide and Cumene hydroperoxide.
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A vast variation of different autoxidation reaction mechanisms do indeed
exist. However, here the olefinic hydrocarbon autoxidation mechanism is pre-
sented. The autoxidation process involves initiation, propagation, and termina-
tion steps. The reactions in Figure 20 demonstrate the reaction process. Undesir-
able autoxidation effects are, for example, the perishing of rubber, petroleum-
based products or the rancidification of edible oils.

1. Imtiation (a very slow reaction)

RH + O, — R + HOO- (a)

2. Propagation (a fast reaction)
21 R- +0, — ROO- ()
22 RH + ROO- — ROOH + R- (c)

(Please note that this is a repetitive process.)

3. Termination

ROO- + ROO- —» Products (d)

4. Autocatalysis

ROOH — RO- + HO- (©)
RO- +RH  —— ROH+R- (0
HO- +RH  — HOH+R- )

FIGURE 20. Olefinic hydrocarbon autoxidation mechanism. Reproduced from Mattor’s
PhD thesis.#3 Copyright (1963) Georgia Institute of Technology, Institute of Pa-
per Science and Technology, Appleton, WI, USA.

Autoxidation reactions are usually autocatalytic. Due to the weak O —O hy-
droperoxide ROOH bond, formed hydroperoxide molecules are a subject to dis-
sociate into radicals through occasional thermal fission reactions. Hence, the ad-
dition of hydroperoxidic substances accelerates the process noticeably.

Initiation reactions are generally photocatalytic in autoxidative reactions, as
demonstrated in Figure 21.
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5. Photocatalytic initiation reactions

RCHO Y RGO+ H- (h)
RCHO + R’ — RCO+R'H a)
RCHO + Co*™* —» RCO+ Co?*" + H* (k)

FIGURE 21. Photocatalytic initiation reactions. Reproduced from Mattor’s PhD thesis.*3
Copyright (1963) Georgia Institute of Technology, Institute of Paper Science
and Technology, Appleton, WI, USA.

3.1.3 Peroxide formation

According to Entwistle et al. 4142, the autoxidation process leads to the formation
of peroxides through hydroperoxides in alkaline medium at moderate tempera-
tures. They react as nucleophiles with, for example, electron deficient carbonyl
and conjugated carbonyl structures.46

Hydrogen peroxide and hydroperoxides have weak O—O bonds
(=250 kcal/mol bond energy) which readily dissociate homolytically, notably un-
der light and heat influence.4¢ They decompose readily under alkaline conditions
via disproportionation. An increase of pH and hydroxide ion concentration has
rate increasing effects (equation (1) and (m)). Oxygen formed via disproportiona-
tion as shown in equation (m) appears predominantly in its triplet ground state
30,. However, to some extent oxygen is also formed in an excited singlet state
10,.43

HOOH + HOO™ — HO-+ HOO-+ HO™ 4

HOOH + HOO® — HO™+30,('0,) + H,O0 (m)

Bamford and Collins 4’ have conducted the degradation of glucose in
NaOH and could not detect any presence of radicals at room temperature. Ben-
zene diazonium hydroxide, benzoyl peroxide, sulfur, hydroquinone, and picric
acid are used to confirm the presence of radicals. Furthermore, Ag?%, Cu*, Fe?*,
Mn?*, and Ce3* do not show any effect on the overall reaction procedure, while
Pt0 and Co?* do have influence on the reaction rate, but in different ways. No
traces of organic peroxides were detected but hydrogen peroxides were found in
trace amounts. Sinkey 48 could affirm the results of Bamford and Collins 47 about
peroxides under similar reaction conditions. Green et al. 4° could not detect or-
ganic peroxides at room temperature.

Green et al. ¥ have followed the hydrogen peroxide concentration formed
during the degradation of methyl a-D-glucopyranoside with transition metal
stripes under oxygen-alkali pulping conditions. Green et al. 4° have conjectured
that all the analyzed metals (Pt, Ag, stainless steel, Ni, Zr, Ti, W, and Co) do not
have an influence on the hydrogen peroxide formation but rather have either sta-
bilizing or decomposing effects (Figure 22).
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It is interesting to note that tungsten or sodium tungstate in NaOH has the
same hydrogen peroxide stabilizing effect as magnesium, which reduces the car-
bohydrate degradation rate.’ Iron shows the converse effect and hydrogen per-
oxide molecules degrade more readily according to equations (n) and (o).

Me? +H,0, — Me™!+HO-+HO-  (n)
M+ H0,  — Me"+1/,0,+H,0 (o)
0.35—
|
<]
0.300
B Centrol
4 Platinum
® Silver
D.25 @ GStainless Steel No. 316
O Hickel
O zirconium
A Titanium
@ Tungsten

0.15

ogen Peroxide, mm

Hydr

0.10

FIGURE 22. The production of hydrogen peroxide from the reaction of methyl a-D-gluco-
pyranoside with oxygen and alkali in the presence of different metals. Photo-
catalytic initiation reactions. Reproduced from Green et al.4? Copyright (1976)
Georgia Institute of Technology, Institute of Paper Science and Technology,
Appleton, WI, USA.

Silver, tungsten, cobalt, and stainless steel metal (or their corresponding
metal ions) samples showed higher organic peroxide concentrations than the
metal free control caustic solution with reagent grade impurities of about 6 ppm
iron, 2 ppm aluminium, and 1 ppm copper (Figure 23).
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FIGURE 23. Production of organic peroxides from the reaction of methyl a-D-glucopyno-
side with oxygen and alkali in the presence of different metals. Reproduced
from Green et al.*® Copyright (1976) Georgia Institute of Technology, Institute
of Paper Science and Technology, Appleton, WI, USA.

Green et al. ¥ have suggested that the above named metals catalyze a
Karasch and Fono % type dialkyl peroxide synthesis or termination reaction (p).

)|

ROO-+ R’ Mo ROOR' ®)

3.2 Reaction mechanisms

3.2.1 Free radical chain reaction

Entwistle et al. 4142 have studied the autoxidation mechanism of uncatalized al-
kali cellulose and support the theory of a free radical chain mechanism for the
degradation process. The theory is based on the general olefinic hydrocarbon au-
toxidation mechanism. The theory is supported by Kuptsan et al. 51
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One indication for the free radical-based autoxidation theory is the ob-
served presence of an induction period, made on unmodified cotton with a very
low copper number.4! Furthermore, a linear proportionality between the copper
number and initial autoxidation rate is identified. The authors conclude that cel-
lulose autoxidation is initiated by a direct reaction between the reducing alde-
hyde groups with molecular oxygen via one-electron transfer. These are obser-
vations that are usually expected of olefinic hydrocarbon autoxidation reactions.
However, this observation is not a clear proof, for the presence of an inhibitor
could also induce such inhibition that is destroyed in time or inactivated.*!

A further indication for the radical chain mechanism and the author’s main
evidence is the observed accelerating effect of benzenediazonium hydroxide
which decomposes in benzene and hydroxyl radicals and nitrogen gas.#> The
formed hydroxyl radical is believed to be the rate accelerating component during
autocatalysis.*3

Another indication for the radical-assisted alkaline cellulose oxidation
mechanism is that a surplus of used catalysts has a rather inhibitory effect on the
overall process, like in case with manganese.4251

The addition of complexing agents, like ethylene diamine, proved to be in-
hibiting the autoxidation, thus indirectly proving the intervention of transition
metals in the reaction process.4?

Mainly an increasing amount of aldehyde groups are formed during autox-
idation,#! which allows the assumption that predominantly ring hydroxyl groups
are chemically reacted.

The effectiveness of autoxidation is essentially dependent on applied con-
ditions, such as elevated temperatures of 100-120 °C or especially the presence of
moisture that considerably accelerates oxidation.4! At room temperature, pure
and untreated cellulose does not oxidize. However, cellulose shows photosensi-
tivity and degrades, particularly in the presence of dye and moisture.#! Under
elevated temperatures of >100 °C McCloskey,5? Sinkey,* and Weaver > were,
however, the opinion that radical autoxidation reactions do occur.

Below, the free radical chain reaction mechanism by Entwistle et al. 4142 is
presented.
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Entwistle free radical chain reaction mechanism
1. Initiation
The initiation reaction is based on the correlation between
copper number and initial autoxidation rate.
Cell-CHO + O, — Ccll-CO+HOO- (g
Cell-CO + O, — Cell-COO0- ®

Cell-COOO" + CelllH — Cell-COOOH + Cell-  (s)

2. Propagation
This sequence is repetitive until some termination occurs.
Cell- + O, —» Ccll-00- ()

Cell-OO -+ Cell-H —» Ccll-OOH + Cell- (u)

3. Autocatalysis

This is necessary to account for the autocatalytic behavior of the reaction.

Cell-OOH —» Ccll-O-+ HO- (v)
Cell-H + HO- — Cell-+ H,0 ()
Cell-O- + Cell-H —» Ccll-OH + Cell- (x)

4. Possible termination reactions

Cell- + Cell- —» Cell-Cell )
Cell- + Cell-O- — Cell-O-Cell (2)
Cell-O- + Cell-O- —» Ccll-O0-Cell (2a)
Cell- + Metal® —» Cell™+ Metal™*! (ab)

Entwistle et al. 41 have investigated the autoxidation rate, depending on var-
ious NaOH concentrations. The researchers observed maximum rate at a NaOH
concentration of 10 M. At concentrations below 10 M, the autoxidation rate is
pressure independent, but shows clear pressure dependence at concentrations
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beyond 10 M NaOH (Figure 24). The authors described the observed pressure
dependency by postulating the presence of two opposing factors, one factor be-
ing the increased cellulose reactivity and the other, the depression of oxygen sol-
ubility along with a NaOH concentration increase.

o

',

os

o ] .a"lhd pressyre « 42 Ba per inch

©apphed preseure = 377w per inch

RATE OF OXYGEN ABSORPTION (m XIO" [NTE) pe gm et et mewts )

=]

s =] 15

MOLAR CONCENTRATION OF SODIUM HYDROXIDE STEEFING SOLUTION

FIGURE 24. Effect of applied pressure and the concentration of sodium hydroxide steeping
solution during the manufacture of alkali cellulose on the steady rate of autoxi-
dation at 40 °C and po2 = 500 mm Hg. Figure reprinted with permission from
ref. 41. Copyright (1949) SAGE Publications.

Generally, water-swollen oxycelluloses are inert.#! However, autoxidation
can be followed, if they are steeped in alkali.#! Entwistle et al. 4! have traced the
alkali initiated cellulose autoxidation back to the enolization of the terminal a-
hydroxyaldehyde.

3.2.2 Ionic electron transfer reaction mechanism

The objective of Mattor’s experimental work 43 was to detect and prove the exist-
ence of hydroxyl radicals in alkaline medium and thus, provide an evidence for
the validity of the free radical chain reaction mechanism postulated by Entwistle
et al. 4142,

The existence of hydroxyl radicals could not be confirmed and it was con-
cluded that free hydroxyl radicals were not involved in oxidative alkaline reac-
tions of cellulose.*3

Mattor 43 has postulated an ionic reaction mechanism which was more con-
sistent with observations that were made than the free radical mechanism:
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1. Initiation (Peroxide formation)

The ionic autoxidation is initiated by the formation of Cannizzaro
intermediates of a cellulosic aldehyde group with a hydroxyl anion
in a strongly alkaline medium

£ ¢
CdlCQ +HO™ === CelC-H @0
OH
¢ '
I
CAl-CH +HO™ === CdlC-H+HO  Gd
OH O.

In the second step, the Cannizzaro intermediate is oxidized with
oxygen ria two-electron transfer, forming a carboxylic acid end
group and a hydrogen peroxide anion.

v £
Cell-C-H + 0O, —» (Cell-C + HOO ™  (a¢)
(l) O.

2. Propagation (Peroxide reaction on cellulose)

The in situ produced hydrogen peroxide is believed to be involved in three
possible reactions. First, the in situ produced hydrogen peroxide anion can un-
dergo a nucleophilic substitution reaction at the glycosidic linkage (scission reac-
tion), thus highly adding to cellulose degradation and its rapid fall in DP. Second,
the hydroxyl substitution reactions of any of the three hydroxyl groups on the
anhydroglucose units are possible. Third, as an oxidation agent, the peroxide ox-
idizes any hydroxyl groups to a carbonyl group.

3.3 Reaction rates

3.3.1 Catalysts

The addition of transition metals and cations are capable of promoting hydroxyl
radical formation,5#%° while, for example, silver oxide or metallic silver might in-
fluence their decomposition in a non-radical way.4! It is likely that transition met-
als positively catalyze the secondary process, meaning the decomposition, after
the hydroperoxide molecule has been formed (equation (4)).42% Their catalytic
effect is based on the acceleration of the secondary process, meaning the propa-
gation step. For the transition metal to be active, it must exist in a suitable valence
form.#2 The results of Entwistle ef al. 42 show that a marginal value of transition
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metal presence exists in the solvent, meaning that concentrations beneath the
marginal value have no reported influence on the initial rate but rather influence
the subsequent rates. Beyond the marginal value, however, further additions
have either no noticeable effect or even turn into inhibitors, like in case of man-
ganese.42

ROOH + Metal® ——= RO+ Metal™l + HO- 4

Also metals with no detectable effects upon the autoxidation process were
reported.424749 Green et al. ¥ have reported nickel, titanium, and zirconium hav-
ing no effect on aldose degradation.

The addition of NaxS noticeably accelerates alkali cellulose autoxidation.42

The catalytic effect of transition metals like iron, cobalt, manganese, and
copper on hydrogen peroxide and hydroperoxide is described in Figure 25 (Fen-
ton’s chemistry), where the peroxide is oxidized in the presence of a transition
metal to form both, a hydroxyl radical and organic anion. The reduced transition
metal subsequently is oxidized back into its original state by the peroxide to form
an organic peroxy radical and a hydrogen ion.404° However, the reactions in Fig-
ure 25 are expected to predominate under cellulose aging conditions.

ROOH Metal® ROO- + H*
k k' k>>k'

HO* + RO™ Metal*! ROOH

FIGURE 25. Catalytic effect of transition metals - Fenton’s chemistry. Reproduced from
Kadla et al.4¢ Copyright (2001) American Chemical Society.

Nickel and titanium ion additives are believed to react under oxygen
bleaching conditions according to equation (5) and not in concordance to the re-
actions shown in Figure 25.4546

o
Mctal® —25 Mctal™*! )

3.3.2 Inhibitors

Metals can also have inhibiting effects, by terminating the chain reaction process
according to equations (6) and (7). These inhibitors are strong metallic oxidizing
agents, like lead, or the noble metals, like silver and gold.#> Also cations, like co-
baltous ions cause no hydrogen peroxides to be present.
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RO:+ Mctal® = RO+ Mctal™*! ©6)
HO- + Mctal® ——» HO™+ Mctal™! ™

Phenols and MgSOsare reported to be inhibiting the chain cleavage reaction
of the cellulose chain, thus operating as stabilizing agents.5%* MgSO4 has the
greater inhibiting potential. As above mentioned, besides magnesium, tungsten
additives were reported to share similar stabilizing characteristics.4® In the fol-
lowing the postulated phenol mechanism by Chen and Lucia % is depicted (Fig-
ure 26).

A~ O /\\ O
H ] + HO- ;~H T + HO"

N y
e

o
~ ~
F

- >
N

FIGURE 26. Potential mechanism for scavenging reactive free radicals by phenol under al-
kaline conditions. Reproduced from Chen et al. 5. Copyright (2003) Springer
Nature Switzerland AG. Part of Springer Nature.

Carbohydrates and alcohols are known to inhibit the chain reactions.>” An-
thraquinone, however, does not influence the radical initiation process, but ra-
ther inhibits the autoxidation process as a scavenger.#2 Borate has been suggested
to combine with carbohydrates and inhibiting its reduction capability.>8
Furthermore, it should be pointed out that the combination of additives is more
effective than the usage of only one.5



4 ALKALINE DEGRADATION OF
CARBOHYDRATES

4.1 General aspects

The alkali oxidative degradation of carbohydrates proceeds according to rather
complex mechanistic pathways.4?59 It is generally assumed that carbohydrate
degradation with oxygen is initiated through enolization.5® The first generally
accepted theory about alkaline cellulose degradation was made by Nef et al. ¢
describing the reaction of monosaccharides with hydroxyl ions in two major
steps; an isomerization to a a-dicarbonyl intermediate, followed by the formation
of acidic degradation products through the benzilic acid type rearrangement.

Almost half a century later, Isbell ! modified the reaction mechanism by
Nef et al. ©, which is generally referred to as the Nef-Isbell mechanism for alka-
line carbohydrate degradation visualized in Figure 27.

The first step in the Nef-Isbell mechanism is the formation of an enediol [2]
from D-glucose [1] (Figure 27) via keto-enol tautomerism (i). The enediol is
deprotonated [3] by hydroxide ions (ii), which results in an equilibrium of three
possible intermediate anion isomers [3-5] (iii). It is important to note that the chi-
rality at the C-2 position is abolished by the enediol [2] form, which leads to an
equilibrium between glucose and mannose. Furthermore, the enolate [4] proto-
nation in the C-2 position leads to the formation of fructose. The transformation
between glucose, mannose, and fructose is called the Lobry-de-Bruyn-Alberda-
van-Ekenstein transformation and is visualized in Figure 28.
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(i) keto-enol tautomerism

(ii) enediol deprotonation

(iii) anion isomerisation

(iv) beta-hydroxycarbonyl elimination
(v) keto-enol tautomerism

(vi) benzilic acid rearrangement

HO
HO
o o . OH
) vi
- (vi)

\ HOOC

HO HO
OH OH OH

[7] [10] [13]

[11] [14]

FIGURE 27. Nef-Isbell mechanism for the alkaline degradation of D-glucose. Reproduced
from Knill et al.62 Copyright (2003) Elsevier B.V.
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FIGURE 28. Lobry-de-Bruyn-Alberda-van-Ekenstein transformation. Figure reproduced
from ref. 40. Copyright (1993) Elsevier B.V.

The enolate [5] is formed at very low rates and is present at considerably
lower concentrations than the intermediates [3] and [4]. The intermediates [3-5]
undergo [-hydroxycarbonyl elimination (iv) and form the diketodeoxy-
glycitols [6-8], which further tautomerize (v) to the corresponding vicinal dicar-
bonyl compounds [9-11]. In the final stage, the vicinal dicarbonyl compounds un-
dergo benzilic acid rearrangement (vi) to produce deoxyaldonic (saccharinic) ac-
ids [12-14], namely D-glucometasaccharinic (3-deoxy-D-ribo-/-arabino-hexonic
acid) [12], D-glucoisosaccharinic (3-deoxy-2-C-(hydroxymethyl)-D-erythro-/-
threo-pentonic acid) [13], and D-glucosaccharinic acid (2-C-methyl-D-erythro-/-
threo-pentonic acid) [14].

4.2 Peeling reaction

A reduction of molecular mass takes place when cellulose is boiled in lowly con-
centrated oxygen free NaOH solutions at temperatures below 170 °C, even
though the glycosidic (1—4)-linkage does not hydrolyse at such tempera-
tures.6364 Purified unbleached cotton, degraded in 95 °C-hot alkali show substan-
tial yield losses of about 20 % after three hours of treatment.®* To describe this
phenomenon, Davidson % proposed the so-called peeling reaction, where step-
wise detachment of carbohydrate monomer end units under alkaline conditions
takes place. The third row in Figure 27 above (i.e., [4], [7], [10], and [13]) illustrates
the “classical” alkaline peeling reaction on D-glucose (and 4-O-substituted D-
glucose, e.g., cellulose).

The alkaline peeling of terminal groups is a very fast reaction and in a up to
0.1 N NaOH solution, the rate is proportional to the NaOH concentration and
temperature 4° and remains constant at higher NaOH concentrations.® Generally
both, peeling and stopping rates are proportional to the concentration of reduc-
ing sugar end groups.® Furthermore, lesser ordered, amorphous cellulose forms
degrade more readily than crystalline cellulose.®” The ratio between the peeling
and the stopping rate is in the rough magnitude of 50-60:1 in average 5% or about
90:1 ¢4, if initial conditions are assumed during the entire reaction period. In fact,
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the peeling rate decreases with an increasing time, due to the reduced accessibil-
ity and the availability of reducing end group moieties.

4.3 Scission reaction

Alkaline scission of glycosidic linkages, also called secondary peeling, ensues
when cellulose is heated above 170 °C.6268 An alkali concentration and tempera-
ture increase favor alkaline scission.® The glycosidic bond cleavage (hydrolysis)
can occur on both, either the glycone or the aglycone side of the linkage and ran-
domly, at any accessible chain position. Thus, glucose mono- and oligomers go
into solution which can degrade further through peeling. The yield losses are
substantially higher than at lower temperatures. Degradation proceeds also fa-
vorably at chain centers.

Kaylor et al. %8 have investigated cellulose scission reactions of a cellulose
model compound under alkaline conditions and illustrate the scission reaction
mechanisms of the glycosidic linkage. The authors propose a Sx1 and a SnicB(2)-
ro mechanism for the glycon, and a Sx1 and a SnicB(3) mechanism for the aglycon
bond scission. Possible SN2 mechanisms have been rejected for both linkage scis-
sion cases. SxicB(2)-ro refers to nucleophilic substitution by an internal nucleo-
phile - the conjugate base of the C2 hydroxyl group involving ring opening. Ac-
cordingly, SnicB(3) refers to nucleophilic substitution by an internal nucleophile
- the conjugate base of the C3 hydroxyl group involving ring flip. The proposed
reaction mechanisms are demonstrated in Figures 29 and 30.

HOH,C,

]

= HO— \ \ _OR
HO— N T
7 \
ring opening / 2 O\ N\ \ring flip
1, R = phenyl 7 N\
2, R = alkyl HOH,C ,OR
3, R = carbohydrate

FIGURE 29. Mechanisms for glycosyl-oxygen (G-O) bond cleavage. Reproduced from Kay-
lor et al. 6. Copyright (1994) Georgia Institute of Technology, Institute of Paper
Science and Technology, Appleton, WI, USA.
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FIGURE 30. Mechanisms for oxygen-aglycone (O-A) Bond cleavage. Reproduced from Kay-
lor et al. 6. Copyright (1994) Georgia Institute of Technology, Institute of Paper
Science and Technology, Appleton, WI, USA.

4.4 Stabilization reactions

The successive peeling degradation of cellulosic molecules in alkaline solvents
does not proceed ad infinitum unto entire polymer dissolution.®* The stopping
reaction is the competing reaction of the peeling reaction that gives rise to the
formation of carboxylic acid end groups that are stable under alkaline conditions.

The formation of 3-deoxyhexonic (metasaccharinic) acid end group is an
important stopping mechanism 596264 and is illustrated above on D-glucose (and
4-O-substituted D-glucose, e.g., cellulose) in the fourth row in Figure 28 above (cf.,
[5], [8], [11], and [14]).

The reducing terminal group is also readily oxidized to alkali stable aldonic
acids, like mannonic, arabinonic, and erythronic acids.? This process is initiated
by the formation of an aldos-2-ulose (glycosone) terminal group which rear-
ranges (the benzilic acid rearrangement) to an epimeric pair of aldonic acids. The
cleavage of carbon-carbon bonds leads to shorter chained terminal groups like
arabinonic, or erythronic acid end groups, as stated above. However, it should
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be mentioned that the stability of these acids is drastically minimized in the pres-
ence of heavy metals which strongly catalyze their degradation.¢®

Besides the formation of the stabilizing terminal metasaccharinic acid moi-
ety, other moieties were reported, for example, 2-C-methylribonic, 2-C-methyl-
glyceric, and 2-deoxypentonic acid. The acidic end groups vary in their alkali and
temperature stability.®® Arabinonic acid end groups degrade already at 120 °C
under oxygen and oxygen-free conditions. Gluconic and erythronic acid resist
degradation up to temperatures around 150 °C.

The stopping reaction is favored by lower temperatures and Ca?*. It is dis-
favored by Na* cations.*® Calcium cations catalyze the benzilic acid rearrange-
ment step, and therefore increase the rate of formation of saccharinic acids.>6°

The peeling reaction can also be halted when the degrading chain reaches
the chemically inaccessible crystalline region of the cellulose molecule and the
reducing group remains unattacked.®>70 This process is referred to as the physical
stopping reaction.

4.5 Other reactions

The autoxidation of cellulose under alkaline conditions results in the formation
of oxycellulose.®? In oxycellulose, parts of free hydroxyl groups in pyranose rings
(i.e., at Co, C3, and C¢, or combinations thereof) are randomly oxidized. The car-
bonyl groups are labile under alkaline conditions and therefore, the subsequent
chain scission can definitely occur.

Multiple chain scission reactions are possible. However, here the most im-
portant chain scission reaction is described (Figure 31).6671 The reaction is initial-
ized by the oxidation of the Cz or Cs hydroxyl group, mainly by a hydroxyl radi-
cal (HO:). The C; carbonyl group and the Cs; hydroxyl group are stabilized by
keto-enol tautomerism. With subsequent deprotonation of one of the hydroxyl
groups at C2 and Cs, the elimination of the alkali labile glycosidic bond at C4 by
B-alkoxy elimination takes place. The cleavage of the alkali labile glycosidic bond
is also achieved by oxidation at C3 and at Cs. The elimination results in the for-
mation of a new reducing end group.
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FIGURE 31. Cleavage of glycosidic bonds in polysaccharide chains (a) and oxidation of ke-
tol structures along polysaccharide chains (b) during oxygen delignification. R
and R’ are part of the polysaccharide (cellulose) chain. Reproduced from
Alén. 71 Copyright (2000) Fapet Oy Helsinki, Finland.

A competing reaction is observed when the 2,3-endiolate structure is oxi-
dized into a 2,3-diketo structure (Figure 31). The 2,3-diketo structure can react
further to form a furanosidic acid group or an open-chain structure with two car-
boxylic acid groups.

Alternatively to the benzilic acid rearrangement, the diketodeoxyglycitol
intermediates [9-11] in Figure 27 can also easily fragment according to an a-
diketo cleavage mechanism, yielding an aldehyde and a carboxylic acid.>*%° An
example of this is illustrated in Figure 32.
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A base-catalyzed aldol reaction occurs between two carbonyl compounds.
The deprotonation of a carbonyl molecule at its C,H-acidic position leads to an
enolate, which reacts as a nucleophile with a second carbonyl group, resulting in
an aldol molecule (Figure 33a). Furthermore, an aldol molecule can be dehy-
drated, according to an Elc, mechanism, yielding an a,p-unsaturated carbonyl
molecule. The reaction is named the base-catalyzed aldol dehydration (Fig-

ure 33b).
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Another suggested degradation route is the fragmentation of one D-glucose
monomer according to the reverse aldol reaction.®¢% In the first step, D-glucose
isomerizes into D-fructose. In the second step, the reverse aldol reaction is initi-
ated through C4 hydroxyl group deprotonation by a hydroxyl anion, resulting in
the formation of glyceraldehyde and dihydroxyacetone, which are subject to fur-
ther degradation processes. Figure 34 illustrates the described reaction mecha-
nism.

YH OH ﬁ OH OH OH OH (0]
./i — ,—L A /J — P
r/ \\\/.-/" \'\/./ 7 *-\(/‘i ;W/ AN " ,.)H
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D-Glucose H @0 H Glyceraldehyde  Dihydroxyacetone

FIGURE 34. Reverse aldol reaction of D-glucose. Reproduced from Malinen et al. %. Copy-
right (1972) Paperi ja Puu, Finland.



5 BACKGROUND AND AIMS OF STUDY

The oxidative treatment of cellulose and cellulosic materials under alkaline con-
ditions has been performed for more than a century. It has been applied to oxy-
gen bleaching processes, mercerization or other conventional aging processes in
order to enhance strength properties, to reduce the DP, to cause fiber swelling,
and to increase material solubility.

Even though the degradation of carbohydrates and related polymeric prod-
ucts under alkaline conditions is widely taken place in the chemical industry, the
definite reaction mechanism remains still unsolved to this day. Several reaction
mechanisms have been proposed to describe the degradation process.

First systematic investigation of carbohydrate oxidation under alkaline con-
ditions was conducted by Nef.®® He found that at room temperature and in the
presence of oxygen or hydrogen peroxide the carbohydrates, D-glucose, D-fruc-
tose, and D-mannose, mainly degraded into formic and D-arabinonic acids. He
also assumed that these degradation products were formed through the for-
mation of an 1,2-enediol and the subsequent direct breakage at the double bond.
Later, Evans 73 concluded that the theory of Nef © explained the observations sat-
isfactorily.

However, Schmidt 74 could show that a direct double bond cleavage would
be insufficient and that the bondage split would occur at the bond between the
a- and B-carbons.

Warshowsky and Sandstrom 75 investigated the influence of oxygen on glu-
cose in potassium hydroxide and confirmed formic and D-arabinonic acid to be
the major degradation products under the applied reaction conditions. The au-
thors concluded that the theories of Nef ¢0 and of Schmidt 7 did not inevitably
exclude one another.

First kinetic studies on carbohydrates under alkaline conditions were con-
ducted by Bamford and Collins 7677 who confirmed the formation of formic and
D-arabinonic acids. The authors could show that carbohydrates did not react di-
rectly with oxygen but with intermediates. Furthermore, Bamford and Col-
lins 7677 suggested that D-glucose and D-fructose degrade by a pseudo-first-order
reaction.
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Up to the late sixties of the last century the number of kinetic research re-
mained limited. A kinetic investigation is only operable when the concentrations
of the carbohydrates and the reaction products are known. The number of re-
search rose drastically during the early seventies of the last century. With the
application of gas-liquid chromatography and mass spectrometry (GC-MSD) a
deeper understanding about the reaction mechanism and kinetics could be
gained since the qualitative and quantitative analysis of degradation products
became possible.

Ackman 7 and Verhaar and de Wilt 7 described a method of analyzing
acidic degradation products by means of relative molar responses of functional
groups by FID.

Carbohydrates degrade into a large amount of acidic mono- to polyhydroxy
degradation products. Many oxidized degradation products lactonize into vari-
ous structures and their GC peaks are depicted in the gas chromatogram. It is
desirable that one peak can be assigned to a single degradation product.

Petersson & described a method of converting the acidic degradation prod-
ucts into their trimethylsilyl derivatives as sodium salts. Hyppénen et al. 81 mod-
ified further this method and converted the acids into ammonium salts before
silylation.

The aim of this study was to observe the degradation process and formed
degradation products of cellobiose in NaOH (18 %) under oxygen and nitrogen
atmospheres at varying pressures and degradation temperatures. The degrada-
tion of cellobiose was carried out at room temperature (20 °C), 35 °C, and 50 °C.
The pressure was set at 1 (atmospheric pressure, i.e., open system with 0.2 % ox-
ygen partial pressure in oxidative degradation), 5, and 10 bar. Samples were
taken after 2, 4, 6, 8, and 24 hours. The alkaline degradation was carried out in a
stainless steel micro reactor. Samples were analyzed with GC-FID. Degradation
products were identified by GC-MSD. The goal was, based on these versatile data,
to clarify the reaction mechanisms and to study the reaction kinetics.



6 EXPERIMENTAL

6.1 Chemicals

The following chemicals and materials were used for the alkaline cellobiose deg-
radation reactions and GC-FID and GC-MSD analyses: D-(+)-cellobiose (Sigma-
Aldrich), xylitol (Fluka), D-(+)-mannose (Fluka), D-(+)-glucose anhydrous
(Fluka), L-(+)-arabinose (Fluka), D-(+)-galactose (Fluka), sodium hydroxide
(50 %) (J. T. Baker), potassium hydroxide (Fluka), hydrochloric acid (32 %)
(Sigma-Aldrich), ammonium hydroxide (25 %) (Sigma-Aldrich), acetone (Sigma-
Aldrich), hexane (Rathburn), Milli-Q water (Millipore), Amberlite IRC-50 (H) ion
exchange resin (Alfa Aesar; Fluka), N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) + 1 % trimethylchlorosilane (TMCS) silylation agent (Regis Technolo-
gies), and pyridine (VWR International).

6.2 Laboratory equipment

The following laboratory equipment was used: A Parr Series 4590 micro reactor
with a Parr Series 4841 temperature controller (Parr Instrument Company) (Fig-
ure 35 depicts the updated 4597 micro reactor with the 4848 temperature control-
ler version), a magnetic hot plate stirrer (VWR International), an adjustable mi-
cropipette (200-1000 pL) (Finnpipette), borosilicate glass ion exchange resin col-
umns (50 mL) (Laborexin Oy), pear shaped flasks (100 mL), rotary evaporators
(VWR International; Heidolph), a flask shaker (Stuart Scientific Flask Shaker SF1),
GC auto sampler vials (2 mL), GC-MSD (a Hewlett Packard Agilent 6890 Series
GC System, a 7683 Series Injector, a 5973 Network Mass Selective Detector; GC-
FID (a Hewlett Packard Agilent 6850 Series GC System, a 6850 Series Auto Sam-
pler.
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FIGURE 35. A Parr 4597 micro reactor, update of a 4890 micro reactor with the fixed head,
50 mL volume, and a 4848 reactor controller. Courtesy of Parr Instrument
Company, Moline, IL, USA .82

6.3 Internal standard stock solution

In the GC analyses, xylitol was used as an internal standard (ISTD). In order to
prepare a xylitol internal standard stock solution (1 %), 0.0500 mg xylitol was
weighed into a 50 mL volumetric flask, dissolved in Milli-Q water, and filled up
to flask marking. The stock solution was stored in a refrigerator.

6.4 Cation exchange resin

An ion exchange column (2000 mL) with a closed valve is filled with new or used
cation exchange resin (100 mL). About 300 mL Milli-Q water is added and the
column valve was opened, allowing the washing water to drain with a velocity
of about 20 drops per minute. During the regeneration process, the drain velocity
is retained unchanged. When the water level has reached the upper resin level,
600 mL 1 M HCl is given into the column (in three steps of 200 mL) to charge the
resin with H* cations. During this procedure the resin volume was decreased.
After HCI regeneration, the resin was regenerated with 1200 mL (3 x 400 mL)
NHsOH (4.5 %) to charge the resin with ammonium cations. The resin volume
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was increased to its original state. After the regeneration process, excess ammo-
nium content was removed with 900 mL (3 x 300 mL) Milli-Q water. Resin was
stored in a reclosable plastic container.

6.5 Cellobiose degradation

About 37 g sodium hydroxide (18 %) was used in the micro reactor for the deg-
radation of cellobiose. For the degradation reactions under nitrogen atmosphere,
the solution was purged with helium for about 30 minutes. For oxidative degra-
dation reactions the untreated NaOH solution was utilized. The desired reaction
condition was adjusted by setting the water bath temperature and pressure. The
reactor was steeped into the water bath and tempered for several minutes. The
magnetic stirrer rotated with a velocity of 250 rpm. After setting up the reaction
condition, around 0.1100 mg (3000 ppm) cellobiose were given into the reactor
and the timer was started. The reactor was tightly screwed up and the valve to
the oxygen or nitrogen gas cylinder opened. Reactions under atmospheric pres-
sure were conducted with a closed gas cylinder valve and an open reactor degas-
sing valve. Sampling occurred after 2, 4, 6, 8, and 24 hours by opening the reactor.
A sample volume of around 3 mL were taken with a pipette and given into a test
tube. After sampling, the reactor was resealed and purged accordingly for a mi-
nute with nitrogen or oxygen gas from the gas cylinder. After purging the degas-
sing valve was closed to resume the pressurized reaction.

Into each column, 1 mL of the sample was given, filled with Amberlite IRC-
50(NHj4*) cation ion exchange resin, 5 cm in height, in order to exchange sodium
cations with ammonium cations. This procedure avoided the lactonization of hy-
droxy acids. The eluate was collected in a pear shaped flask (100 mL). The col-
umn valves were opened so far to allow the eluent to pass the resin with a veloc-
ity of about 20 to 25 drops per minute. When the sample reached the resin level,
1 mL of ISTD (1/10 dilution of stock solution at room temperature) was added
into the column. The resin was successively washed three times with 10 mL Milli-
Q water when the sample reached resin level.

The flask content was dried with a rotary evaporator to complete dryness.
The samples were disposed of water residues by adding about 5 mL of acetone
and blow-dried under nitrogen gas stream.

The dried residue was silylated for GC analysis by adding 1 mL of potas-
sium hydroxide-dried pyridine and 500 pL of silylation agent and was shaken
vigorously for 45 minutes. The functional groups were derivatized by the silyla-
tion agent to decrease polarity and to increase volatility and thermal stability.

The flask content was then transferred into GC auto sampler vials and ana-
lyzed on GC-FID. Further, one of the two samples was depicted to be analyzed
on GC-MSD for the identification of degradation products.



60

6.6 Quantitative analysis of cellobiose degradation products

The quantitative analysis of the degradation products of cellobiose was based on
the calculated relative molar response (RMR) method by Verhaar and de Wilt.”
The FID signal intensity varies based on each molecules size and the amount and
nature of functional groups. The RMR value expresses the FID signal intensity of
a molecule. This method basically explains the relation of FID response and si-
lylated functional groups of polyhydroxy acid compounds. The RMR response
depends on the nature and quantity of the functional groups of a molecule pass-
ing through the FID. In Table 1 the molar responses for the relevant silylated
functional groups are listed. Table 2 indicates the RMR values for the degrada-
tion products determined. Based on the response-active fragments that passed
through the FID, compared to the FID response of the standard xylitol, a relative
response factor (RF) for each degradation product could be determined. For this
reason, the RF described the relation of the compound FID response to the xylitol
internal standard. By using ISTD, the compound areas could be put in relation to
the standard area and based on the known ISTD amount in the sample the
amount of the compound could be calculated.

TABLE 1. Relative molar responses of silylated (-OTMS) functional groups. Repro-
duced from Verhaar et al.” Copyright (1969) Elsevier B.V.

H,C-OTMS HC-OTMS C-OTMS CO-OTMS

370 355 340 290
CO-0-C HsC- H>C-

50 100 100

RMR (X) = — (molar response of corr%poun'd X) 100 (8)
y~1(molar response of a normal alkaline with y carbon atoms)
_ RMR(ISTD) M(X)
RF (X) = M(ISTD)  RMR(X) ©)
5
) %~ 11.8637 mol/g (10)
M(ISTD) 152.1448 g/mol
_ _(_Sample Area [pA-s] . ISTD [pg]

COTlC(X) = RF (Sample Volume [mL] ISTD Area [pA-s]) (11)
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TABLE 2. The calculated RMR and RF values of the quantitatively evaluated degrada-

tion products (listed according to their appearance in the chromatogram; for chemical

structures, see Figures 36-38)

# | Degradation product RMR | RF

1 Glycolic acid 660 1.37
2 Lactic acid 745 1.43
3 3-Hydroxypropanoic acid 760 1.41
4 | Glyceric acid 1015 | 1.24
5 Methylglyceric acid 1100 | 1.30
6 2-Hydroxybutanoic acid 845 1.46
7 | 3/4-Dihydroxybutanoic acid 1115 | 1.28
8 2,4-Dihydroxybutanoic acid 1115 | 1.28
9 Erythronic acid 1370 | 1.18
10 | Threonic acid 1370 | 1.18
11 | 2,5-Dihydroxypentanoic acid 1215 1.31
12 | 4,5-Dihydroxypentanoic acid 1215 | 1.31
13 | 2-Deoxypentonic acid 1470 | 1.21
14 | 3-Deoxy-erythro-pentonic acid 1470 | 1.21
15 | 3-Deoxy-threo-pentonic acid 1470 | 1.21
16 | Arabinonic acid 1725 | 1.14
17 | Anhydroisosaccharinic acid 1160 | 1.66
18 | a-Glucoisosaccharinic acid 1785 | 1.20
19 | a-Glucoisosaccharino-1,4-lactone | 1230 1.56
20 | p-Glucoisosaccharinic acid 1785 | 1.20
21 | B-Glucoisosaccharino-1,4-lactone | 1230 | 1.56
22 | 3-Deoxyhexono-1,4-lactone 1230 | 1.56
23 | Gluconic acid 2080 | 1.12
24 | Mannonic acid 2080 |1.12
25 | Oxalic acid 580 1.84
26 | Tartronic acid 935 1.52
27 | Methyltartronic acid 1020 | 1.56
28 | Succinic acid 780 1.80
29 | Malic acid 1035 | 1.54
30 | 2-Hydroxyglutaric acid 1135 | 1.55
31 | 3,4-Dideoxy-erythro-hexaric acid | 1490 | 1.42
32 | 3,4-Dideoxy-threo-hexaric acid 1490 | 1.42
33 | Glucose 1790 | 1.18
34 | Mannose 1790 | 1.18
35 | Fructose 1805 | 1.18
36 | Cellobiose 3225 | 1.26
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6.7 Degradation product identification

GC-MSD spectra were used to identify the degradation products. The following
sources were used to identify the degradation products of cellobiose. The Wiley
database that was already available on the GC-MSD device preinstalled. In addi-
tion, the mass spectra collection by Niemeld 8 was used.

6.8 GC-FID

The GC column was a Supelco Equity-5 fused silica capillary column (phase:
bonded; poly(5 % diphenyl/95 %dimethylsiloxane - 30m x 0.32 mm
ID x 0.25 pm). The injection port temperature was 290 °C and the detector tem-
perature was 280 °C. In this work, the following method was applied. The initial
oven temperature was 70 °C with 5 minutes holding time. The temperature was
raised to 235 °C at a rate of 2 °C/min without holding time. Subsequently, the
oven temperature was raised further to 290 °C at a rate of 70 °C/min with a final
holding time of 15 minutes. The total run time was 108 minutes. After the run the
oven was cooled down to 50 °C. Between the samples the column was purged
with pyridine to remove possible residues attached to the phase. Each analysis
series was started and finished with two pyridine purge-runs.

In the following the GC-FID settings are presented that were used during
the runs:

Injector. Injection volume, 1.0 pL. Syringe size, 10.0 pL.

Preinjection Postinjection
Sample 3
Acetone 3 5
Hexane 3 5
Pumps 3

Inlet. EPC-Split-Splitless Inlet. Pulsed Splitless mode. N> gas.

ON Setpoint
[x] Heater, °C 290 °C
Pressure, psi 2.79

Total flow, mL/min 102

Injection pulse pressure, 21.8 psi until 1.00 min. Purge flow to split vent,
98.6 mL/min at 1.00 min.
Gas saver 20.0 mL/min. 2.00 min

Column. N> flow, 0.5 mL/min. Average velocity, 11 cm/s. Pressure, 2.79 psi.
Mode, constant flow. Source, inlet. Outlet, detector. Outlet psi, ambient.
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Oven. Maximum oven temperature, 325 °C. Equilibration min, 0.50 min.

Oven ramp °C/min Next °C Hold min Runtime
Initial 60 5.00 5.00
Ramp 1 2.00 235 0.00 92.50
Ramp 2 70.00 290 15.00 108.29
Ramp 3 0.00
Postrun 50 0.00 108.29

Detector. Detector, FID.

ON Actual Setpoint
Heater, °C 300
H; flow, mL/min 40.0
Air flow, mL/min 450
Makeup flow Nz, 9.5
SN EIConst. col & makeup, mL/min 10.0
Signal.

Signal: @ Det. Source, detector. Data rate, 20 Hz. Minimum peak width, 0.01 min.
Xl Save data @ all. Start at 0.00 min. Stop at 108.29 min.

The samples 093 to 252 were analyzed with a column nitrogen gas flow ve-
locity of 0.9 mL/min. The subsequent samples, i.e., 253-648, were analyzed with
a gas flow velocity of 0.5 mL/min. The velocity reduction was applied in order
to achieve a better peak separation in the latter part of the chromatogram where
the majority of the degradation products concentrated.

6.9 GC-MSD

A Hewlett Packard Agilent 6890 Series GC System with a 7683 Series Injector,
and a 5973Network Mass Selective Detector unit was used to carry out the identi-
fication of the degradation products. The used column was an Agilent J&W HP-
5 ms (19091s-433) with a cross-linked non-polar (5 %-phenyl-)methylpolysilox-
ane phase (30 m x 0.25 mm ID x 0.25 pm).

The GC-MSD analysis of the samples was carried out after the GC-FID anal-
ysis was accomplished. In the beginning of the experimental series, samples with
most peaks were analyzed with GC-MSD. However, it was discovered that the
different reaction conditions can cause significant variations in the formation
amount and the class of degradation products. Therefore, after sample 196, every
condition and time was analyzed. One of the two samples of each condition was
chosen for the more detailed GC-MSD analysis.

In the following, the GC-FID settings are presented that were used during
the runs:
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Oven.
Ovenramp °C/min Next°C Hold min Runtime
Initial 60 5.00 5.00
Ramp 1 2.00 235 0.00 92.50
Ramp 2 70.00 290 15.00 108.29
Ramp 3 0.00 (off)

Front Inlet. Mode, pulsed splitless. Initial temp. value: 290 °C (on). Pressure,
8.24 psi (on). Pulse pressure, 15.0 psi. Pulse time, 1.00 min. Purge flow,
50.0 mL/min. Purge time, 1.00 min. Total flow, 54.0 mL/min. Gas saver, On.
Saver flow, 20.0 mL/min. Saver time, 2.00 min. Gas type, helium.

Column. Capillary column. Model number, HP 190915-433. Max temperature,
325 °C. Nominal length, 30.0 m. Nominal diameter, 250.00 pm. Nominal film
thickness, 0.30 um. Mode, constant flow. Initial flow, 1.0 mL/min. Nominal ini-
tial pressure, 8.25 psi. Average velocity, 37 cm/s. Inlet, front inlet. Outlet, MSD.
Outlet pressure, vacuum.



7 DEGRADATION PRODUCTS

7.1 Chemical structures

The degradation of cellobiose resulted in the formation of 37 identified degrada-
tion products of which 33 were quantitatively evaluated. Four degradation prod-
ucts were qualitatively identified, i.e., ribose, arabinose, ribonic acid, and galac-
tose. The former three degradation products were rarely formed or appeared in
trace amounts. Galactose, however, was formed in noticeable amounts, but its
quantitative evaluation was not possible, due to peak overlapping with the -
glucoisosaccharinic acid (3-deoxy-2-C-(hydroxymethyl)-D-erythro-pentonic acid,
B-ISA) peak. Additionally, the unlactonized part of glucometasaccharinic acid (3-
deoxyhexonic acid, MSA) overlapped with the B-ISA peak, rendering its quanti-
fication impossible. The lactonized ISA fraction was considered in the quantita-
tive result evaluation.

The 33 quantitatively evaluated degradation products are composed of 22
monocarboxylic acids, 8 dicarboxylic acids, as well as glucose, mannose, and
fructose. The degradation products are depicted in Figures 36-38.
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Monocarboxylic acids
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FIGURE 36. Quantitatively evaluated monocarboxylic acids.
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Dicarboxylic acids
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FIGURE 37. Quantitatively evaluated dicarboxylic acids.
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FIGURE 38. Quantitatively evaluated non-acidic degradation products and cellobiose.

7.2 Oxidative and non-oxidative degradation products

Cellobiose was comparatively degraded in both, oxygen and nitrogen atmos-
pheres and at the same temperature and gas pressure conditions in order to ob-
tain detailed understanding about what degradation products were formed in
oxygen-free conditions and how increasing pressures of oxygen and rising tem-
peratures would influence the degradation process.

Twelve degradation products were quantitatively evaluated in nitrogen at-
mosphere (Table 3).
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The concentration of non-oxidative degradation products declined in oxy-
gen atmosphere and the formation of 21 further degradation products was fa-
vored (Table 4).

The terms “non-oxidative degradation products” or simply “non-oxida-
tives” refer to degradation products that are formed through the interaction of
hydroxyl anions only, without the intervention of oxygen molecules. Corre-
spondingly, “oxidative degradation products” or “oxidatives” are those that are
formed with additional influence of oxygen. The main degradation products are
in bold font. Degradation products in noticeable but lower concentrations are un-
derlined in Tables 3 and 4.

TABLE 3. Non-oxidative degradation products (“non-oxidatives”)

# Degradation product # Degradation product

2 Lactic acid 18 & 19  a-Glucoisosaccharinic acid
5  Methylglyceric acid 20& 21  P-Glucoisosaccharinic acid
6  2-Hydroxybutanoic acid 22 3-Deoxyhexono-1,4-lactone
8  2,4-Dihydroxybutanoic acid 33 Glucose

11 2,5-Dihydroxypentanoic acid 34 Mannose

17 Anhydroisosaccharinic acid 35 Fructose

TABLE 4. Oxidative degradation products (“oxidatives”)

#  Degradation product #  Degradation product

1  Glycolic acid 23 Gluconic acid

3  3-Hydroxypropanoic acid 24  Mannonic acid

4  Glyceric acid 25  Oxalic acid

7  3,4-Dihydroxybutanoic acid 26  Tartronic acid

9  Erythronic acid 27  Methyltartronic acid

10 Threonic acid 28  Succinic acid

12  4,5-Dihydroxypentanoic acid 29  Malic acid

13 2-Deoxypentonic acid 30 2-Hydroxyglutaric acid

14 3-Deoxy-erythro-pentonic acid 31 3,4-Dideoxy-erythro-hexaric acid
15 3-Deoxy-threo-pentonic acid 32  3,4-Dideoxy-threo-hexaric acid

16 Arabinonic acid

Figures 39 and 40 illustrate the typical behavior of non-oxidative and oxi-
dative degradation products, respectively. Figure 39 shows the concentration of
B-glucoisosaccharinic acid at room temperature after 2, 4, 6, 8, and 24 hours, un-
der various gas type and pressure conditions. At all degradation times more [3-
glucoisosaccharinic acid was formed in nitrogen gas than in the presence of oxy-
gen, indicating its formation rate decrease in favor of other oxidative degradation
products like glycolic acid (Figure 40).
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FIGURE 39. Formation of B-glucoisosaccharinic acid at room temperature.
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FIGURE 40. Formation of glycolic acid formation at room temperature.
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7.3 Product formation

7.3.1 Degradation at 20 °C

Tables 5 and 6 illustrate the amount of non-oxidatives and oxidatives at room

temperature (about 20 °C).

TABLE 5. Influence of oxygen and nitrogen pressure on the formation of non-oxidative
degradation products at room temperature 2 b ¢
NITROGEN OXYGEN
Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0
100.0 100.0 100.0 100.0 100.0 100.0
9 4.9 7.3 4.3 4.0 5.3 4.7
85.7 94.3 83.6 95.2 91.2 929
4 12.2 11.5 9.9 5.0 6.6 5.8
77.9 76.4 77.3 94.5 88.4 81.7
6 19.6 21.5 17.1 8.8 7.9 7.5
66.6 76.0 70.5 88.8 86.7 79.0
3 28.2 26.4 25.3 9.1 9.3 9.2
58.8 68.1 64.6 89.3 81.4 76.3
o 77.9 70.7 65.3 30.6 16.0 16.1
16.9 22.8 23.0 65.5 63.0 52.1

a The figures are given as per cent of the initial cellobiose amount.

bThe figures in bold font illustrate the sum of measured amount of non-
oxidative degradation products.

¢ The figures in normal font illustrate the amount of cellobiose.

Nitrogen gas and nitrogen gas pressure had only small to no gas specific
effects on cellobiose degradation. The gas pressure increase caused slightly de-
creasing amounts of non-oxidative degradation products after the degradation
time of 24 hours.

The absence of oxygen caused cellobiose to degrade unhindered into non-
oxidative degradation products. Therefore, about 80 % of cellobiose was de-
graded into non-oxidatives after the degradation time of 24 hours.

A surprising observation was that the degradation of cellobiose got notice-
ably hindered in oxygen atmosphere. Only 35-50 % of the initial cellobiose was
degraded after 24 hours.

After a degradation time of 24 hours it was observed that the oxygen con-
tent in air and at room temperature caused the formation of rather small amounts
of oxidative degradation products. The pressure increase to 5 bar and 10 bar in-
creased the oxidative degradation product content up to 16 % for both pressures.
While 30 % non-oxidative degradation products were formed in air, at 5 bar and
10 bar about 16 % were formed.
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TABLE 6. Influence of oxygen and nitrogen pressure on the formation of oxidative deg-
radation products at room temperature 2 b ¢
NITROGEN OXYGEN
Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0
100.0 100.0 100.0 100.0 100.0 100.0
7 0.2 0.5 0.2 0.4 24 25
85.7 94.3 83.6 95.2 91.2 929
4 0.5 0.5 0.4 0.7 3.9 3.5
77.9 76.4 77.3 94.5 88.4 81.7
6 0.7 0.9 0.7 1.2 5.3 4.7
66.6 76.0 70.5 88.8 86.7 79.0
8 1.0 1.1 1.1 1.2 6.6 6.2
58.8 68.1 64.6 89.3 81.4 76.3
o4 3.5 3.3 25 4,2 15.9 15.9
16.9 22.8 23.0 65.5 63.0 52.1

a The figures are given as per cent of the initial cellobiose amount.

bThe figures in bold font illustrate the measured amount of
oxidative degradation products.

¢ The figures in normal font illustrate the amount of cellobiose.

The presence of oxygen in air noticeably inhibited cellobiose from being de-
graded at room temperature. While about 30 % non-oxidative degradation prod-
ucts were formed in air, the percentage halved into oxidative and non-oxidative
degradation products at 5 bar and 10 bar oxygen pressure, whereas the measured
cellobiose content was similar to all three oxygen gas pressures. It could be con-
cluded that if sufficient oxygen was dissolved in NaOH, like at 5 bar and 10 bar
oxygen pressure, then oxidative degradation products formed at expense of non-
oxidatives. This observation would confirm the observations described by Ma-
linen 84 that both, the main oxidative and the main non-oxidative degradation
products except 3-deoxypentonic acid derive from the same intermediate,
namely 4-deoxy-D-glycero-2,3-hexodiulose:

HO— HO—
=0 I

HO—( o—(

HOm—( HOm—(
\—OH \—OH

4-Deoxy-D-glycero-2,3-hexodiulose
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7.3.2 Degradation at 35 °C

Tables 7 and 8 illustrate the amount of non-oxidatives and oxidatives at 35 °C.

TABLE 7.

degradation products at 35 °C & b.

Influence of oxygen and nitrogen pressure on the formation of non-oxidative

NITROGEN OXYGEN
Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0
100.0 100.0 100.0 100.0 100.0 100.0
’ 34.1 28.6 28.6 21.9 28.4 29.3
58.6 62.8 61.7 64.5 67.4 57.6
4 60.1 51.8 54.0 43.3 46.8 39.9
31.2 37.2 36.4 43.3 41.8 35.4
6 70.7 65.9 67.5 57.9 52.3 35.7
16.3 222 18.0 26.8 274 26.9
3 78.0 74.5 73.9 66.7 50.2 27.8
8.5 13.0 11.5 17.2 20.4 23.5
o4 84.2 83.8 82.6 74.3 23.0 134
0.5 1.2 0.8 1.4 11.5 15.9

a The figures are given as per cent of the initial cellobiose amount.

bThe figures in bold font illustrate the measured amount of non-
oxidative degradation products.

¢ The figures in normal font illustrate the amount of cellobiose.

In nitrogen atmosphere the pressure increase caused the formation of de-
creased amounts of non-oxidative degradation products. Cellobiose was entirely
degraded after 24 hours and about 80 % non-oxidative degradation products
were formed. Oxidatives were found in trace amounts.

In contrast to the degradation in 20 °C, the inhibiting effect of oxygen upon
cellobiose degradation was observed to a lesser extent at 35 °C, being overshad-
owed by the increased rate of the formation of non-oxidative degradation prod-
ucts. In air the inhibiting effect of oxygen caused 10 % less non-oxidatives to be
formed in comparison to the degradation in nitrogen.

The cellobiose concentrations in oxygen were also 10 % higher than those
in nitrogen. Furthermore, oxidative degradation products in air were formed in
trace amounts. Their concentrations were in a similar concentration range to the
nitrogen atmosphere amounts. This indicated that the oxygen amount in air and
at 35 °C did not enhance the formation of oxidative degradation products notice-
ably.

Oxygen pressures of 5 bar and 10 bar, however, caused lesser amounts of
non-oxidatives to be formed. At 5 bar oxygen pressure the non-oxidative concen-
tration increased to an amount of about 50 % and fell to 23 % after 24 hours due
to the degradation of glucose.
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Furthermore, the formation of lactic acid and glucoisosaccharinic acid was
noticeably diminished in favor of oxidatives. The pressure increase to 10 bar ox-
ygen pressure enhanced this effect further and more oxidatives were formed
while the amount of non-oxidatives declined.

TABLE 8. Influence of oxygen and nitrogen pressure on the formation of oxidative degra-
dation products at 35 °C a. b,
NITROGEN OXYGEN

Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0

100.0 100.0 100.0 100.0 100.0 100.0
5 14 14 1.2 1.2 7.2 11.5
58.6 62.8 61.7 64.5 67.4 57.6
4 2.6 2.3 2.3 23 15.8 25.3
31.2 37.2 36.4 43.3 41.8 354
6 3.2 3.1 3.3 3.5 24.8 37.3
16.3 222 18.0 26.8 274 26.9
8 3.8 3.7 3.5 4.3 34.6 43.2
8.5 13.0 11.5 17.2 20.4 23.5
o4 4.5 4.4 4.1 9.5 52.9 52.9
0.5 1.2 0.8 1.4 11.5 15.9

a The figures are given as per cent of the initial cellobiose amount.

bThe figures in bold font illustrate the measured amount of
oxidative degradation products.

¢ The figures in normal font illustrate the amount of cellobiose.

7.3.3 Degradation at 50 °C

Tables 9 and 10 illustrate the amount of non-oxidatives and oxidatives at 50 °C.

In both, nitrogen and oxygen atmospheres, cellobiose degraded entirely
within the first 2 hours and therefore, it was not possible to observe any inhibit-
ing effect of oxygen upon cellobiose degradation.

In nitrogen, cellobiose degraded entirely into non-oxidative degradation
products and oxidatives were formed in trace amounts.

In air the oxidative degradation products were formed in trace amounts
(10 %) and the content of non-oxidative degradation products was around 80 %.

By raising the oxygen pressure to 5 bar and 10 bar, the content of non-oxi-
datives declined from 80 %, as observed in air, to 50-60 %. The oxygen pressure
increase reduced the non-oxidative degradation product content and raised the
concentration of formed oxidatives to the same amount it was subtracted from
the non-oxidatives. At 5 bar oxygen pressure around 25 % oxidatives were meas-
ured after 6 hours of degradation time.
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TABLE 9. Influence of oxygen and nitrogen pressure on the formation of non-oxidative
degradation products at 50 °C  b.
NITROGEN OXYGEN
Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0
100.0 100.0 100.0 100.0 100.0 100.0
5 81.1 84.0 82.2 73.0 75.9 72.4
5.7 0.2 0.7 21 6.2 4.5
4 81.9 79.8 83.3 75.3 69.4 60.0
0.8 0.1 0.3 0.9 2.2 25
6 85.2 87.4 84.4 74.9 64.2 56.5
0.5 0.1 0.2 0.9 1.3 2.2
3 89.6 86.0 87.7 75.0 63.3 55.8
0.2 0.1 0.2 0.6 1.7 23
o4 82.5 91.3 91.8 78.5 63.2 51.2
0.1 0,1 0.1 0.4 0.9 1.1

a The figures are given as per cent of the initial cellobiose amount.

bThe figures in bold font illustrate the measured amount of non-
oxidative degradation products.
¢ The figures in normal font illustrate the amount of cellobiose.

TABLE 10.  Influence of oxygen and nitrogen pressure on the formation of oxidative deg-
radation products at 50 °C &b,
NITROGEN OXYGEN
Time [hours] 1 bar 5 bar 10 bar Air 5 bar 10 bar
0 0.0 0.0 0.0 0.0 0.0 0.0
100.0 100.0 100.0 100.0 100.0 100.0
2 4.3 4.6 4.4 5.0 11.5 18.6
5.7 0.2 0.7 21 6.2 4.5
4 4.3 3.9 4.1 6.1 20.8 30.8
0.8 0.1 0.3 0.9 2.2 25
6 4.2 3.7 3.7 7.2 24.9 321
0.5 0.1 0.2 0.9 1.3 2.2
3 4.2 3.4 3.6 7.8 25.9 32.7
0.2 0.1 0.2 0.6 1.7 2.3
o4 3.1 3.2 3.3 12.0 27.6 36.4
0.1 0.1 0.1 0.4 0.9 1.1

a The figures are given as per cent of the initial cellobiose amount.
bThe figures in bold font illustrate the measured amount of

oxidative degradation products.
¢ The figures in normal font illustrate the amount of cellobiose.
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7.3.4 Conclusions

In conclusion, the oxygen concentration in air is not sufficient to form noticeable
amounts of oxidatives at room temperature and 35 °C. Therefore, non-oxidative
degradation products are formed more favorably in air.

Oxygen exercises an inhibiting effect on cellobiose degradation. An oxygen
partial pressure of 0.2 bar as observed in air showed the best inhibiting character
at room temperature. Higher oxygen pressures reduced the concentration of non-
oxidatives to trace amounts but in turn caused the formation of larger amounts
of oxidative degradation products, resulting in faster cellobiose degradation rates.
At 50 °C the inhibiting effect of oxygen and the formation of oxidative degrada-
tion products were weakened in favor of the formation of non-oxidative degra-
dation products.

It could be concluded that the inhibition and oxidation of cellobiose were
kinetically favored and the formation of non-oxidative degradation products
were thermodynamically favored reaction processes.

7.4 Main degradation products of cellobiose

74.1 Non-oxidative degradation

Glucose

Cellobiose degrades to glucose through two major reaction routes. Mainly, it was
formed through a direct f-hydroxy elimination in glucosyl-fructose, yielding
glucose and 4-deoxy-D-glycero-2,3-hexodiulose (Figure 41a).

YH OH H OH OH OH OH OH OH OH O OH
G o AL > S HO /1 . /_;L J J\ Mo ) —— Degradation
( - e T ( - \, B ~F e = ~ ]/ — ™  Products
=] z H r
OH 0G OH OH 0G [0} Glucose OH o OH o]
Cellobiose Glucosyl-fructose 4-Deoxy-D-gly cero-2,3-hexodiulose
OH OH (‘) OH OH (ﬂ‘ OH OH (|) OH o (;
J 0,/HO" : - l J l JL i
(b) S G hat ket NN ﬁ—tg- NG N — I IR ——.—L, Eﬁi;:::;uon
] | | [
OH oG OH OH oG [} Glucose  OH 0 OH 0

Cellobiose Glucosyl-glucosone 4-Deoxy-D-g{ycero-2,3-hexosdiulose

FIGURE 41. Liberation of glucose from glucosyl-fructose (a) and glucosyl-glucosone (b).
Reproduced from Malinen.8 Copyright (1974) Helsinki University of Technol-
ogy, Laboratory of Wood Chemistry, Otaniemi, Finland.

As glucosyl-glucosone provides a C2 carbonyl group, a direct 3-hydroxy
elimination yields 4-deoxy-D-glycero-2,3-hexosdiulose and glucose (Figure 41b).
At room temperature the glucose concentration rose under all the investigated
conditions. At all oxygen pressures around 45 % of the degradation products
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consisted of glucose after a degradation time of 24 hours. All the main degrada-
tion products derived from the two above mentioned intermediates. Henceforth,
the glucose content of 45 % indicated that glucose was a stable degradation prod-
uct at room temperature, as long as cellobiose was still available, and thus, only
cellobiose was subject to degradation. In nitrogen atmosphere the approximate
glucose content in the degradation products was from 35 % to 40 %, indicating a
slight degradation of glucose along with cellobiose.

At 35 °C and in oxygen atmosphere the pressure increase caused successive
amounts of glucose to be degraded. After 8 hours of degradation time, in air, at
5 bar, and 10 bar oxygen pressure, respectively, 36 %, 27 %, and 18 % of the deg-
radation products consisted of glucose. This indicated that glucose most likely
reacted with oxygen, forming glucosone that either rearranged into either glu-
conic or mannonic acid or fragmented into various degradation products. Due to
the fact that gluconic and mannonic acid were formed in small amounts, it could
be concluded that fragmentation was the predominant consecutive reaction.

In nitrogen atmosphere, respectively, 29 % (1 bar), 33 % (5 bar), and 33 %
(10 bar) of all the degradation products was glucose. As generally observed, the
nitrogen gas pressure increase had almost no effect on the degradation process
and the two former mentioned glucose contents were in the same range than the
two former glucose contents in oxygen atmosphere. This allowed the assumption
to be made that the dissolved oxygen content in air and at 5 bar pressure did not
suffice to degrade glucose and therefore rather the more reactive reactant, cello-
biose, got degraded by oxygen. At 10 bar oxygen pressure around 15 % less glu-
cose was found than in nitrogen atmosphere. Thus, successive oxygen saturation
in NaOH enhanced noticeably the oxidative degradation of glucose.

At 50 °C the overall degradation proceeded rather rapidly and the half-life
for all pressure and gas conditions was sooner than an hour. The first sampling
showed a glucose content between 10 % and 20 % for all gas and pressure condi-
tions. The second sampling after 4 hours reaction time showed that all glucose
had been degraded into degradation products.
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Lactic acid

Lactic acid was the smallest non-oxidative degradation product. It was formed
through a reverse aldol reaction of the intermediate 4-deoxy-D-glycero-2,3-hex-
odiulose, giving yield to the isomers dihydroxyacetone and glyceraldehyde,
which react further to methylglyoxal and eventually lactic acid (Figure 42).

OH OH OH OH (0] OH (o] OH
OH (0] OH (o] OH OH OH 0

4-Deoxy-D-glycero-2,3-hexodiulose Dihydroxy- Glyceral-
acetone dehyde
OH o OH
— A = s
! | !
Methylglyoxal Lactic acid

FIGURE 42. Formation of lactic acid. Reproduced from Malinen.8* Copyright (1974) Hel-
sinki University of Technology, Laboratory of Wood Chemistry, Otaniemi, Fin-
land.

At room temperature lactic acid was formed in trace amounts under oxida-
tive conditions after 24 hours. The lactic acid concentration declined when the
oxygen gas pressure was increased. Its percentage rose slightly in nitrogen at-
mosphere to 5-8 % of the total amount of degradation products. This was a com-
paratively small value, indicating that the temperature was not high enough to
favor the reverse aldol reaction of the 2,3-hexodiulose intermediate to occur.

At 35 °C, air and in all three nitrogen gas pressures, and after 24 hours of
degradation time the lactic acid content was found in a range of 30 % of all deg-
radation products. However, when the oxygen gas pressure was increased to
5 bar and 10 bar, the lactic acid content dropped noticeably to a total content of
4 % and 2 %, respectively, indicating a strong inhibition.

At 50 °C, in air and at all three investigated nitrogen gas pressures, and
24 hours of degradation time the lactic acid content was about 30 % to 37 %,
which was similar to the values found at 35 °C. At 5 bar and 10 bar oxygen pres-
sure the lactic acid content was elevated and much higher than the corresponding
results at 35 °C, being 27 % and 22 %, respectively.
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Glucoisosaccharinic acid

At all temperatures, glucoisosaccharinic acid was the main degradation product
in nitrogen atmosphere and air. Increased oxygen pressures of 5 bar and 10 bar
showed similar concentration reducing effects as evident for lactic acid, de-
scribed above. Glucoisosaccharinic acid was formed via the benzilic acid rear-
rangement of 4-deoxy-D-glycero-2,3-hexodiulose (Figure 43).

OH OH OH OH O OH
o) ) ke,
OH (0] OH (0]
4-Deoxy-D-glycero-2,3-hexodiulose Glucoisosaccharinic acid

FIGURE 43. Formation of glucoisosaccharinic acid. Reproduced from Malinen.84 Copyright
(1974) Helsinki University of Technology, Laboratory of Wood Chemistry, Ota-
niemi, Finland.

At room temperature and in nitrogen atmosphere around 40 % of the deg-
radation products consisted of glucoisosaccharinic acid. In air the percentage was
26 % and further oxygen pressure increase caused the acid to be formed in trace
amounts, almost fully inhibiting its formation.

The temperature increase to 35 °C greatly increased the glucoisosaccharinic
acid content to 58 % and 66 % for nitrogen and air, respectively. At 5 bar and
10 bar oxygen pressure the percentage was 17 % and 10 %, respectively. It should
be noted that as mentioned above, glucose seemingly did not degrade at room
temperature and the degradation of cellobiose led to a glucoisosaccharinic acid
content of around 40 %. In 35 °C, however, the percentage rose to 60 % and glu-
cose was also degraded. The observed increase of 20 % therefore derived mainly
from direct glucose degradation.

Similar in pattern to the formation of lactic acid, at 50 °C, either in nitrogen
or in air, similar amounts of glucoisosaccharinic acid were formed, i.e., 54 % to
59 % in nitrogen atmosphere and 62 % in air. The temperature rise enhanced the
benzilic acid rearrangement reaction and therefore, glucoisosaccharinic acid con-
centrations of 43 % and 28 % were obtained at 5 bar and 10 bar oxygen pressure,
respectively.

Table 11 shows the percentage of glucose, lactic, and glucoisosaccharinic
acid in relation to the percentage of the overall degradation product content.
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TABLE 11. Relative percentage of the degradation products glucose (33), lactic acid (2), and
glucoisosaccharinic acid (18-21)

20 °C (after 24 h) | 35 °C (after 24 h) | 50 °C (after 24 h)
Air 5 bar 10 bar Air 5 bar 10 bar Air 5 bar 10 bar
All products 34.8 319 319 71.0 84.8 71.0 78.0 87.4 91.0
g C"“(‘g)‘“ of 35 22 13 313 42 23 37.0 27.0 22.2
g Content of 26.5 0.9 23 65.7 172 0.8 61.9 4238 28.2
S (18-21) . . e . . . . . .
C”‘g;‘)“ of 44.7 451 431 36.0 27.0 18.2 11.6 18.1 12.2
1 bar 5 bar 10 bar 1 bar 5 bar 10 bar 1 bar 5 bar 10 bar
All products 81.4 74.0 67.8 81.8 78.2 77.4 85.3 88.5 86.6
(o)
g C"“(‘g)‘“ of 8.4 59 55 33.0 31.2 30.4 30.5 317 33.9
] Content of
e .
£ 18.21) 38.9 382 39.0 57.5 59.1 58.5 54.1 58.9 59.1
Z C”‘g;‘)‘t of 353 39.4 39.4 29.3 32.9 32.8 217 10.4 13.2

7.4.2 Oxidative degradation

Glycolic acid

The intermediate 4-deoxy-D-glycero-2,3-hexodiulose fragments into dihydroxy-
acetone and glyceraldehyde through the reverse-aldol reaction, which was oxi-
dized into the C3-intermediate 3-hydroxy-2-oxopropanal. 3-Hydroxy-2-oxopro-
panal fragments further into glycolic acid and formic acid. Glycolic acid was also
formed through the oxidative fragmentation reaction of the first mentioned hex-
odiulose intermediate that resulted in 3,4-dihydroxybutanoic and glycolic acids
(Figure 44).

OH OH OH OH OH
4-Deoxy-D-glycero-2,3-hexodiulose Dihydroxy- Glyceral-
acetone dehyde
o o
0,/HO, H\ o , H
- ‘/ “OH H~ TOH
OH
Glycolic acid Formic acid

FIGURE 44. Formation of glycolic acid and formic acid. Reproduced from Malinen. 8 Cop-
yright (1974) Helsinki University of Technology, Laboratory of Wood Chemis-
try, Otaniemi, Finland.

As for all main oxidative degradation products, the percentage of glycolic
acid after a degradation period of 24 hours remained below 1 % of the total non-
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volatile degradation product concentration. In air the acid was formed in trace
amounts (2 % to 3 %) at all temperatures. The oxygen pressure increase noticea-
bly increased the concentration, ranging from 10 % to 16 %. The highest glycolic
acid content was observed at 35 °C.

Glyceric acid

Similar to glycolic acid, glyceric acid derived from glyceraldehyde, which was
oxidized in the presence of oxygen to the intermediate 3-hydroxy-2-oxopropanal.
Through the benzilic acid rearrangement the intermediate rearranges into gly-
ceric acid (Figure 45).

OH OH OH OH OH O
4-Deoxy-D-glycero-2,3-hexodiulose Dihydroxy- Glyceral-
acetone dehyde
OH
oo, | on
‘ \Hz
OH o

Glyceric acid

FIGURE 45. Glyceric acid formation. Reproduced from Malinen.8 Copyright (1974) Hel-
sinki University of Technology, Laboratory of Wood Chemistry, Otaniemi, Fin-
land.

In general, glyceric acid was formed in trace amounts in nitrogen atmos-
phere and air. At 35 °C, 5 bar and 10 bar oxygen pressure the acid was formed in
noticeable concentrations, i.e., 11 % for both pressures. Due to the temperature
rise and the favoring of the formation of non-oxidatives, glyceric acid was formed
at lower concentrations at 50 °C.

3,4-Dihydroxybutanoic acid

3,4-Dihydroxybutanoic acid along with glycolic acid were both formed directly
by an oxidative fragmentation reaction of the 4-deoxy-D-glycero-2,3-hexodiulose
intermediate. Henceforth, the oxidative fragmentation reaction was directly com-
peting with the benzilic acid rearrangement reaction that leads to the formation
of glucoisosaccharinic acid (Figure 46).
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OH OH OH OH (o] OH OH o] o]
[ +
H\)‘W) e (]\/H) —— ’J\J\ ol ’)'L OH
OH O OH o] OH OH

4-Deoxy-D-glycero-2,3-hexodiulose 3,4-Dihydroxy- Glycolic acid
butanoic acid

FIGURE 46. Formation of 3,4-dihydroxybutanoic acid and glycolic acid. Reproduced from
Malinen.8 Copyright (1974) Helsinki University of Technology, Laboratory of
Wood Chemistry, Otaniemi, Finland.

The highest percentages of 3,4-dihydroxybutanoic acid were measured at
room temperature and oxygen gas pressures of 5 bar and 10 bar. The temperature
increase enhanced the benzilic acid rearrangement and reverse-aldol reactions,
which caused lesser percentages of 3,4-dihydroxybutanoic acid to be formed. At
50 °C 3,4-dihydroxybutanoic acid was formed in trace amounts.

3-Deoxypentonic acid

As illustrated in Figure 47, the two 3-deoxypentonic acid isomers were formed
when cellobiose was oxidized into glucosyl-glucosone and further degraded by
the B-alkoxy elimination of the glucosyl moiety. After the elimination of the glu-
cosyl moiety, this moiety rearranged into the intermediate 4-deoxy-D-glycero-2,3-
hexosdiulose. The hexosdiulose intermediate was a 2,3-dioxo-aldehyde. It de-
graded into 3-deoxy-D-glycero-pentosulose after a oxidative fragmentation reac-
tion. The subsequent benzilic acid rearrangement resulted into the two 3-deoxy-
pentonic acid isomers. To some extent also 3,4-dihydroxybutanoic acid derived

from 3-deoxy-D-glycero-pentosulose.
OH oH o] OH o (o]
T’HO_ w -~ = W
OH 8] OH 8]

Glucose

OH OH O

Cellobiose Glucosyl-glucosone 4-Deoxy-D-gly cero-2,3-hexosdiulose
OH [o] OH OH OH OH OH o]
O,/HO" B
O/Hg R OH OH
| OH
OH 8] OH (o] OH (o] OH
3-Deoxytetrosulose 3-Deoxy-crythro- 3-Deoxy-threo- 3,4-Dihydroxy-
pentonic acid pentonic acid butanoic acid

FIGURE 47. Formation of 3-deoxypentonic acid and 3,4-dihydroxybutanoic acid. Repro-
duced from Malinen.8 Formation of 3,4-dihydroxybutanoic acid. Reproduced
from Malinen.8* Copyright (1974) Helsinki University of Technology, Labora-
tory of Wood Chemistry, Otaniemi, Finland.

Similar to the other oxidatives, the two 3-deoxypentonic acid isomers were
only formed under 5 bar and 10 bar oxygen gas pressure. The percentages of 3-
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deoxypentonic acid were very similar to those of 3,4-dihydroxybutanoic acid un-
der all investigated conditions.

By increasing the temperature the percentage of 3-deoxypentonic acid de-
clined. While 4 %, 15 %, and 15 % of the non-volatile degradation products were
formed in air, 5 bar, and 10 bar, respectively, at 35 °C and 50 °C the percentage
declined successively until trace amounts were formed at 50 °C. This signified
that the formation of glucosyl-glucosone and subsequent formation of 4-deoxy-
D-glycero-2,3-hexosdiulose is more prominent at lower temperatures.

Table 12 shows the percentage of the main oxidative degradation products
in relation to the percentage of the overall degradation product content.

TABLE 12. Relative percentage of the degradation products glycolic acid (1), glyceric
acid (4), 3,4-dihydroxybutanoic acid (7), and 3-deoxypentonic acid (14,15)

OXIDATIVES 20 °C (after 24 h) | 35 °C (after 24 h) | 50 °C (after 24 h)
Pressure Air 5 bar 10 bar Air 5 bar 10 bar Air 5 bar 10 bar
All pro- 34.8 31.9 31.9 71.0 84.8 71.0 78.0 87.4 91.0
ducts
c Content of 25 111 115 2.9 13.0 15.9 23 9.8 11.0
) (€]
20 C"“(T)i" of I 03 15 20 1.9 109 114 0.6 5.7 6.0
e
o Con(t;)m of 40 15.3 14.6 2.6 8.4 11.0 25 3.4 43
Content of 3.8 15.1 15.2 21 9.3 11.4 1.6 40 3.5
(14’15) J.0. . . . e . 0 A J.
Pressure 1 bar 5 bar 10 bar 1bar 5 bar 10 bar 1 bar 5 bar 10 bar
All pro- 81.4 74.0 67.8 81.8 78.2 77.4 85.3 88.5 86.6
ducts
8 C"“g)n“’f 05 0.5 0.4 0.9 0.8 0.7 0.7 0.6 0.7
o0 Content of
o 0.1 0.1 0.1 0.3 03 03 0.3 0.3 0.3
S @
=
7. C"“(t;)m of 12 14 12 13 13 13 0.6 05 0.6
Content of
Q Q
14,15) 0.7 0.8 0.6 1.1 11 1.0 0.7 0.9 0.9

7.4.3 Conclusions

It has been generally agreed by several investigators 4%84 that oxidation reactions
would occur at lower temperatures, and peeling reactions, i.e., the formation of
non-oxidative degradation products, would occur at higher temperatures. This
research, however, revealed that a steady reduction of degradation temperature
did not result in a proportional increase of oxidation reactions. For cellobiose,
this research proved the existence of a temperature maximum for oxidation reac-
tions at somewhere between room temperature and 50 °C, possibly around 35 °C.

Furthermore, it could be shown that the benzilic acid rearrangement, fruc-
tose transformation, and reverse-aldol reactions were reactions that did not in-
volve the participation of oxygen but only hydroxyl anions. These reactions were
thermodynamically favored.

Oxidation reactions were kinetically favored.
As both, glyceric acid and glycolic acid are formed by 3-hydroxy-2-oxopropanal
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and glycolic acid being formed at higher concentrations than glyceric acid, it
could be assumed that the oxidative fragmentation reaction of 3-hydroxy-2-ox-
opropanal into two fragments, glycolic acid and formic acid, was energetically
more favored than the benzilic acid rearrangement reaction of the C3-intermedi-
ate into glyceric acid. This finding supported the assumption that oxidation re-
actions are faster than rearrangement reactions that do not involve oxygen inter-
vention.

Furthermore, the highest percentages of 3-deoxypentonic acid were meas-
ured at room temperature. However, at 35 °C, 3-deoxypentonic acid was formed
in the highest concentrations. At 50 °C, 3-deoxypentonic acid was formed in
small amounts for the temperature increase rather increased the concentration of
thermodynamically favored degradation products.

It should be noticed that glucosyl-glucosone, the intermediate from which
3-deoxypentonic acid derived, could also rearrange via the benzilic acid rear-
rangement into cellobionic acid. Cellobionic acid, however, could never been
identified in this research. This was most likely due to the preference of the {3-
alkoxy elimination of the glucosyl moiety over the benzilic acid rearrangement
reaction.

Degradation products with more than six carbon atoms, like glucosyl-arab-
inose, glucosyl-erythrose, glucosyl-threose, cellobionic acid, and other acids that
have been generally proposed in the literature were not found among the degra-
dation products. Henceforth, the existence of these acids could not be confirmed
in this work. Surprisingly, important and generally proposed intermediates like
ribose, arabinose, glyceraldehyde, and dihydroxyacetone remained undetected
or were formed inconsistently in trace amounts. Unexpected was also the detec-
tion of galactose in large amounts. Its concentration could not get quantitatively
verified due to its peak overlap with the B-glucoisosaccharinic acid peak.

Overall, the error bars of the degradation product concentrations were rel-
atively small even though all reactions were repeated twice or thrice. This could
indicate a controlled and predictable reaction mechanism, like an ionic based re-
action mechanism. A radical reaction mechanism would most likely cause a
much greater variety of degradation products with large concentration error
margins.



8 KINETICS

8.1 First order degradation kinetics

The degradation of cellobiose followed the first order decay in nitrogen and
could be fairly approximated by pseudo-first order decay kinetics in oxygen ac-
cording to the equation (5):

A=Ayekt (5)

where A is the cellobiose concentration at a particular time,
Ao the initial cellobiose concentration,
k the cellobiose degradation rate constant, and
t the degradation time.
The half-life t1» of the first-order or pseudo-first-order reaction was given

by:

In(2)
k

(6)

ti/2 =

The initial cellobiose concentration Ap and the cellobiose degradation rate
constant k of each curve were determined by developing a degradation curve
through nonlinear interpolation of the exponential equation (5) to the concentra-
tion points obtained after 2, 4, 6, 8, and 24 hours.

A nonlinear regression of the first order decay function to the measured
cellobiose concentrations was performed with Microsoft Excel Solver.8>

The Microsoft Excel Solver uses the GRG2 Algorithm # for the numerical
optimization processes. The fitting of the first order decay function to the actual
data points is carried out by minimizing the residual sum of squares, r?, that oc-
cur between the generated and experimental data, under variation of the rate
constant k and the initial cellobiose concentration.
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r’ = Z(F(ti) i)k 7)
i=1

In the residual sum of squares equation, # is the number of experimental
data to be fitted, y; is the calculated value at time t; and f(t;) is the experimentally
observed cellobiose concentration at time ¢:.

8.2 Activation energies and half-lives

The degradation of cellobiose at room temperature is depicted in Figure 48. The
corresponding rate constants, half-lives, and initial cellobiose concentrations are
presented in Table 13.
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Cellobiose degradation at 20 °C
A1bar N2 mAir A5bar N2 m5bar O2 A 10 bar N2 m 10 bar O2
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FIGURE 48. Cellobiose degradation at room temperature in nitrogen (dotted lines) and oxy-
gen atmosphere (full lines).

TABLE 13. Ay, k, and t1» values at room temperature

Pressure [bar] | Ao[ppm] k[h!] k/kar t1/2
1 3,573 0.0698 4.0 9 h 56 min
Nitrogen 5 3,470 0.0574 3.3 12h 5 min
10 3,458 0.0590 3.4 11 h 45 min
0.2 (air) 3,244 0.0173 1 40 h 10 min
Oxygen 5 3,347 0.0214 1.2 32h 19 min
10 3,250 0.0311 1.8 22 h 17 min

Depending on the reaction conditions, oxygen has the potential of both, ac-
celerating and inhibiting the degradation of cellobiose. At room temperature the
degradation of cellobiose in oxygen atmosphere proceeded noticeably slower
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than in nitrogen. The values in Table 13 illustrated a 3 to 4 times faster degrada-
tion of cellobiose in nitrogen than under atmospheric pressure with an oxygen
partial pressure of 0.2 bar. This observation was unexpected and surprising. To
our understanding an inhibiting effect of oxygen upon the degradation of cellu-
lose, cellulosic materials or model substances has not been reported in the litera-
ture. Furthermore, the oxygen pressure increase accelerated the degradation of
cellobiose. An oxygen gas pressure increase to 10 bar almost doubled the degra-
dation rate in comparison to thedegradation rate in air.

The temperature rise to 35 °C significantly enhanced the degradation of cel-
lobiose. In oxygen, however, cellobiose degraded with a slightly slower rate than
in nitrogen. The variation in the nitrogen gas pressure from 1 bar to 10 bar had
no noticeable influence on the cellobiose degradation rate. Half-lives were
around 2 hours and 30 minutes and 3 hours 15 minutes for nitrogen and oxygen,
respectively.

Table 14 illustrates A, k, and t1» values of the six degradation curves that
are depicted in Figure 49.
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Cellobiose degradation at 35 °C
A 1bar N2 mAir A5bar N2 m5 bar O2 A 10 bar N2 m 10 bar O2
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FIGURE 49. Cellobiose degradation at 35 °C in nitrogen (black dotted line) and oxygen at-
mosphere (full lines).

TABLE 14. Ay, k, and t1» values at 35 °C

Pressure [bar] | Ao [ppm] k[h'] k/kar t1/2
1 3800 0.2894 1.3 2 h 24 min
Nitrogen 5 3800 0.2460 1.1 2 h 49 min
10 3950 0.2607 1.2 2 h 40 min
0.2 (air) 3633 0.2161 1 3 h12 min
Oxygen 5 3282 0.2073 1.0 3 h 21 min
10 3250 0.2338 1.1 2 h 58 min

In both, nitrogen and oxygen, the degradation of cellobiose proceeded
quickly at 50 °C, with half-lives between 10 minutes to 30 minutes. Cellobiose
was found in trace amounts after two hours of degradation time.
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Table 15 illustrates Ag, k, and t1» values of the six degradation curves that
are depicted in Figure 50.

A1 bar N2 mAir A5 bar N2

100

90

80

70

60

50

40

30

Cellobiose concentration [%o]

20

10

Cellobiose degradation at 50 °C

5 bar O2 A 10 bar N2 m 10 bar O2

—

4

Degradation time [hours]

FIGURE 50. Cellobiose degradation at 50 °C in nitrogen (black dotted line) and oxygen at-

mosphere (full lines).

TABLE 15. Ay, k, and t1» values at 50 °C

Pressure [bar] | Ao [ppm] k [h1] k/kar ti/2
1 3,600 1.4291 0.7 29 min
Nitrogen 5 3,400 3.0674 1.6 14 min
10 3,400 2.4637 1.3 17 min
0.2 (air) 3,500 1.9116 1 22 min
Oxygen 5 3,400 1.3685 0.7 30 min
10 3,210 1.5231 0.8 27 min
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Rowell and Green 8 degraded several cellulose model substances in 10 %
NaOH, at 170 °C, and in the presence and absence of oxygen. They could show
that the addition of oxygen into the system increased the degradation rate of all
model substances in comparison to oxygen free nitrogen atmosphere. In our in-
vestigation, the introduction of oxygen showed a decrease of degradation rate.
However, the degradation rate approximated the nitrogen rate constants with
increasing temperature.

It could be assumed that at low temperatures, the oxygen presence had in-
hibiting influence upon the degradation of cellulose and its model substances
and above a critical temperature, however, accelerated their degradation.

8.3 Activation energies and A-factors

By applying the Arrhenius equation (8) and written equivalently as (9), both the
activation energy and A-factor values were determined (Table 16):

k = Ae~Ea/RT (8)
In(k) = — % %+ In(A) 9)

The factor k represents the rate constant of the reaction. A is the A-factor, E,
the activation energy, R the gas constant, and T the absolute temperature in Kel-
vin.

The results in Table 16 indicated similar activation energies around
100 kJ/mol in both nitrogen and oxygen atmospheres and at 5 bar and 10 bar
pressures. In air and at 1bar nitrogen pressure the activation energy was
122 kJ/mol and 79 kJ/mol, respectively. Figures 51 and 52 illustrate the Arrhe-
nius plots in nitrogen and oxygen, respectively.

TABLE 16. Activation energies and A-factors

OXYGEN NITROGEN

E. (Air) =122 £ 5 k] /mol E. (1bar) =79 £ 3 k] /mol

A (Air) =3 -107 s A (1bar)=2 -1010s1

E. (5 bar) =103 £ 3 kJ/mol E. (5 bar) =103 £ 16 kJ/mol
A (5bar)=2 -1014 s A (5bar)=3 -1014 s

E. (10 bar) =101 + 2 kJ /mol E. (10 bar) = 97 £ 11 kJ /mol

A (10 bar) =3 1013 51 A (10 bar) =3 1013 51
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FIGURE 51. Arrhenius plot for nitrogen atmosphere.
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FIGURE 52.  Arrhenius plot for oxygen atmosphere.

Other researchers have investigated the degradation kinetics of cellulose
and carbohydrates and determined the activation energy for the applied process.
Bamford and Collins 77 could determine an activation energy of 108 kJ/mol for
the alkaline degradation of fructose and glucose. Van Loon and Glaus 88 deter-
mined an activation energy of 101 kJ/mol for the degradation of cellulose. Exten-
sive study on the kinetics of cellulose degradation under various conditions was
executed by Emsley and Stevens 8 who concluded that independently of the re-
action conditions and degradation method the activation energy for different cel-
lulose and cellulosic materials was about 111 kJ/mol at temperatures below
140 °C. The research of Bigger et al. ° about the kinetics of cellulose degradation



92

referred to the conclusion made by Emsley and Stevens & as the “universal” ac-
tivation energy. With our research on the degradation of cellobiose we could pro-
vide supporting evidence for the universal activation energy theory.



9 DISCUSSION AND CONCLUDING REMARKS

The results and made observations from this work together with the considera-
tions of other researchers have allowed a new reaction mechanism for the alka-
line oxidative degradation of cellobiose, cellulose, and cellulosic materials to be
postulated.

As discussed above, cellobiose degrades at room temperature at a noticea-
bly higher rate in nitrogen than in oxygen with glucose, lactic acid, and glucoiso-
saccharinic acid as main degradation products. In air the concentration of these
degradation products declined. Oxidatives were formed in trace amounts. Oxy-
gen interacted as an inhibitor. The highest inhibiting effect was observed in air.
Higher oxygen pressures increased the degradation rate of cellobiose.

The inhibiting effect of oxygen could be described as follows. The C-2
deprotonation of the glucose end-group in cellobiose by a hydroxyl ion leads to
the formation of a mesomeric-stabilized enediolate. The enediolate reacts with
molecular oxygen via the nucleophilic addition at either the C-1 or the C-2 posi-
tion, adding to the carbon atom that holds the hydroxyl group. The presence of a
reducing aldehyde group is required for the enediolate reaction and subsequent
degradation to occur. Entwistle et al. 41 could show a linear proportionality be-
tween the copper number which is sensitive to reducing aldehyde groups and
the initial autoxidation rate. The attempts of Lee %! to degrade methyl-3-D-gluco-
side in a pressurized oxygen system under alkaline conditions remained unsuc-
cessful, due to the lack of aldehyde groups.

Molecular oxygen in its ground state is a diradical, having two unpaired
electrons in two degenerate antibonding molecular orbitals. Hence, it would
stand to reason that molecular oxygen reacts via the radical one-electron transfer
oxidation reactions as suggested by Entwistle et al.4142 The presence of radicals in
alkaline oxidative degradation of cellulose could not be proven to this day and
other researchers like Mattor 43 proposed ionic two-electron transfer oxidation
reactions with oxygen. This means that molecular oxygen would need to be pre-
sent in the alkaline medium as singlet oxygen, having the two electrons paired in
one antibonding molecular orbital. Singlet oxygen would therefore react as a
Lewis acid and interact with a nucleophile, such as a dienolate as described above.
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The disagreement, whether the autoxidation reaction mechanism would be
ionic or radical, is most likely a matter of the overall reaction conditions, largely
the degradation temperature. Relatively low temperatures were utilized in this
research to degrade cellobiose and the obtained results and observations point to
an ionic reaction mechanism. However, due to the fact that molecular oxygen is
a diradical in its ground state, it is possible that the ionic reaction mechanism
gradually turns into a radical reaction mechanism, caused by temperature in-
crease. Degradation temperatures of at least 100 °C have been suggested to be
necessary for radical autoxidation reactions to be favored.8

However, the formed hydroperoxide in the suggested reaction mechanism
was an unstable intermediate, thus existing for a very short time period. That
would explain why the existence of hydroperoxides in alkaline oxidative degra-
dation of aldoses and cellulosic materials have been controversially discussed in
literature, either suggesting 4142 or denying 8 their existence.

At lower temperatures, like at room temperature, the enthalpy is insuffi-
cient for the formed hydroperoxide intermediates to react further and oxidize
into the glucosone moiety and hydrogen peroxide. Henceforth, under low-en-
thalpy alkali-oxidative degradation conditions the equilibrium between enedio-
late and hydroperoxide was shifted toward the enediolate intermediate. The hy-
droperoxide formation was kinetically and fructose transformation reaction was
thermodynamically favored, and therefore, the latter reaction occurred to a much
lower rate than under oxygen-free conditions. This characteristic finding ex-
plained why cellobiose degrades four times slower at room temperature when
20 % of 1 bar nitrogen was exchanged by 20 % oxygen (atmospheric pressure, air).
The oxygen presence seemingly inhibited cellobiose degradation. Interestingly
though, the activation energy of cellobiose degradation in air was 50 % higher
than in 1 bar nitrogen.

By increasing the oxygen pressure the equilibrium shifts toward the hydro-
peroxide intermediate and therefore, the concentration of glucosone and its sub-
sequent oxidative degradation products increased progressively. In the current
research, the main oxidative degradation products were formed in trace or small
amounts at all three investigated degradation temperatures when the reactions
were performed in air. The increased oxygen gas pressures enhanced oxidative
fragmentation or oxidation reactions of degradation products formed by other
intermediates and decreased the formation of non-oxidative degradation prod-
ucts. Thus, an oxygen partial pressure of 0.2 bar in air was sufficient to inhibit the
Lobry-de-Bruyn-van Ekenstein transformation of the enediolate form into fruc-
tose but it was not sufficient enough to shift the equilibrium adequately towards
oxidation and oxidative fragmentation reactions.

As anticipated, by the higher enthalpy at 35 °C degradation temperature the
overall degradation rate increased in all oxygen gas pressures. However, in air
the oxygen content was not sufficient and therefore, non-oxidative degradation
products were mainly formed and oxidatives were formed in trace amounts. Ap-
plied oxygen pressures of 5 bar and 10 bar resulted in a drastic reduction of non-
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oxidatives in favor of oxidative degradation products. This indicated that in con-
trast to room temperature, at 35 °C the enthalpy was sufficient to cause a shift
towards oxidation reactions. The beneficial influences of the temperature in-
crease upon oxidation reactions could be explained by an increase in the rate of
oxygen absorption in NaOH.?2 Hence, mainly oxidation and related fragmenta-
tion reactions are observed.

With further temperature rise to 50 °C the enthalpy was large enough to
cause thermodynamically favored, i.e., non-oxidative degradation products to be
mainly formed, even under high oxygen pressures.

Noteworthy and supportive observations to this reaction mechanism were
made by Onda et al. ®® who degraded i.a. glucose under alkaline conditions in air
into gluconic acid, lactic acid, and to some minor extend into other degradation
products by using Pt/C catalysts. The temperature range in their set of experi-
ments was between 30 °C and 90 °C. The observations made by the authors could
be interpreted in the following way. The presence of the Pt/ C catalyst noticeably
enhanced the oxidation reaction as illustrated in Figure 53 and the yield of glu-
conic acid was almost 100 % at 30 °C. At 90 °C the concentrations of both, lactic
acid and gluconic acid were around 50 %. The Pt/ C catalysts reduced the activa-
tion energies of oxidation reactions and the equilibriums shifted to the right,
causing gluconic acid to be formed quantitatively at 30 °C from glucosone via the
benzilic acid rearrangement.

Figure 53 illustrates the above described reaction mechanism.
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