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1. Introduction   

The effect of digitalization on the pulp and paper industry has challenged the 
traditional industrial processes since the turn of the millennium. Many standard paper 
grades, such as newsprint, have been replaced by electronic media. At the same time 
the need for fibrous packaging products is expanding due to the global megatrend of 
internet based, non-local shopping.  Accordingly, the emerging megatrend of using 
renewable biobased materials due to the global concern for oil depletion and for 
climate change is offering an extensive area of new opportunities to upgrade the 
product portfolio of the pulp and paper industry. New products such as biofuels (Taylor 
2008), nanocellulose products (Charreau, Foresti & Vazquez 2013) and chemicals from 
pulp mill side streams (Johnson, Hart 2016) are studied globally in traditional pulp and 
paper companies, universities, research institutes and novel high-tech companies (e.g. 
startup companies).  

Fibrous material has been used as the raw material of paper production since paper 
was invented almost two millennia ago in China. The first paper machines were 
invented during 19th century. Since then paper and board production has evolved and 
grown to the scale where it is the major application in the field of the chemical 
cellulose processing. A huge amount of effort and research work has been spent so 
that fibers can be produced in massive quantities to be applied as the reinforcing web 
of paper and board.   

Nanocellulose is a curious product from the point of view of conventional cellulose 
production. The aim is no longer to produce longer and stronger fibers; on the 
contrary, the aim is to disintegrate the fibers to microfibrils which are just 3-4 nm wide 
(aspect ratio > 100) consisting of 30-40 cellulose chains (Isogai, Saito & Fukuzumi 
2011). Although this novel material is not yet produced on the large industrial scale, 
the research and development of industrial production takes place in laboratories and 
pilot scale research facilities in companies and in research institutes. The amount of 
nanocellulose related patent applications and published scientific papers are 
increasing swiftly as well as the amount of confidential research work taking place in 
the companies (Charreau, Foresti & Vazquez 2013). The new markets are fascinating 
new and existing companies due to the vast potential of business opportunities which 
have not yet been realized.  

TEMPO-oxidized nanofibers (TOCN, also referred as nanofibrils) are one of the 
nanocellulose products which are studied with the increasing interest. The proposed 
future applications of TOCN are electro-optical films, microelectronics, gas-barrier 
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films, cosmetics, flame-resistant materials and other high-tech applications (Isogai, 
Saito & Fukuzumi 2011). The benefit of TEMPO-mediated oxidation of fibrous material 
is the reduction of energy consumption (from 700-1400 MJ kg-1 to < 7 MJ kg-1) of the 
nanofibrillation processes (Isogai, Saito & Fukuzumi 2011). Another benefit of the 
TEMPO-oxidation process is the transparency of the produced TOCN films.  

The motivation of the research work of this thesis was to configure an industrial 
process for the production of TOCN. A more detailed target was to find out how to 
produce TOCN with a bromide-free technique. The presence of bromide, which is 
typically consumed with high quantities (Saito et al. 2006a) in the TEMPO-oxidation 
processes described in scientific papers, is considerable to be highly undesired in waste 
waters due to environmental and corrosion concerns (Bragd, Besemer & van Bekkum 
2000, Putschew, Mania & Jekel 2003), although some marine animals, plants and 
bacteria produce a wide variety of organobromine compounds which contain toxic and 
cytotoxic molecules (Gribble 1998).  Moreover, the trend is to reduce the AOX load of 
cellulose mills instead of increasing the AOX load on waste water streams.      

TEMPO was not the only catalyst of oxidation on the alcohol model compounds and 
cellulose which was studied within the preliminary testing for this thesis work. 
However, it was quite soon understood that TEMPO was the most selective oxidative 
catalyst of the compounds studied. The importance of the conversion of TEMPO to 
TEMPO+ was not understood during preliminary testing, but finally, the first insight 
(Paper I) was reached after numerous testing and trial sessions. TEMPO was converted 
to TEMPO+ in a closed vessel with ClO2 water solution. Later, this mixture was added 
to pulp solution and the quick TEMPO-mediated oxidation of cellulose succeeded 
without bromide addition. The second insight (Paper II and Paper III) came later after 
numerous oxidation trials. TEMPO conversion to TEMPO+ took place in the closed 
vessel without addition of ClO2. Interestingly, this time the addition of the primary 
oxidant (Cl+1) of the TEMPO-mediated process was sufficient. The idea was to adjust 
the pH to neutral and allow the formation of HOCl, which was reported to act as an 
oxidant of TEMPO.  The practical application of both insights was to prepare the active 
catalyst prior to the TEMPO-mediated oxidation. Later, the effective pretreatment of 
the birch kraft cellulose was invented (Paper II and Paper IV). The reaction rate of the 
alkali treated kraft birch pulp increased impressively with the bromide-free TEMPO-
mediated oxidation. These inventions were studied later at pilot scale (work not 
reported in this thesis) and were also the basis of patent applications.  

A novel analytical tool to monitor the TEMPO-mediated oxidations was developed due 
to the detection of an unexplained anomaly with titration measurements.  Later, 
TEMPO+ titration was applied to study TEMPO conversion to TEMPO+ with Cl(+1) and 
Br(+1).  

As a conclusion, this dissertation provides novel ideas which can be applied in the 
production line of an industrially feasible bromide-free process. The selected raw 
material of the oxidized nanofibers was the bleached birch kraft pulp. Moreover, this 
thesis contributes to the understanding of the reaction kinetics and mechanisms of 
TEMPO-mediated oxidation of the primary hydroxyl groups.  
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2. Background 

2.1 Cellulose 

Cellulose, which is the most abundant polymer in the world, is widely used as a raw 
material of industry. Cellulose is a linear polymer of variable length consisting of 1-4-
linked anhydro-β-D-glucopyranose units (AGU) (Figure 1).  Every AGU contains 2 
secondary hydroxyl groups (C2, C3) and one primary hydroxyl group (C6). Every second 
anhydroglucose unit is twisted (180°), creating glucose dimer (cellobiose) with a β-D-
link. The degree of polymerization (DP) is dependent on the origin (species, segment 
of plant). The DP range of native hardwood and softwood celluloses is typically 
between 7500 and 10300 (Goring, Timell 1962).   The DP of wood pulp varies typically 
between 300 and 1700 (Klemm et al. 2005). 

 

Figure 1. The molecular structure of cellulose with repeating cellulose units showing 
the non-reducing end group as well as the reducing end group in open chain form 
which is in equilibrium with the cyclic hemiacetal.  

The supramolecular structure of native cellulose consists of highly ordered crystalline 
structures (cellulose I) with inter- and intramolecular hydrogen bonds, as well as low 
order amorphous regions. Furthermore, native cellulose is present in two different 
crystalline cellulose I modifications (allomorphs) which are called Iα and Iβ. Those 
allomorphs can be found alongside each other and the Iα/Iβ ratio depends on the origin 
of the cellulose. The other crystalline structures of cellulose are typically produced 
with industrial chemical procedures (e.g. sodium hydroxide treatment). Cellulose II is 
most stable structure among the crystal structures (cellulose I, III and IV) (Klemm et al. 
2005).   
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2.2 Cellulose microfibrils 

Microfibrils consist of both amorphous and highly ordered crystalline regions of 
cellulose (Scallan 1971). The structure of the cellulose microfibril is not assumed to be 
uniform throughout. The fringed fibrillar model (e.g. two phase model) with highly 
ordered crystalline regions and disordered amorphous regions is the prevailing model 
currently (Mark 1940, Hearle 1958, Nishiyama et al. 2003).  It has been proposed that 
disordered regions are located at the surface of cellulose fibrils (Leppänen et al. 2009), 
or on the surface of the cellulose fibrils and inside the fibrils (Salmén, Bergström 2009). 

Cellulose chains aggregate to form microfibrils, long thread-like bundles of molecules 
stabilized by hydrogen bonds between hydroxyl groups and adjacent oxygen 
molecules. Cellulose macrofibers are formed from microfibrils; the extended chain 
conformation and microfibril morphology result in significant load carrying capability 
(Pandey, Nakagaito & Takagi 2013). The microfibrillar structure and location of 
microfibrils in fibers and wood is illustrated in Figures 2 and 3.  

                                 

Figure 2. Hierarchical structure of wood biomass and the characteristics of cellulose 
microfibrils (adapted from Isogai et al. 2011). 
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 Figure 3. Microfibril structure (adapted from Pandey et al. 2013). 

2.3 Cellulose reactivity 

The accessibility of primary hydroxyl groups significantly determines the cellulose 
reactivity in TEMPO-mediated oxidations. Another parameter, the dissociation of 
hydroxyl groups, will be discussed at chapter 2.5. The accessibility of hydroxyl groups 
under aqueous conditions refers to how well the surface hydroxyl groups in the 
cellulose microfibrils can be reached by water (Scheme 1).  Cellulose microfibrils have 
a tendency to bond with each other; the phenomenon, which is called microfibril 
coalescence, reduces cellulose accessibility (Pönni, Vuorinen & Kontturi 2012). The 
effect of the drying of the chemical pulp fibers (hornification) has been known to 
reduce cellulose accessibility for quite a long time (Jayme 1944, Minor 1994). 
Hornification has commonly been associated with the formation of irreversible or 
partially reversible hydrogen bonding in cellulose pulps upon drying, or upon water 
removal (Fernandes Diniz, Gil & Castro 2004); however, alkali treatment can decrease 
the effect of the hornification (Lindström 1992, Minor 1994, Weise 1998, Pönni et al. 
2014b).  Acidic treatments (pH 3) below 100 °C are reported to a cause similar 
reduction in accessibility in the pulp as hornification (Pönni, Kontturi & Vuorinen 
2013).  
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Scheme 1. Schematics of cellulose microfibril behavior during pulping and drying. 
(Adapted from Pönni et al. 2013).  

Hemicelluloses have been suggested to have a hindering effect on hornification during 
drying (Oksanen, Buchert & Viikari 1997, Pönni, Vuorinen & Kontturi 2012). Partial 
enzymatic removal of xylan (a hemicellulose) was reported to increase the effects of 
drying on the fiber properties with bleached kraft birch pulp (Oksanen, Buchert & 
Viikari 1997). The changes in fiber properties, such as a decrease of WRV, sheet 
density, tensile strength and total pore volume as well as an increase of fiber stiffness, 
were proposed to result from removal of carboxylic acids, which are present in xylan. 
However, the corresponding observations with the removal of softwood 
glucomannan, which lacks carboxylic groups, could not be explained with decrease of 
fiber charge (Oksanen, Buchert & Viikari 1997). 

 

2.4 TEMPO 

TEMPO (2,2,6,6,-tetramethylpiperidine-1-oxyl radical) is a stable red-orange 
heterocycle, a sublimable solid with a melting point 36-38 °C, which can be used as a 
radical trap, as a structural probe for biological systems, as a reagent in organic 
synthesis, as a catalyst, or as a mediator in controlled free radical polymerization 
(Dufresne 2012). TEMPO has many derivatives which can also be applied as a catalyst 
of TEMPO-mediated oxidation (Figure 4). TEMPO derivatives are typically less effective 
as oxidation catalysts; however, 4-acetamido-TEMPO and 4-methoxy-TEMPO can give 
comparable nanofibril yields to those with TEMPO. In comparison, the oxidation times 
required for corresponding carboxylate contents are longer than those with TEMPO 
(Bragd, Besemer & Bekkum 2001, Shibata, Isogai 2003b, Iwamoto et al. 2010). 
Moreover, TEMPO derivatives can be less stable catalysts compared to TEMPO. The 
side reaction of 4-acetamido-TEMPO with HOCl results formation of 4-oxo-TEMPO and 
other side reaction products (Patel et al. 2010) for example. 
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Figure 4. Chemical structures of a series of TEMPO derivatives (adapted from Iwamoto 
et al. 2010).  

2.5 TEMPO-mediated oxidation of primary hydroxyl groups 

TEMPO-mediated oxidation of pulp is specifically based on the use of TEMPO or a 
TEMPO derivative as a catalyst for the selective oxidation of the cellulose 
hydroxymethyl groups (Saito et al. 2009). Oxidized TEMPO (TEMPO+), which is the 
active form of TEMPO, is used to convert the C6 primary alcohols selectively to 
aldehydes and further, to carboxylates. The formation of C6 hemiacetal and C6 
aldehyde hydrate intermediates is proposed to slightly decelerate carboxylate 
formation due to steric inter- and intramolecular hindrance (Kato, Matsuo & Isogai 
2003, Saito, Isogai 2004, Saito, Isogai 2006, Carlsson et al. 2014). The primary oxidant 
recycles reduced TEMPO (TEMPOH) back to the active form of TEMPO (TEMPO+) 
(Isogai, Saito & Fukuzumi 2011). The reactions rates of TEMPO-derivatives, which have 
a similar oxidation mechanism with TEMPO, are typically lower than TEMPO. 
Moreover, the selectivity of the oxidation of primary hydroxyl groups is typically lower 
with TEMPO derivatives than with TEMPO (Iwamoto et al. 2010, Bragd, Besemer & 
Bekkum 2001, Shibata, Isogai 2003a, Watanabe et al. 2014, Tanaka, Saito & Isogai 
2012, Patel et al. 2010).  



8 
 

HOBr is the most used primary oxidant of TEMPO (Saito et al. 2007). Dissociation of 
the primary hydroxyl group, which takes place at high pH conditions, is proposed to 
precede fast TEMPO-mediated oxidation of the hydroxyl groups in several studies 
(Scheme 2)  (Anelli et al. 1987, Semmelhack, Schmid & Cortés 1986, de Nooy, A. E. J., 
Besemer & van Bekkum 1994, de Nooy, Besemer & van Bekkum 1995a, Bragd, 
Besemer & van Bekkum 2000, Isogai, Saito & Fukuzumi 2011). Moreover, the TEMPO-
mediated oxidation of the undissociated primary alcohols has been proposed to 
proceed at acidic and neutral conditions (Bailey, Bobbitt & Wiberg 2007, Bobbitt 2011).  
Information related to pKa values of the primary and the secondary hydroxyl groups of 
cellulose is barely available. However, corresponding values of starch, which is also a 
glucose-based polymer, have been reported. It is proposed that only one glucose 
hydroxyl unit of wheat starch is dissociated at alkaline aqueous conditions (pKa value 
13.3 at room temperature and lower at higher temperature) (Lammers, Stamhuis & 
Beenackers 1993). The corresponding value of amylose is suggested to be 12.7 at the 
room temperature (Doppert, Staverman 1966). The pKa values of simple alcohols, such 
as 1-propanol (pKa 15.92, Takashi et. al., 1971) are much higher than the pKa values of 
the corresponding aldehyde hydrates, such as acetaldehyde hydrate (pKa 13.48) and 
formaldehyde hydrate (pKa 13.29) (Bell & Tigue, 1960). The pKa value glyceraldehyde 
hydrate is somewhat lower (pKa 12.7, Vuorinen, 1988). 

 

Scheme 2. Proposed dissociation of the hydroxyl group prior TEMPO-mediated 
oxidation (adapted from Isogai et al. 2011). TEMPO-mediated oxidation of 
undissociated primary alcohols has been proposed to take place at neutral and acidic 
conditions (Bailey, Bobbitt & Wiberg 2007, Bobbitt 2011).  
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The pH dependent side reaction of TEMPO+ and TEMPOH lowers the oxidative activity 
of oxoammonium cation with primary hydroxyl groups (Scheme 3.). The second-order 
rate constant of the reaction increases 10-fold when pH turns from 7 to 11 (Zauche, 
Espenson 1999, Israeli et al. 2005). Thus, the effect of the comproportionation reaction 
is dependent on the TEMPO-mediated oxidation process selected. The various TEMPO-
mediated oxidation processes with different pH ranges will be presented in the 
following chapters.  

 

Scheme 3. Comproportination reaction where the oxoammonium cation is reduced 
back to the respective nitroxide (adapted from Israeli et al. 2005) 

2.6 TEMPO-mediated oxidation with the alkaline TEMPO/ 
NaBr/NaOCl system 

The alkaline TEMPO/NaBr/NaOCl process (pH 9-11) is widely applied and the most 
studied TEMPO oxidation because of its high reaction rate, selectivity and yield 
(Scheme 4) (Kitaoka, Isogai & Onabe 1999, Sheldon et al. 2002, Bragd, van Bekkum & 
Besemer 2004, Saito et al. 2005, Saito et al. 2006b, Okita Yusuke, Saito Tsuguyuki & 
Isogai Akira 2009, Kuramae, Saito & Isogai 2014, Salminen et al. 2017). 

Moreover, the process is reported to thoroughly oxidize hydroxymethyl groups 
exposed on microfibril surfaces (Okita, Saito & Isogai 2010).  Sodium bromide is 
proposed to act as a boosting co-oxidant of the pulp oxidation (Bragd, van Bekkum & 
Besemer 2004), while the amount of bromide is commonly higher than the amount of 
TEMPO (mass ratio 10:1) during the oxidation (Saito et al. 2006a). High bromide 
addition increases the AOX load of the industrial level processes. Bromide is reported 
to be undesirable in the wastewater stream of the pulp mill due to the environmental 
and corrosion concerns (Bragd, Besemer & van Bekkum 2000, Putschew, Mania & Jekel 
2003). The reaction rate of TEMPO/NaBr/NaOCl process is reported to increase as a 
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function of pH from 10 to 11. However, if the pH is raised above 11, the reaction is 
retarded again (de Nooy, Besemer & van Bekkum 1995a). The typical reaction time of 
TEMPO/NaBr/NaOCl process is from minutes to a few hours depending on the NaOCl 
dosage (Saito et al. 2006b). The high oxidation pH (e.g. 10-11) of the 
TEMPO/NaBr/NaOCl process typically lowers the average degree of polymerization 
(DPv) of oxidized cellulose. DPv drops as a function of reaction time and NaOCl addition 
(Saito, Isogai 2004, Kitaoka, Isogai & Onabe 1999, Shinoda et al. 2012). Some of these 
DPV reductions already take place during the dissolution process in 
cupriethylenediamine (Cuen) by β-elimination (viscosity measurement) of the 
glycoside bonds in the presence of C6-aldehyde groups and C2/C3-ketone groups 
which are formed during TEMPO-mediated oxidation (Lewin 1997, Saito, Isogai 2004, 
Ahn et al. 2012, Shinoda et al. 2012). The formation of dicarboxylates via C2/C3 
cleavage and ketone formation is proposed to be similar to those in the 
TEMPO/NaBr/NaOCl process with maltodextrins at the high pH (Thaburet et al. 2001). 
Moreover, depolymerization due hydroxyl radical formation at pH 10-11 is also 
proposed to take place (Shibata, Isogai 2003a). 

 

Scheme 4. Regioselective oxidation of the primary alcohol groups of cellulose to C6-
carboxylates via an aldehyde intermediate in the TEMPO/NaBr/NaOCl process 
(adapted from Isogai et al. 2011). 

2.7 TEMPO-mediated oxidation with the acid/neutral 
TEMPO/NaOCl/NaClO2 system 

The TEMPO/NaOCl/NaClO2 process is typically applied at acidic or neutral conditions 
(pH 3.5-6.8) with slightly increased temperature (40-60 °C) (Zhao et al. 1999, Hirota et 
al. 2009, Saito et al. 2010, Besbes, Vilar & Boufi 2011, Besbes, Alila & Boufi 2011, 
Tanaka, Saito & Isogai 2012). The acidic/neutral procedure combines the aldehyde 
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conversion to the carboxylates with HClO2 (Jeanes, Isbell 1941, Launer, Tomimatsu 
1954, Stitt et al. 1954, Launer, Tomimatsu 1959, Isbell, Sniegoski 1964, Isogai, Saito 
2010) and the hydroxymethyl conversion to aldehydes and further to carboxylates 
with TEMPO, which takes place during the same oxidation (Scheme 5). 
Depolymerization in the neutral TEMPO/NaOCl/NaClO2 process is typically lower than 
that in the alkaline TEMPO/NaBr/NaOCl process because of the lower pH and the 
conversion of aldehydes to carboxylates with HClO2 (Saito et al. 2009). In addition, 
conversion of C6-aldehyde groups to carboxylates can prevent the disturbance of 
nano-dispersibility of the oxidized celluloses by the formation of hemiacetal linkages 
between nanofibers (Saito, Isogai 2006). The drawback of TEMPO/NaOCl/NaClO2 
process is the oxidation time, which is typically tens of hours (Saito et al. 2010, Hirota 
et al. 2009, Tanaka, Saito & Isogai 2012). However, higher oxidation pH (3.5 → 6.8) 
correlates with higher carboxylate content of TEMPO/NaOCl/NaClO2 process at 
corresponding conditions (Saito et al. 2010). On the one hand, it has been proposed 
that formation of the intermediate oxoammonium cation, due to the loss of a proton 
from the hydroxyl group, could explain increase of reaction rate at higher pH with 
TEMPO-mediated oxidation (de Nooy, Besemer & van Bekkum 1995a). On the other 
hand, it is reported that higher temperature and lower pH correlates with a higher 
reaction rate of aldehyde conversion to carboxylates by HClO2 which forms at low pH 
conditions of TEMPO/NaOCl/NaClO2 process (Lehtimaa et al. 2010). Interestingly, the 
TEMPO/NaOCl/NaClO2 process is clearly more resistant to the degradation of xylan 
than the TEMPO/NaBr/NaOCl process at pH 10 (Figure 5).  

 

 

Scheme 5. The oxidation of the hydroxymethyl groups of cellulose to aldehydes and 
carboxylates in the neutral TEMPO/NaOCl//NaClO2 process. (adapted from Tanaka et 
al. 2012). 
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Figure 5. Carbohydrate compositions of the holocelluloses and the water-insoluble 
TEMPO-oxidized holocelluloses prepared under various conditions (adapted from 
Kuramae et al. 2014). 

2.8 Electro-mediated TEMPO-oxidation 

Electro-mediated TEMPO-oxidation of alcohols or cellulose is typically applied with 
TEMPO in buffer solution and in the amperometric system (Scheme 6) with the 
electrolysis cell. The amperometric system is the activator of radical TEMPO and 
converter of hydroxylamine to the oxidized TEMPO. The benefit of the electro-
mediated oxidation is exclusion of halogen compounds (NaBr, NaOCl and NaClO2) 
(Semmelhack, Chou & Cortes 1983, Liaigre, Breton & Belgsir 2005, Isogai, Saito & Isogai 
2010, Parpot et al. 2010, Hill-Cousins et al. 2012, Carlsson et al. 2014). The oxidation 
time of the electro-mediated TEMPO process with pulp is typically tens of hours at 
neutral conditions (e.g. pH 6.8) (Isogai, Saito & Isogai 2010). The relevant difference 
between the electro-mediated TEMPO process and the TEMPO/NaOCl/NaClO2 process 
is the oxidation of aldehydes by HClO2 (latter process). Due the lack of aldehyde 
conversion to carboxylates in electro-mediated oxidation, the oxidized cellulose has a 
high aldehyde content, which correlates with low DPV. (Isogai, Saito & Isogai 2010).  
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Scheme 6. The electro-mediated TEMPO oxidation of a primary alcohol (adapted from 
Liaigre et al. 2005). 

Interestingly, the electrolysis cell can also be adapted to the bromide containing 
procedures. The electrolysis cell was applied to regenerate TEMPO-oxidation filtrates 
in recent study (Kuutti et al. 2016). Bleached kraft birch pulp was TEMPO-oxidized with 
TEMPO/NaBr/NaOCl system. The filtrates then were regenerated with the electrolysis 
cell. The benefit of this novel procedure was recycling the NaOCl and NaOBr. 
Moreover, TEMPO was also partially recovered. A fraction of TEMPO was lost, probably 
due to TEMPO degradation, in the regeneration process. Yet, the bromide-free 
TEMPO-oxidation process with the amperometric filtrate recycling system should be 
more interesting from the environmental point of view.  

2.9 TEMPO-oxidized cellulose nanofibers (TOCN)  

TEMPO-oxidized pulps are typically washed with water after oxidation. Mechanical 
disintegration (under mildly alkaline conditions) with a household blender, double-
cylinder-type homogenizer or ultrasonic homogenizer can produce transparent and 
highly viscous dispersions with oxidized bleached hardwood or softwood kraft pulps 
(carboxylate content of pulp at least 0.8 mmol g-1) (Saito et al. 2006b, Saito et al. 2009, 
Okita Yusuke, Saito Tsuguyuki & Isogai Akira 2009, Okita, Saito & Isogai 2010, Isogai, 
Saito & Fukuzumi 2011). 

The electrostatic repulsion between microfibrils lowers the necessary energy of 
mechanical disintegration to produce a transparent gel (Scheme 7). The individual 
nanofibers can be 3-4 nm wide and at least several microns in length. TOCN films are 
flexible and transparent with high tensile strength (200-300 MPa) and elastic moduli 
(6-7 GPa) (Isogai, Saito & Fukuzumi 2011). TOCN is a reinforcing additive which can be 
used in various applications, such as TOCN toughened poly(lactic) acid (PLA) films 
(Bulota et al. 2011, Bulota, Hughes 2012, Bulota et al. 2013), or as a paper additive 
(González et al. 2012). Waterborne polyurethane (WPU), which is applied as wood 
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coating, has been reinforced with TOCN in recent study (Cheng et al. 2016).   An 
interesting high-tech application of TOCN films is its use as a platform for 
immunoassays and diagnostics (Orelma et al. 2012). The TEMPO-mediated oxidation 
of mechanically ground nanocellulose films (TOCNF) was used to produce biointerfaces 
for sensing, detection and bioseparation applications. The protein affinity was 
controlled with adsorption of block and random copolymers on the surface of TOCNF 
(Figure 8a) (Vuoriluoto et al. 2015) prior to the introduction of human immunoglobulin 
G (hlgG) (Vuoriluoto et al. 2016). Moreover, potential applications of nanofibers 
include supports for catalysts, for electro-optical films, for microelectronics, as gas-
barrier films, in cosmetics, and within flame-resistant materials (Isogai, Saito & 
Fukuzumi 2011, Wu et al. 2015). TOCN properties can be modified with different 
chemical treatments.  The thermal stability of the oxidized cellulose decreases with 
the introduction of aldehyde and carboxylate groups (Sharma, Varma 2014) on the 
surfaces on the fibrils. However, thermal stability can be improved with the heat 
induced conversion of ionic bonds to amide bonds (Figure 8b) (Lavoine et al. 2016). 
TOCN can be used to remove heavy metal ions after polyethylenimine (PEI) grafting 
(Zhang et al. 2016). Furthermore, the temperature dependent membrane templates 
were produced with the introduction of a thermoresponsive polymer (poly/N-
isopropylacrylamide) on the surface of TOCN (Hakalahti et al. 2016). Correspondingly, 
the water stability of TOCN films was improved by covalent bonding polyvinyl alcohol 
(PVA) on the surface of TOCN (Hakalahti et al. 2015). One proposed composite 
application of TEMPO-oxidized kraft pulp is the production of diapers due to the 
improvement of absorption capacity because of the oxidation. The oxidized pulp is 
disintegrated, freeze dried and mixed with pulp fibers (Brodin et al. 2012, Brodin, F., 
Theliander,H. 2012, Brodin, Theliander 2013).   

    

Scheme 7. Schematic model for the oxidation of hydroxymethyl groups on cellulose 
microfibril surfaces to carboxylates (adapted from Isogai et al. 2011). 
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Scheme 8. Examples of the chemical modification of TOCN gel and film. (a) 
Introduction of copolymers on the surface of TOCNF prior to the adsorption of proteins 
(adapted from Vuoriluoto et al. 2015). (b) Improvement of the thermal stability of 
TOCN by heat induced conversion of ionic bonds to amide bonds (adapted from 
Lavoine et al. 2016). 

 

2.10 The proposed reaction routes of TEMPO-mediated 
oxidation 

Understanding the reaction mechanisms of TEMPO-mediated oxidation with and 
without bromide is fundamental knowledge needed to develop an industrially feasible 
TEMPO-mediated process. Several reaction paths have been proposed for the TEMPO-
mediated oxidation of the primary and secondary alcohol groups. However, some of 
the elementary reactions, e.g. the conversion of the hydroxylamine (TEMPOH) to 
TEMPO+ and the initial conversion of TEMPO to TEMPO+, are lacking plausible reaction 
mechanisms. Scheme 9 summarizes the most commonly proposed reaction routes and 
mechanisms published so far. The conversion of TEMPO to TEMPO+ (A→C) has been 
quite often left without explanation in the early studies (Semmelhack, Chou & Cortes 
1983, Anelli et al. 1987). Nevertheless, some routes for this conversion have been 
proposed, even though the reaction mechanisms have not been addressed. TEMPO+ 
has been proposed to form during a reaction between CuCl2 and TEMPO (Semmelhack 
et al. 1984). Similarly, the formation of TEMPO+ during a reaction between Br(+1) and 
TEMPO (Kitaoka, Isogai & Onabe 1999, Saito et al. 2006a, Iwamoto et al. 2010)  as well 
as between Cl(+1) and TEMPO (Bragd, Besemer & van Bekkum 2000, Saito et al. 2009, 
Hirota et al. 2009, Saito et al. 2010, Pönni et al. 2014a)  or Cl2 and TEMPO (Golubev, 
Rozantsev & Neiman 1965) has been reported in numerous studies. In addition, the 
conversion of TEMPO to TEMPO+ has been proposed to take place during a reaction 
with NaClO2 under neutral and acidic conditions (Saito et al. 2010) and during a 
reaction between ClO2 and TEMPO via a transition complex intermediate (Ganiev et al. 
1999, Ganiev et al. 2001). Despite the vast research interest on the TEMPO-mediated 
oxidation, the reaction mechanisms for the formation of TEMPO+ still remain 
unknown. 
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The TEMPO-mediated oxidation of alcohols has been suggested to proceed via an 
A→C→F→H route under alkaline conditions and via an A→C→E→H route under acidic 
conditions, where the formation of a reactive complex (E, F) is generated by  
nucleophilic attack of an alcoholate anion on the reactive nitrogen atom of TEMPO+ 
(Anelli et al. 1987, de Nooy, Besemer & van Bekkum 1995a, Bragd, van Bekkum & 
Besemer 2004, Isogai, Saito & Fukuzumi 2011, de Nooy, Besemer & van Bekkum 1995b, 
Bailey, Bobbitt & Wiberg 2007). Alternatively, an A→B→D→H route has been 
proposed to occur under alkaline conditions, where the formation of the reactive 
complex (D) is generated by a nucleophilic attack of an alcoholate anion on the oxygen 
atom of TEMPO (Bailey, Bobbitt & Wiberg 2007). Furthermore, the conversion of 
TEMPOH to TEMPO+ (H→C) is proposed to take place under alkaline conditions with 
(Saito et al. 2006a, Bragd, van Bekkum & Besemer 2004, Hill-Cousins et al. 2012) and 
without (Bragd, Besemer & van Bekkum 2000, Isogai, Saito & Fukuzumi 2011, Saito et 
al. 2010, Pönni et al. 2014a, Liaigre, Breton & Belgsir 2005, Isogai, Saito 2010, Peyre et 
al. 2015) the radical intermediate by a reaction with X(+1) or by applying an 
amperometric system. In contrast, under low pH hydroxylamine has been proposed to 
shift to the protonated hydroxylamine H→G (Bragd, van Bekkum & Besemer 2004, 
Israeli et al. 2005). 

 

 

Scheme 9. Proposed reaction routes for TEMPO-mediated oxidation of primary and 
secondary alcohols (Paper III).  

 

 



17 
 

3. Materials and methods 

3.1 Materials 

Industrially dried and never-dried fully-bleached birch kraft pulp (Finland) and never-
dried laboratory-bleached birch kraft pulp (Finland) were used as raw materials for the 
TEMPO-mediated oxidation of cellulose. Nata-de-coco was used as the raw material 
for bacterial cellulose. 1-Propanol (Riedel-deHaen), 2-propanol (Sigma-Aldrich), and 
xylitol (Sigma-Aldrich) were used as the raw materials for the TEMPO-mediated 
oxidation of simple alcohols.   

TEMPO (Sigma Aldrich (St. Louis, USA)), 13% NaOCl (VWR (Radnor (PA), USA)), 3.5 % 
NaOCl solution (VWR), NaClO2 (Sigma Aldrich (St. Louis, USA)), 1 M NaOH (Merck 
(Darmstadt, Germany)), 1 M HCl (Merck (Darmstadt, Germany)), and H2SO4 (Emsure 
(Darmstadt, Germany)) were used as received. The aqueous ClO2 solution was 
prepared in laboratory by the reaction of potassium chlorate (Sigma Aldrich 
(Germany)) and oxalic acid (Sigma Aldrich (St. Louis, USA)). 22 g of ortho-boric acid 
(VWR (Leuven, Belgium)) and 1.8 g of NaOH pellets (VWR (Leuven, Belgium)) were 
diluted to 2000 ml of deionized water to prepare a borate buffer (pH 8.3) in situ. Water 
was purified in a Milli-Q system (Millipore Corporation, resistivity 18.2 MΩcm) for 
reagent solution preparations. Deionized water was used for all washings. An 8 M 
NaOH solution was prepared from solid NaOH pellets (VWR (Leuven, Belgium)) to 
adjust the pH in the alkali treatments of birch kraft pulps.  

3.2 Experimental layout 

In the present work, TEMPO-mediated oxidation was studied with pulps and simple 
alcohols. Bromide-free and bromide containing TEMPO-mediated oxidations were 
conducted with and without pretreatments of pulps. The TEMPO-oxidized pulps were 
typically stabilized by post-oxidation with HClO2 that converts aldehydes to 
carboxylates. The carboxylate content, DP and carbohydrate composition were the 
most typical analyses with TEMPO-oxidized and post-oxidized pulps. The water 
retention value (WRV) was compared with the measured xylan contents of the 
oxidized pulps. XRD analysis was used to analyze crystallinity changes of the pulps after 
alkaline pretreatments. UV-Vis spectroscopy was applied to study the kinetics of the 
conversion of TEMPO to TEMPO+.  Oxidized pulps were typically fluidized in order that 
turbidity and Brookfield viscosity could be analyzed. Moreover, topological properties 
with AFM and more detailed rheological characterization were applied with alkali 
treated and TEMPO-oxidized pulp samples and with bacterial cellulose (Nata de coco) 
samples, which were all fluidized to nanofibrillated cellulose gels.  (Figures 6 and 7) 
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Figure 6. Outline of the experimental setup in the thesis.   

 

Figure 7. Bromide-free TEMPO-mediated oxidation process layout 

 

3.3 Alkali treatments of pulps 

The alkali treatments were executed mainly at room temperature (RT). For samples 
treated at elevated temperatures, a water bath with a temperature control was used. 
First, a concentrated NaOH solution (8 M), together with water, was added to the pulp 
to obtain the desired alkalinity and pulp consistency of 5 %. The pulp suspension was 
stirred with a mechanical stirrer throughout the reaction time. After the desired 
reaction time, the pulp was washed immediately with deionized water to the desired 
pH. The pH of the suspension was measured with a pH meter (Mettler Toledo) at 5 % 
pulp consistency. Finally, the pulp was manually pressed to a dry matter content of 
approximately 20 %, and homogenized mechanically. 
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3.4 Preparation of xylan-poor birch pulp 

A xylan-poor pulp was prepared by enzymatic hydrolysis of the never-dried pulp with 
commercial Ecopulp TX800A xylanase (AB Enzymes Oy, Finland). The enzymatic 
hydrolysis was performed twice (2 x 24 h) in pure water at a consistency of 5 % under 
mild mixing (50 rpm) at pH 5 and 45°C.  After the first 24 h period, the pulp was filtered 
and washed twice with pure water. Then, the pulp was suspended back into pure water 
for the second hydrolysis, which was performed under the same conditions as 
described above. After 24 hours, the enzymatic action was terminated by immersing 
the pulp into a boiling water bath for 15 min. Finally, the pulp was filtered and washed 
with excess pure water. 

3.5 Activation of TEMPO prior to the TEMPO-mediated 
oxidations 

TEMPO was activated with ClO2 [1] or NaOCl [2] prior to the TEMPO-mediated 
oxidations of pulps or xylitol (Figure 7). [1] For ClO2 activation TEMPO was mixed with 
aqueous ClO2 solution in a closed vessel. Despite its low water solubility, TEMPO was 
dissolved (observed as a color change from red to black) when the TEMPO was 
converted to the nitrosonium ion (TEMPO+). [2] For NaOCl activation TEMPO was 
mixed with an excess of NaOCl in water. The pH level of the solution was adjusted to 
7.5 with sulfuric acid. The solution was mixed in a closed vessel until TEMPO was 
completely dissolved and converted to TEMPO+ by HOCl.  

3.6 TEMPO-mediated oxidation of the cellulose pulps and 
xylitol 

All oxidations were carried out in a Büchi glass reactor (1.6 dm3) at 25 °C. The chemical 
dosages and the consistency of the pulp / xylitol suspension were varied while its 
volume of 1.2 dm3 was maintained in all experiments. The pulp / xylitol and the 
activated TEMPO solution were mixed. Later, NaOCl was added to the closed reactor 
by a pump (excluding the oxidations presented in Figure 11 where NaOCl was added 
all at once) with the adjusted pump speed at a pH < 9. After the addition of NaOCl, pH 
was kept constant at the target level (pH 8-9) by adding 1 M NaOH with an automatic 
titrator. The oxidation rate was followed by iodometric titration until all oxidant was 
consumed. The pulp was washed through a wire cloth. The carboxylate content and 
the CED-viscosity were then analyzed from the washed pulp samples. 

3.7 Conversion of residual aldehydes to carboxylates with 
chlorous acid 

The TEMPO-oxidized pulp suspension (1 % pulp consistency) was acidified to pH 3 with 
HCl, and then NaClO2 was added (10 mM initial concentration). The suspension was 
mixed in the Büchi reactor for 2h at 50 °C. Finally, the pulp was washed with deionized 
water. The CED-viscosity of the pulp was analyzed according to the standard method, 
SCAN-CM 15.99, prior to the calculation of DPv (da Silva Perez, van Heiningen 2002). 
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3.8 Analysis of carboxylate and aldehyde contents of pulps  

The carboxylate content of the pulps was determined by conductometric titration 
(SCAN-CM 65:02) using Methrohm 751 GPD Titrino automatic titrator and Tiamo 1.2.1. 
software.  The data were processed with Origin 9 (OriginLab Corporation (MA, USA)). 
The aldehyde content of the pulps was calculated as the difference in their carboxylate 
contents before and after post-oxidation with HClO2. 

3.9 WRV analysis 

Prior to the water retention analysis (WRV) analysis, the cellulosic samples were 
converted to their Na+-form. All of the subsequent treatments were done at 1% 
consistency; filtration through a Büchner funnel was done before the change of 
solution.  First, the samples were converted to their protonated form via treatment in 
10 mM HCl for 1 hour. Then, the samples were washed twice with pure water. 
Conversion to Na+-form was done by immersing the samples a 1 mM NaHCO3 solution 
for 2 hours, with the pH adjusted to 9.5-10 with 0.1 M NaOH. Finally, the samples were 
washed with water until the conductivity of the slurry was less than 5 μS/cm. The WRV 
analysis was done according to the standard SCAN-C 102 XE with a Jouan GR 4.22 
centrifuge.   

3.10 Carbohydrate analysis 

The carbohydrate composition (e.g. xylan content) of the pulps was determined by 
quantitative saccharification upon acid hydrolysis according to the standard procedure 
reported by Sluiter et al. (2011). The monosaccharides were determined by high 
performance anion exchange chromatography with pulse amperometric detection 
(HPAEC-PAD) in a Dionex ICS-3000 system (Sunnyvale (CA), USA). The content of xylan 
was calculated from the monosaccharide content using a correction factor (Sluiter et 
al. 2011).  

3.11 XRD analysis 

The pulp samples were pressed into tablets prior to the analysis. The diffractograms 
were recorded in a Philips X’Pert MPD X-ray diffractometer in the powder method in a 
range of 5-40° 2θ with Graphite-monochromatized Cu Kα radiation (λ = 0.1541 nm). 
The working conditions were 40 kV by 50 mA tube power. The crystallinity indexes 
were calculated using the Segal method.  

3.12 Active chlorine titration 

10 ml of KI solution (80 g/l) and 20 ml of 1 M sulphuric acid were added to an 
Erlenmeyer flask. A known amount of the sample (an unfiltered sample solution from 
the reactor) was then added to Erlenmeyer flask.  NaOCl was titrated with iodometric 
titration.  The stoichiometry between chlorine (Cl2) and the measured hypochlorite 
(NaOCl) is 1:1. The stoichiometry between chlorine (Cl2) and the measured chlorite 
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(NaClO2) is 1:2. The stoichiometry between chlorine (Cl2) and the measured chlorite 
(ClO2) is 1:2.5. 

3.13 Iodometric titration of Cl(+1), Br(+1) and TEMPO+ 

The applied titration sequence is based on the titration method of Wartiovaara 
(Wartiovaara 1982) excluding the analysis of TEMPO+. Wartiovaara describes a three 
point titration of ClO2 and hypochlorite at pH 8.3, further titration of chlorite at pH 
below 2, and finally, the titration of chlorate at pH below 1. Only the alkaline (pH 8.3) 
titrations to determine the amount of TEMPO+ formed and Cl(+1) were conducted. The 
liberated iodine was titrated against Na2S2O3 using starch as an indicator. The titration 
of iodine with sodium thiosulfate is based on the following reaction (Eq 1): 

I2  +  2 S2O3
2-  →  S4O6

2-  +  2 I-                     (Eq. 1) 

First, 25 ml of a borate buffer (pH 8.3) was added to two Erlenmeyer flasks. Then, 0.5 
ml of DMSO, which can be used as a masking agent for HOCl and HOBr, was added to 
one of the Erlenmeyer flasks (Imaizumi, Kanayama & Oikawa 1995, Lehtimaa et al. 
2008, Tarvo et al. 2009, Yoon, Wang 2002, Viroopakshappa, Jagannadham 2002). A 
known amount of the sample solutions together with an excess amount of potassium 
iodide (KI) was added to both of the Erlenmeyer flasks.  When bromine was present, 
the solution required stabilization for a few minutes prior to the addition of KI, since 
HOBr is trapped by DMSO more slowly than HOCl. All samples were titrated against 
Na2S2O3 using starch as an indicator. The following reactions (Eq. 2 and Eq. 3) occur in 
the mildly alkaline medium: 

HOX  +  H+  +  2 I-    X-  +  I2  +  H2O                        (Eq. 2) 

2 TEMPO+  +  2 I-      2 TEMPO + I2                                                        (Eq. 3) 

The DMSO containing sample includes only the reaction product (iodine) with TEMPO+, 
because Eq. 2 is suppressed in DMSO. Iodide reduces TEMPO+ to TEMPO radical (Sen', 
Golubev & Kosheleva 1977, Golubev, Sen' & Rozantsev 1979, Golubev, Rozantsev & 
Neiman 1965, Rozantsev, Sholle 1971); thus, the thiosulphate consumption 
corresponds stoichiometrically to the amount of TEMPO+ in the sample (Eq. 1 and Eq. 
3). 

 

3.14 UV-Vis absorption spectroscopy of TEMPO/NaOCl/buffer 
solutions 

NaOCl/TEMPO mixtures in a buffer solution (pH 8.3), corresponding to the ones which 
were used in the titrations, were prepared and measured with a Shimadzu UV-2550 
spectrophotometer.  2 mM TEMPO and 4 mM NaOCl solutions in buffer and the buffer 
solution without any added chemicals were measured as reference samples.  All 
solutions were diluted to a ratio of 1/5 by the buffer solution prior to the 
measurement. 
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3.15 Mathematical reconstruction of pure spectral 
components from UV-Vis data 

First, the range of linear response in the UV-Vis measurements was identified by 
looking at singularities in their loading factors from Principal Component Analysis 
(PCA)(Abdi, Williams 2010); the range was assumed to be TEMPO, TEMPO+, HOCl/-OCl 
mixture (which is referred to as Cl(+1)) and a constant background consisting of a 
baseline and absorption by the buffer. A number of varying components equal to three 
was also confirmed by PCA: the first three factors explain over 99 % of data variance 
(for data at 200-400 nm). The background, derived from the spectrum of a buffer-only 
solution, was subtracted from all spectra. The millimolar spectra of pure TEMPO and 
Cl(+1) were taken from spectra of the respective substance in buffer, after subtracting 
the background and dividing for the concentration. The spectrum of TEMPO+ was 
reconstructed by an algorithm inspired by the Multivariate Curve Resolution-Alternate 
Least Squares method (Jaumot et al. 2005), which recursively alternates least-squares 
fitting of the bilinear model D = CS + E and the application of constraints to the 
obtained solution. D is the n × w matrix of UV-Vis measurements (n = number of 
measurements, w = number of wavechannels), C is the n × p matrix of concentrations 
in mmol dm-3 (p = number of independent components, here equal to 3), S is the p × 
w matrix of spectra of pure components and E accounts for noise. The constraints 
included non-negativity of absorbances and concentrations, stoichiometric balances 
and a monotonic decrease of reactants; they were applied by substituting any 
absorption or concentration that violated these constraints with the closest admissible 
value. The initial estimate for the spectrum of 1 mM TEMPO+ was taken as the 
spectrum from the latest point in the reaction mixture, subtracted by the background, 
divided by 1.8 (i.e. 90% of the initial 1 mM TEMPO) and again subtracted by the 
spectrum of 1 mM Cl(+1). The algorithm was iterated until convergence and the final 
spectra were used to obtain the concentrations of the corresponding substances by 
linear least-squares fit. All calculations were performed using MATLAB® version 8.2 
R2014a (The Mathworks (USA)). 

3.16 Oxidation tests with model compounds 

First, 1-propanol or 2-propanol and NaOCl were mixed with water in the Büchi reactor 
at 25 °C.  When NaBr was used, it was added to the reactor right in the beginning. 
When chlorine dioxide was applied, it was added after a delay to the mixture. The pH 
level ascended to 11 after NaOCl addition and decreased rapidly when the oxidation 
reaction started. The pH level was adjusted to 10 with 1 M NaOH and an automatic 
titrator after the rapid decrease of pH. The oxidation rate was followed by iodometric 
titration until all HOCl was consumed.  

 

3.17 Preparation of bacterial cellulose (BC) suspensions  

First, alkaline extraction was applied to remove micro-organisms and soluble 
polysaccharides (0.1 M NaOH / 80 °C / 20 min). The collected BC was washed ten times 
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with pure water. Then the pH of BC was adjusted to 9 with NaOH prior to the rough 
disintegration with a laboratory blender (Waring Blender LB20EG, Christon Particle 
Technologies, UK) for 10 min. The roughly disintegrated BC was then fluidized by the 
same procedure as the TEMPO-oxidized pulps. 

3.18 Fluidization 

The fluidization of TEMPO-oxidized pulps was carried out with a Microfluidics M-110P 
device with two chambers: 200 μm and 100 μm. The pulp was diluted to 1.5 % 
concentration at pH 9. The pressure during the fluidization was 1000 Bar. 1 pass 
(through both chambers) was conducted. 

3.19 Turbidity and Brookfield viscosity 

The turbidity of the fluidized gels was measured with a HACH P2100 Turbidometer with 
a 50 ml measuring vessel. The nanofibrillated cellulose (NFC) sample was diluted in 
water to 0.1% concentration for the measurement. Three parallel measurements were 
carried out. The apparent viscosity of NFC was measured with a Brookfield viscometer. 
For this measurement the NFC sample was diluted in water to 0.8% concentration. 
Temperature during the measurement was adjusted to 20 °C ± 1 °C and a low rotational 
speed of 10 rpm was applied. Two parallel measurements were carried out. 

3.20 NFC and BA fibril topological properties by Atomic Force 
Microscopy (AFM) 

Nano-scale topology of fluidized TEMPO-oxidized cellulose nanofibrils was 
investigated with a Nanoscope IIIa Multimode scanning probe microscope (Digital 
Instruments, Inc., Santa Barbara, CA). The images were scanned using silicon 
cantilevers (Ultrasharp μmasch, Tallinn, Estonia). The TEMPO-oxidized NFC gels with 
different xylan contents were diluted to 1 % with pure water. Thereafter, a drop of 
diluted NFC dispersion was dried on a Mica surface, (the droplet was allowed to dry to 
an extremely smooth film before the AFM). The fibrillar cross sections in order of Z-
axis were analyzed with the section tool of AFM software.  At least three different 
locations on each sample were scanned with image sizes of 5 x 5 μm2, 3 x 3 μm2, and 
1 x 1 μm2. The AFM technique gives only accurate values in the Z-direction due to the 
image artifacts related to the AFM technique (Orelma et al. 2012, Pääkkö et al. 2007). 
No image processing was done except image flattening. The fibril dimension analyses 
were carried out by Nanoscope Analysis software (Version 1.5, Bruker) with the section 
tool. At least ten different sections from separate NFC fibrils of each image were 
analyzed.    

3.21 Swelling 

The swelling of the NFC was determined with a modified version of the solute exclusion 
test (Grönqvist et al. 2014, Maloney 2015). The water inaccessible to a probe dextran 
molecule is measured. Two different probe molecules were used in the measurement 
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in order to measure swelling at the interparticle and intraparticle levels. 2 MDa dextran 
(T2000 from Pharmacosmos) was used in one set of measurements. This dextran is 
typically applied to determinate the fiber saturation point for macroscopic pulp fibers. 
Since its Stokes diameter (54 nm) is much larger than the diameter of the NFC (about 
3.5 nm), it can be used to measure swelling water trapped in the interstices between 
particles. A 5 kDa dextran (T5 from Pharmacosmos) with a Stokes diameter of 3.2 nm 
was used to measure the particle swelling of the NFC. Since the size of the dextran is 
on the same length scale as the NFC diameter, water between the NFC strands will be 
largely excluded from the measurement. Thus the measurement will more closely 
reflect the water trapped within the fine scale morphological features of the NFC. 

 

In the measurement, 5 % NFC was added to a sample of the birch kraft bale pulp. The 
entire sample was measured and the contribution of the NFC was calculated. The fiber 
matrix helps disperse and filter the NFC. Samples were measured in duplicate, with 
agreement between replicate measurements better than ± 0.1 mL g-1. Swelling 
measurements were made under conditions of low conductivity, 15-45 μS/cm, pH 7.5-
8.0 with carboxyl groups in the Na+ form. 
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4. Results and discussion 

4.1 Oxidation of TEMPO to TEMPO+ 

4.1.1 Oxidation of TEMPO with ClO2 

When solid TEMPO was mixed with aqueous ClO2 solution in a closed glass flask (Figure 
8), a clear, reddish solution of TEMPO+ was obtained after repeated shaking of the 
mixture. The course of the reaction was also observed through the red-to-black 
conversion of solid  TEMPO on the glass wall by the action of ClO2 vapor.  The black 
intermediate of TEMPO does not occur without ClO2 as the activator of TEMPO.  Ganiev 
described the reaction of TEMPO and ClO2 a pronounced intensification of color and 
he proposed a charge-transfer complex as an intermediate prior to the formation of 
TEMPO+ (Ganiev et al. 2001). However, it remains unclear if the black color has any 
relation with the existence of the charge-transfer complex.  

 

 

 

Figure 8. The dissolution of TEMPO in aqueous ClO2 solution. (a) TEMPO is a red solid 
powder at room temperature, whereas the aqueous ClO2 solution is the yellowish and 
volatile reagent. (b-c) Partial dissolution takes place immediately after mixing of 
TEMPO and the aqueous ClO2 solution. Solid TEMPO on the wall of the flask turns black 
by the action of ClO2 vapor. (d) A clear, reddish solution of TEMPO+ is obtained after 
periodical shaking of the flask.  

 

The activation of aqueous TEMPO by an equimolar amount of ClO2 was studied with 
UV-Vis absorption spectroscopy (Figure 9). The complete consumption of ClO2 could 
be seen by the immediate disappearance of its specific absorption at 360 nm right after 

(a) (b) (c) (d)
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the mixing of ClO2 and TEMPO (Figure 9). The kinetics of the fast reaction was not 
measured but, according to Ganiev (Ganiev et al. 2001), the pseudo-first-order rate 
constant for the reaction between ClO2 and 0.01 M TEMPO is 3.7 x 105 s-1 at room 
temperature. The difference spectrum of the reaction mixture and the TEMPO solution 
had a maximum at 290 nm and a minimum at 245 nm (Figure 9B). According to Israeli 
(Goldstein et al. 2003, Israeli et al. 2005) the change in absorption at 290 nm can be 
used to follow the formation of the oxidized TEMPO while the change in the absorption 
at 245 nm is related to the decay of the TEMPO radical.  
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Figure 9. (a) Absorption spectra of 1 mM TEMPO, 1 mM ClO2 and an equimolar mixture 
of these (1 mM each).  (b) The difference spectrum of the 1 mM 1:1 mixture of TEMPO 
and ClO2 and the 1 mM TEMPO solution. (Paper I) 

ClO2 as an activator in the TEMPO catalyzed oxidation of 1-propanol was tested by 
adding of ClO2 directly to the reaction mixture. Without using NaBr or ClO2, the 
catalytic oxidation of 1-propanol was not initiated (Figure 10). After adding an 
equimolar or higher amount of ClO2 relative to TEMPO, the system activated 
immediately without any induction time, and the oxidation proceeded at a high rate. 
The disappearance of ClO2, formation of TEMPO+ (Figure 9) and oxidation of 1-
propanol with TEMPO+ after ClO2 addition (Figure 10) support the hypothesis that ClO2 
can replace bromide in activating TEMPO for the oxidation catalysis of cellulose. 
Numerous pulp oxidations were conducted with ClO2 activated TEMPO. 
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Figure 10. Consumption of hypochlorite (57 mM) in the TEMPO (0.8 mM) mediated 
oxidation of 1-propanol (50 mM) at pH 9.5 at 25 °C. No NaBr was used but ClO2 (1.3 
mM) was added at the reaction time of 17 min.  

4.1.2 ClO2 activated TEMPO-mediated oxidation of bleached birch 
kraft pulp 

Bleached birch kraft pulp was oxidized using the ClO2 activated TEMPO catalyst. 
According to reference trials without using any activator, hypochlorite was consumed 
very slowly. However, when TEMPO was first activated with ≥ equimolar amount of 
ClO2, and then mixed with the pulp suspension and hypochlorite, the oxidation 
proceeded at a high rate from the beginning (Figure 11). One third of the oxidant, 
corresponding to ~1 mmol g-1, was consumed in 10 min, while the further oxidation 
was much slower. The reaction rate in the second phase depended on pH and was 
faster at pH 8 than at pH 7 or 9. The carboxylate content after post-oxidation with 
HClO2 was ≥ 0.9 mmol g-1 of oxidized pulp. The highest CED-viscosity value (463 ml g-1) 
was acquired at pH 8 (Table 1). The corresponding bromide-free TEMPO-mediated 
oxidation of bleached birch pulp with NaOCl activation of TEMPO resulted similar 
values at pH 9 (0.97 mmol COOH g-1, 399 ml g-1).  
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Figure 11. Effect of pH on the consumption of hypochlorite (30 mM) in TEMPO (0.8 
mM) mediated oxidation of a birch kraft pulp (10 g pulp/dm3). TEMPO was activated 
with ClO2 ([ClO2]:[TEMPO] =  1.4) prior to mixing with the pulp. 

Table 1. Effect of pH on the selectivity of TEMPO mediated oxidation of a birch kraft 
pulp. TEMPO was activated with ClO2 prior to the oxidation. The residual aldehydes 
were converted to carboxylates with HClO2 after the oxidation.  
     

pH CED – viscosity  
(ml g-1)  

Carboxylate content after post-
oxidation with HClO2 (mmol g-1) 

9 365 0.98 
8 462 0.99 
7 416 0.90 

 

The carboxylate formation appeared to slow down when NaOCl addition was > 3 mmol 
g-1 on the birch pulp (Figure 12A). The same phenomenon has been reported to take 
place with the TEMPO/NaBr/NaOCl process (Isogai, Saito & Fukuzumi 2011).  
Moreover, the selectivity of the oxidation was decreased with the NaOCl addition > 3 
mmol g-1 (Figure 12B). The extent of depolymerization of cellulose, characterized by 
the change of 1/DP (Figure 12C) and decrease of yield (Figure 12D), indicated that the 
critical point of hypochlorite addition was 3 mmol g-1 with regard to product quality. 
The rate of depolymerization also depended on pH maintained with the oxidations.  
Increasing the oxidation pH from 8 to 9-10 doubled the depolymerization rate, 
probably due to the alkali-catalyzed β-elimination reaction of the carbonyl (aldehydes 
and ketones) structures. 
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Figure 12. (a) Effect of the addition of NaOCl on the carboxylate and aldehyde contents 
of pulps oxidized using ClO2 activated TEMPO as a catalyst. Conditions: pH 8, 25 °C, 
pulp consistency 2-4 %, 2-2.5 mM TEMPO.  (b) Effect of the addition of NaOCl on its 
consumption in formation of carboxylate (ΔCOOH) and aldehyde (ΔCHO) groups in 
pulp during its ClO2 activated TEMPO-mediated oxidation. Conditions: pH 8, 25 °C, pulp 
consistency 3-4 %, 2 mM TEMPO. The dotted line denotes theoretical 100 % selectivity. 
(c) Effect of the addition of NaOCl on the depolymerization of cellulose quantified by 
the increase in 1/DP in pulps oxidized using ClO2 activated TEMPO as a catalyst. 
Conditions: pH 8, 25 °C, pulp consistency 2-4 %, 2-2.5 mM TEMPO. (d) Effect of the 
addition of NaOCl on the yield (%) of cellulose. Conditions: pH 8, 25 °C, pulp consistency 
4 %, 2.5 mM TEMPO. The reference sample (NaOCl dosage 0 mmol g-1 pulp) was 
conducted with corresponding addition of ClO2 and TEMPO. (Paper I) 

 

4.1.3 Iodometric titration of TEMPO+ and Cl(+1)  

The reaction of TEMPO and NaOCl was studied in a pH 8.3 buffer solution because at 
this pH the content of the undissociated HOCl (pKa 7.5), the reactive species of Cl(+1), 
is still relatively high (~14 %). The reaction was monitored as a function of time by 
iodometric titrations with and without DMSO (Figure 13), which is used as a masking 
agent for HOCl (Imaizumi, Kanayama & Oikawa 1995, Yoon, Wang 2002, Lehtimaa et 
al. 2008, Tarvo et al. 2009). The formation of a reaction product was only detected 
when DMSO was in solution. The reaction product disappeared when an aliphatic 
alcohol was added to the reaction mixture of TEMPO and NaOCl. The slow formation 
under the low reactant concentrations and the disappearance with the added alcohol 
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promoted the hypothesis that the component was the oxidized form of TEMPO, 
namely TEMPO+, which has been reported to react stoichiometrically with iodine as 
described in Eq. 3 (Sen', Golubev & Kosheleva 1977, Golubev, Sen' & Rozantsev 1979, 
Golubev, Rozantsev & Neiman 1965, Rozantsev, Sholle 1971). TEMPO+ is converted to 
its reduced form, a hydroxylamine (TEMPOH), during reaction with alcohols (Scheme 
9). Primary aliphatic alcohols can be oxidized with TEMPO+ to their corresponding 
aldehydes within a few minutes (Anelli et al. 1987). The oxidation of the alcohols with 
TEMPO+ is clearly faster with NaBr added (Bragd, Besemer & van Bekkum 2000). The 
co-catalysis by bromide ion could be due to the faster activation of TEMPO to its 
oxidized form. The thiosulphate consumption with added DMSO was converted to the 
concentration of TEMPO+ according to Eqs. 1 and 3 (Figure 16). The concentration of 
Cl(+1) was obtained from the difference in the thiosulphate consumption with and 
without the added DMSO by applying Eqs. 1 and 2.  TEMPO+ was clearly formed in 
parallel with the consumption of Cl(+1). 
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Figure 13.  Result of iodometric titrations of a reaction mixture of 2 mM TEMPO and 4 
mM NaOCl in a borate buffer (pH 8.3) at room temperature for different reaction 
times. The product, which was not trapped by DMSO, was formed as a function of 
reaction time. (Paper III) 

The correlation between the amount of Cl(+1) consumed and the TEMPO+ formed is 
further illustrated in Figure 14.  The stoichiometry of the activation reaction with HOCl 
and TEMPO is proposed to be 1:2 (Bragd, Besemer & van Bekkum 2000). The observed 
results correlate with the 1:2 stoichiometry except for the longest reaction times > 90 
min. This deviation could be explained with the formation of ClO3

- which was detected 
after several hours of reaction time. The chlorate formation correlates with the self-
decomposition of HOCl (Lewin, Avrahami 1955), which is more pronounced at long 
reaction times and especially at high hypochlorite concentrations. 
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Figure 14. The correlation between the Cl(+1) consumed and the formed TEMPO+ in a 
reaction of 2 mM TEMPO and 4 mM NaOCl in a borate buffer (pH 8.3) at room 
temperature. The reaction was monitored as a function of time. The concentrations of 
TEMPO+ formed and Cl(+1) consumed were obtained by iodometric titration.  (Paper 
III) 

The conversion of TEMPO and Cl(+1) and the formation of TEMPO+ were also 
monitored by UV-Vis absorption spectroscopy (Figure 16). The reaction solutions were 
similar to those analyzed by iodometric titration in Figures 13 and 14. Mathematical 
fitting was used instead of direct observation of the absorption maxima shifting due to 
the overlapping of the spectra of TEMPO, TEMPO+, and the Cl(+1). The mathematically 
reconstructed spectra of TEMPO, TEMPO+, and Cl(+1) are shown in Figure 15. 
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Figure 15. Mathematically reconstructed spectra of TEMPO, TEMPO+, and Cl(+1) from 
monitoring the reaction of 2 mM TEMPO and 4 mM NaOCl in a borate buffer (pH 8.3) 
by UV-Vis spectroscopy at room temperature. (Paper III) 
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Figure 16. Disappearance of Cl(+1) and TEMPO and formation of TEMPO+ in a reaction 
mixture of 2 mM TEMPO and 4 mM NaOCl in a borate buffer (pH 8.3) at room 
temperature. The graph compares the results obtained by iodometric titration and UV-
Vis spectroscopy combined with MCR. (Paper III) 

 

The use of DMSO as a masking agent of HOCl has been reported in several papers 
(Imaizumi, Kanayama & Oikawa 1995, Yoon, Wang 2002, Lehtimaa et al. 2008, Tarvo 
et al. 2009). In addition, DMSO can be applied as a masking agent for HOBr 
(Viroopakshappa, Jagannadham 2002). The reaction rate between DMSO and HOBr, 
which is slower than corresponding rate between DMSO and HOCl, was determined by 
varying the incubation time prior to the addition of KI and starch (Figure 17). The 
trapping of HOBr by DMSO appeared to follow the first order exponential decay, thus, 
the following equation was fitted to the titration data:   

[HOBr] = [HOBr]0 e-kt    (Eq. 4) 
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Figure 17. The decomposition of HOBr, formed from 4 mM NaBr and 4 mM NaOCl in a 
borate buffer (pH 8.3) at RT, by DMSO as monitored by iodometric titration. (Paper III) 

The catalytic oxidation of a bleached birch kraft pulp with preactivated TEMPO (2 mM) 
at pH 9, that has been reported to be the optimum pH for the bromide-free oxidation 
(Bragd, Besemer & van Bekkum 2000), was monitored by the iodometric titration of 
Cl(+1) and TEMPO+ as shown in Figure 18. During the course of the oxidation TEMPO 
existed mostly in the form of TEMPO+, the concentration of which stayed at a constant 
level (1.7 mM) until all Cl(+1) was consumed. However, TEMPO+ could not be detected 
during the first minutes after mixing the NaOCl pre-activated TEMPO with NaOCl and 
the reactive, alkali treated birch kraft pulps. That phenomenon was verified in 
numerous oxidation experiments.  Thus, it can be concluded that TEMPOH conversion 
to TEMPO+ is the rate-determining step within the early minutes of the oxidation of 
the reactive pulps. However, the primary hydroxyl oxidation to carboxylates via an 
aldehyde intermediate with TEMPO+ becomes the rate determining step of pulp 
oxidation along with the diminishing content of the unreacted, available primary 
hydroxyl groups.   
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Figure 18. Disapperance of Cl(+1) and TEMPO+ during TEMPO (2 mM) catalyzed 
oxidation of a bleached birch kraft pulp (4 % pulp consistency) with NaOCl (57 mM) at 
RT, pH 9 conditions. TEMPO was preactivated with NaOCl. (Paper III) 

4.1.4 Oxidation of TEMPO with Cl(+1) 

To minimize their decomposition, aqueous solutions of NaOCl are stored alkaline (pH > 
12). When aqueous mixtures of NaOCl and TEMPO were neutralized (pH < 8), the 
catalyst solubilized easily (Figure 19).  Concurrently, TEMPO was converted to the more 
water soluble TEMPO+ by the action of HOCl. The black intermediate, which was 
observed when mixing TEMPO and ClO2, was absent in this TEMPO activation 
treatment with Cl(+1).  

 

 

Figure 19. The dissolution of TEMPO with aqueous NaOCl at neutral conditions. (a) 
Solid TEMPO and 0.2 M NaOCl solution. (b) TEMPO remains as solid after mixing with 
hypochlorite (pH > 12). (c) TEMPO is dissolved easily after lowering pH of solution to 
neutral or slightly alkaline (pH < 8). The solution was mixed periodically. (d) TEMPO is 
converted to TEMPO+ and the catalyst solution is ready to initiate the oxidation of 
cellulose immediately after addition to the pulp solution.  

The concentration of NaOCl and its molar ratio with TEMPO clearly affected the rate 
in which TEMPO+ was formed (Figure 20). At the plateau point its concentration, 

(a) (c) (d)(b)
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measured with the consumption of thiosulfate (iodometric titration in the presence of 
DMSO), TEMPO+ was formed almost in a quantitative yield. The results demonstrate 
that a separate activation treatment of TEMPO prior to its application as a bromide-
free oxidation catalyst can be feasible. A complete activation can be accomplished in 
< 30 min when 20-40 mM TEMPO and an excess of NaOCl are mixed at pH 7-8. Later, 
the excess of NaOCl will be consumed in the subsequent oxidation of the pulp. 

 

Figure 20. Effect of the concentrations of TEMPO and NaOCl on the conversion to 
TEMPO+ in a borate buffer (pH 8.3) as a function of time, analyzed by iodometric 
titration. (Paper III)    

Although it has been stated that the dissociation of hydroxymethyl groups (pKa > 12) 
promotes their oxidation with TEMPO (Isogai, Saito & Fukuzumi 2011), acidity of the 
primary oxidant, HOBr or HOCl, should be taken into account when choosing pH of 
both the preactivation treatment and the bulk oxidation stage (Figure 21). The 
optimum pH range of ~ 7.5-9 is applicable for the TEMPO/NaOCl system whereas 
TEMPO/NaBr/NaOCl process works best in pH range of ~ 9-11 (Figure 21).  
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Figure 21. pKa curves of HOCl and HOBr. The convenient pH ranges with TEMPO-
mediated oxidation systems are marked with red (TEMPO/NaOCl or 
TEMPO/ClO2/NaOCl) and blue (TEMPO/NaBr/NaOCl) rectangles.    

The concentration of bromide in the TEMPO/NaBr/NaOCl system determined the 
length of the observed induction period prior to the fast hydroxyl oxidation with 
TEMPO+ (Figure 22). The length of the induction period was inversely related to the 
amount of NaBr added. Clearly, bromide accelerated the initial formation of the 
nitrosonium ion, probably through the formation of HOBr. The insignificance of 
bromide after activation can be explained by a fast reoxidation of the hydroxylamine 
by HOCl/HOBr (Bragd, Besemer & van Bekkum 2000, Pääkkönen et al. 2015). Thus, the 
key for a bromine-free oxidation by hypochlorite is to apply another activator for the 
initial conversion of the TEMPO radical. 
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Figure 22. Consumption of hypochlorite (57 mM) in TEMPO (0.09 mM) mediated 
oxidation of 1-propanol (100 mM) at pH 10 at 25 °C. Three different concentrations of 
NaBr were applied: 2, 6 and 16 mM. (Paper I) 
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The reaction times and carboxylate contents with NaOCl-activated TEMPO-mediated 
oxidations of pulp were quite similar to those ones with ClO2-activated TEMPO-
mediated oxidations of pulp. Results from the pulp oxidations with NaOCl-activated 
TEMPO-mediated oxidations of pulp are summarized in more detail in the next chapter 
where the enhancing effect of alkali pretreatments of pulp on its oxidation is also 
described.  

4.2 Alkali treatment of pulp to enhance TEMPO-mediated 
oxidation 

4.2.1 Alkalinity of pretreatment 

The conventional bromide-free TEMPO catalyzed oxidations are typically slow and 
inefficient (Saito et al. 2010, Isogai, Saito & Isogai 2011, Tanaka, Saito & Isogai 2012, 
Liaigre, Breton & Belgsir 2005). Alkali pretreatment of pulps have been applied to 
dissolve xylan and to increase the swelling of fiber walls, which leads to increased 
accessibility of cellulose hydroxyl groups prior to the oxidation.  Alkali treatments of 
bleached birch pulp were conducted at several alkali concentrations (Figure 23). The 
xylan content decreased linearly from 25.3 % to 7.3 % when the concentration of NaOH 
increased from 0 to 2 M (Paper II and Paper IV).  The water retention value (WRV) of 
never-dried birch pulp decreased up to 15 % with alkali treatment ≥ 1 M NaOH (15 
min) (Paper II).  
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Figure 23. The xylan contents of bleached birch kraft pulps after alkali treatments with 
various NaOH concentrations. Pulps were mechanically stirred for 15 min at RT and 
5 % pulp consistency with after which the pulps were washed with water to pH 10-11. 
(Paper IV)   

Alkali extraction of bleached pulps was applied as a pretreatment prior to their 
oxidation with NaOCl using the bromide-free TEMPO catalysis. The reaction time of 
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TEMPO-mediated oxidation was reduced significantly (up to 80 %) especially with alkali 
treatments using more than 0.5 M NaOH (Figure 24). The total reaction time reduced 
from 2.5 to 0.5 h by applying a pretreatment with 0.75 M NaOH. A similar reduction of 
reaction time was acquired after 1 M NaOH pretreatment of industrially dried 
bleached birch kraft pulp. The final pH after washing, within the range 7-12, did not 
influence the pulp behavior during the oxidation. Moreover, the treatment time with 
alkali extraction did not influence the pulp behavior during the oxidation. The typically 
applied alkali treatment time was 15 min, but 1 min was also observed to be as 
effective in accelerating the TEMPO-mediated oxidation of bleached birch pulp. 
Moreover, raising temperature of the alkali treatment had no effect on either the 
carboxylate content of the TEMPO-oxidized pulp or the oxidation time. Alkali 
pretreatment (1M NaOH) of a eucalyptus prehydrolysis kraft pulp decreased its 
oxidation time from 50 min to 25 min, i.e. 50 %, at NaOCl dosage of NaOCl dosage 2.4 
mmol g-1 (unpublished data). The smaller relative effect can be understood against the 
lower xylan content of the prehydrolysis kraft pulp. 
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Figure 24. Disappearance of Cl(+1) during TEMPO-mediated oxidation of alkali treated 
never-dried bleached birch kraft pulps. Alkali treatments (0.5 M, 0.75 M, 1.5 M) of the 
pulps were conducted at RT using 15 min reaction time.  TEMPO-mediated oxidation 
conditions were 2.4 mmol NaOCl g-1, 0.05 mmol TEMPO g-1, 4 % pulp consistency, 25 °C, 
continuous mixing. (Paper II) 

At completion of the reaction at a constant NaOCl dosage (2.4 mmol NaOCl g-1), the 
amount of carboxylic acid groups formed in the catalytic oxidation with NaOCl 
activated TEMPO was nearly independent of the pretreatment applied (Figure 25); 
however, when the oxidized pulps were post-oxidized with HClO2, almost 20% higher 
carboxylic acid contents were measured for the pulps pretreated with ≥ 1 M NaOH, 
corresponding to an increase in overall selectivity of the oxidation from 80 % to 88 %. 
The increase in the carboxylic acid content caused by the post-oxidation equals the 
amount of residual aldehyde groups in the pulp after the catalytic oxidation as chlorous 
acid is known to react selectively and stoichiometrically with aldehydes (Lehtimaa et 
al. 2010). Thus, the amount of the residual aldehyde groups increased as a result of 
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the alkali pretreatment and depending on its alkalinity. This is related to the effect of 
the pretreatment on the catalytic oxidation time – the pretreatment increased the 
accessibility of cellulose for the primary oxidation but did not directly affect the 
secondary oxidation of the aldehydes formed to carboxylic acid groups. The observed 
increase in the total amount of the oxidized primary hydroxyl groups after 
pretreatment with ≥ 0.5 M NaOH indicates an increase in the accessibility of cellulose; 
however, the increase levelled off at around 1 M NaOH concentration. According to 
XRD, there were no changes in the crystallinity of the pulp treated with 1 M NaOH 
concentration. However, a pulp treated with 3 M NaOH solution suffered changes in 
its supramolecular structure. This is in accordance with earlier findings that suggest 
the changes in the supramolecular structure of cellulose occur only at > 2 M NaOH. 
Thus, the increased reactivity could not be related to any interconversion between the 
allomorphs of cellulose (Dinand et al. 2002).  
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Figure 25. Effect of NaOH concentration in pretreatment (15 min at RT) of never dried 
birch pulp (5 % consistency) on its TEMPO (0.05 mmol g-1) catalyzed oxidation with 
NaOCl (2.4 mmol g-1). The carboxylate content of the pulp is shown after oxidation and 
after post-oxidation with HClO2 that converts aldehydes to carboxylic acids. Bromide-
free TEMPO-mediated oxidation time refers to the time during which NaOCl was fully 
consumed. Pulp consistency was 4 % and reaction temperature 25 °C during the 
TEMPO-mediated oxidation. (Paper II) 

4.2.2 Cl(+1) dosage in NaOCl activated TEMPO-mediated 
oxidation  

A never-dried bleached birch kraft pulp pretreated with 1 M NaOH for 15 minutes at 
RT, and then washed to pH 9, was oxidized with varying hypochlorite dosages (2.4-4.5 
mmol g-1) to obtain pulps with varying carboxylate content (Figure 26). NaOCl-
activated TEMPO was applied as the catalyst in all the oxidations. The pretreated pulps 
consumed rapidly all the added NaOCl up to a 3.1 mmol g-1 dosage (Figure 26). 
However, further oxidation of the pulp slowed when higher NaOCl dosages were 
applied (3.8-4.5 mmol g-1), indicating that the number of available unreacted primary 
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hydroxyl groups was significantly reduced. In addition, the slow residual oxidation may 
occur mainly in the dissolved material or lead to additional dissolution of 
hemicelluloses or cellulose. The selectivity decrease with untreated pulps, which 
typically takes place with NaOCl dosage > 3 mmol g-1, was discussed in more detail in 
Chapter 4.1.2. (Figure 12).  

The alkaline pretreatment of pulps enabled very high carboxylate contents to be 
achieved without using bromine in the catalytic oxidation. Figure 26 illustrates the 
carboxylate contents obtained for pulps first pretreated with 1 M NaOH for 15 min at 
RT and then catalytically oxidized with varying NaOCl dosages. With a NaOCl dosage 
4.5 mmol g-1, the final carboxylate content was above 1.6 mmol g-1. Previously, the 
traditional TEMPO catalyzed oxidation with NaBr as co-catalyst and NaOCl dosage of 5 
mmol g-1 has produced carboxylate contents ranging from 1.25 to 1.5 mmol g-1 for 
bleached hardwood pulp (Saito et al. 2007, Iwamoto et al. 2010). Thus, the TEMPO-
mediated oxidation procedure with alkali pretreatment exhibits even better oxidation 
performance without the use of bromine. In addition, the selectivity of the oxidation 
was constant up to 3.8 mmol g-1 dosage. However, the reaction time (240 min) is still 
significantly longer compared to the bromine-aided oxidation (125 min) (Saito et al. 
2007).  Yet, the reaction time is significantly shorter than previously reported bromine-
free TEMPO catalyzed oxidations at acidic/neutral conditions, which exhibit reaction 
times up to 80 hours long (Hirota et al. 2009, Tanaka, Saito & Isogai 2012). The amount 
of residual aldehydes, observed as an increase in the carboxylate content caused by 
the post-oxidation with HClO2, decreased as a function of increasing NaOCl dosage. 
Although this change is usually attributed to the decrease in the number of available 
unoxidized hydroxyl groups, it was more probably caused by the extended reaction 
during which the slow secondary oxidation of the already formed aldehydes 
continued.  
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Figure 26. Effect of NaOCl dosage on the formation of oxidized groups (carboxylate 
content before and after post-oxidation with HClO2) in alkali treated (1 M NaOH, 15 
min, RT) never-dried birch kraft pulps. Catalytic oxidation conditions: 0.05 mmol/g 
TEMPO, 25 °C, 4 % pulp consistency. The time needed to fully consume the added 
NaOCl varied depending on its dosage. (Paper II) 
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One effect of the alkali treatment of the birch kraft pulp was the reduction of xylan 
content. To evaluate the importance of this effect, xylanase treated birch pulp was also 
catalytically oxidized (Table 2).   Although a reduction of oxidation time (152 min → 90 
min) was observed, the effect was not comparable to that of an alkali treatment that 
led to a similar xylan content (30 min oxidation time).  

Swelling refers to the loosening of the intermolecular interactions in cellulose and 
enhancement of competing interactions with the swelling agent. Swelling is diffusion 
controlled and occurs in a few minutes (Schwabe, Philipp 1954, Schwabe, Philipp 
1955). The maximum swelling, which prefers alkaline and low temperature conditions, 
is reached with 2.5 M NaOH (Saito 1939, Porro et al. 2007). Alkaline conditions have 
also been proposed to increase cellulose accessibility by increasing the surface area as 
the crystalline size decreases (Wadsworth, Cuculo & Hudson 1979). This accessibility 
increase may have more importance than the loss of xylan on the reaction rate. 

Table 2. Effect of xylanase and alkali treated never-dried birch pulp on the xylan 
content, oxidation times with TEMPO and carboxylate contents after post-oxidations 
with HClO2.  Alkali treatment was conducted with 0.75 M NaOH, 15 min at RT 
conditions.  NaOCl activated TEMPO-mediated oxidation conditions: 0.05 mmol 
TEMPO g-1, 2.4 mmol NaOCl g-1, 25 °C. (Paper II) 
Birch kraft pulp           Xylan content    Reaction time of                  Carboxylate content 

                           TEMPO-mediated              (COOH) after post-
                oxidation            oxidation with HClO2 

               (%) ± 0.4 PP      (min) ± 5 %            (mmol g-1) ± 3 % 
Untreated pulp              22.4                   152               1.02 
Xylanase treated pulp  14.7                    92               0.93 
Alkali treated pulp        14.9                    30               1.20 

4.3 Fluidized TEMPO-oxidized nanofibers 

4.3.1 Nanofibrillated cellulose (NFC) turbidity and Brookfield 
viscosity 

Nanofibrillated cellulose (NFC) was prepared by fluidizing pulp (1 pass, 1000 bar) after 
TEMPO-mediated oxidation and subsequent post-oxidation by HClO2 (Table 3). No 
notable change in the NFC quality measured by turbidity and Brookfield viscosity was 
observed due to the alkali treatment that more than halved the reaction time of 
TEMPO-mediated oxidation.  
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Table 3. Effect of alkali pretreatment (0.5 M NaOH for 15 min at RT) on pulps and NFC 
produced from never-dried birch pulps after TEMPO-mediated oxidation (4 % pulp 
consistency, 25 °C temperature). The charge of TEMPO and of NaOCl were 0.05 and 
2.4 mmol g-1, respectively. NFC was fluidized with 1 pass at 1000 bar.   (Paper II)  

   Never-dried                       Alkali  treated                                                               
                                                      birch pulp                          birch pulp 
Oxidation time (min)  150                           70 
Carboxylate content after  
post-oxidation with HClO2   (mmol g-1) 1.02  1.08 
CED-viscosity after  
post-oxidation with HClO2  (ml g-1) 417  473 

Turbidity (NTU) ± 6 %  23  28 
Brookfield viscosity (mPas) ± 2 % 9.260  11.350 

4.3.2 AFM topography of NFC and BC 

The fibrillar structure of NFC produced from the series of alkali treated and TEMPO-
oxidized birch pulps and bacterial cellulose (BC) was observed with the atomic force 
microscope (AFM). The AFM images were recorded from dried NFC dispersions 
without any fixative to maintain the actual fibrillar structure. The AFM images clearly 
revealed that all pulps were fibrillated effectively to the nanofibrillar scale except for 
some observable fibril flocs. The reduction of xylan content from 25.2 % to 7.3 % was 
accompanied with a reduction of fibril thickness from initial 4 nm to 3 nm. According 
to Table 4, it is evident that even the gentlest treatment with the 0.75 M NaOH was 
partially promoting the observed effect. Large agglomerates, of approximately 10 nm 
height, were present in AFM images of xylan-rich NFC gels, especially NFC that was 
prepared without the alkali pretreatment (Figure 27a-e). Those agglomerates most 
probably originated from xylan that was gradually removed from the pulp by increased 
severity of the alkali pretreatment (Agoda-Tandjawa et al. 2010, Pääkkö et al. 2007).  

It is conceivable that the treatments with high alkali concentrations effectively remove 
most of the xylan which is mainly located on the fibril surfaces and which acts to 
sterically stabilize cellulose fibrils in water (Duchesne et al. 2001). After removal of 
most of the surface xylan, fibrils are stabilized only by the electrostatic repulsion of 
carboxyl groups that are present on the fibril surfaces (Scheme 10), which results in 
behavior of fibrils that resembles hard cellulose nanocrystals in water (Araki, Wada & 
Kuga 2000, Duchesne et al. 2001). The BC gel contained two different fractions of 
fibrils: sub-fibril dimensions of BC were smaller than on that of birch pulp based NFC 
(Table 4), and also visible fibril aggregates, presented in the inset of Figure 27f. It is 
important to note that in BC, fibrils do not have parallel alignment as is the case for 
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birch pulp. Therefore the fluidized BC gel also contained both sub-fibrils and 
mechanically bonded larger fibril aggregates to some extent.   

 

Scheme 10. Schematic illustration on the effect of the xylan content in hardwood fiber 
on the TEMPO-mediated oxidation kinetics and hydrogel formation on the surface of 
cellulose nanofibrils. (Paper IV)   

Table 4. Effect of alkali pretreatment (AW, 0.75-2 M NaOH) on TEMPO-mediated 
oxidation of bleached birch kraft pulp (Ref). The oxidized pulps were post-treated with 
HClO2 and fluidized once through the chamber pair with diameters of 200 and 100 μm 
with a constant pressure of 1000 bar. Bacterial cellulose (BC) is included for 
comparison. AFM topography was applied to analyze the thickness of the fibrils (nm). 
(Paper IV) 

Sample name                 Ref     AW/0.75      AW/1         AW/1.5       AW/2              BC 
Alkali extraction 

NaOH (M)                  0.0   0.75            1.0                1.5             2.0                    N.A. 
Yield (%)                 100   89                85                 83              76                     N.A. 
Xylan content (%)           25.2   19.9            15.3             10.6            7.3                    N.A. 
CED-viscosity (ml g-1)     765   783              853              868             941                  N.A. 
TEMPO-mediated oxidation 

Reaction time (min)       220    132              80                51              28                     N.A. 
Carboxylate content             
(mmol g-1)                        0.89    0.90             0.93             0.85           0.90                 N.A. 
Post-oxidation with HClO2 
 Carboxylate content             
 (mmol g-1)                       0.97     1.03            1.06            1.11             1.17                N.A. 
 CED-viscosity (ml g-1)    420     418              423             411              223                N.A. 
AFM topography 
Thickness of fibril      4 ± 1.1   3.4 ± 0.8      3.6 ±0.5     2.9 ± 0.4     3.1 ± 0.6   0.5 ± 0.1 
(nm) 
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Figure 27. AFM images of the dried NFC dispersions show the effect of 0.75-2 M NaOH 
pretreatment (AW) on fibrillar structure for NFC gels: a) Ref b) AW/0.75 c) AW/1 d) 
AW/1.5 e) AW/2. The structure of BC sub-fibrils (f) is shown for reference, with an inset 
of larger fibril aggregates coexisting in BC gel. The z-limit of the images is 10 nm with 
the exception of 2.5 nm BC sub-fibrils. (Paper IV) 

The particle and network swelling of the NFC and BC samples vs xylan content is shown 
in Figure 28. It is evident that xylan has a profound impact on the water binding 
mechanism both within and between particles. The particle swelling ranges from 0.5 
mL g-1 to 2.8 mL g-1 over the xylan content range of 0 to 25.2 %. By extrapolating the 
xylan content to the maximum value (100 %) we can approximate that the xylan 
absorbs around 9 mL g-1 of water while the cellulose only absorbs 0.5 mL g-1 water.  
Further, it appears that xylan has a very heterogeneous distribution over the fibril 
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surface, resulting in heterogeneous distribution of water binding (Figure 27). The NFC 
also displays macroscopic level swelling. The network swelling water increases from 
around 3 mL g-1 to 14 mL g-1 over the range of the experiment. The swelling of any 
polyelectrolyte gel, including NFC, will be strongly affected by the charge and 
ionization of the system. In this case, the TEMPO-oxidized NFC suspensions have a 
fairly constant carboxylate content of 0.97-1.17 mmol g-1 at constant pH and 
conductivity. It can be concluded that the change in xylan content largely explains the 
swelling behavior of NCF and BC suspensions due to the particle water being trapped 
and unevenly distributed in the hemicellulose structure on the surface of the fibrils. 
The lowest swelling was measured with the non-oxidized, xylan-free BC solution.  
Moreover, dewatering analyzes of NFC and BC suspensions indicate that the reduction 
of xylan on the NFC surface decreased the water retention. 
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Figure 28. Swelling of NFC (red and blue) and BC (black) suspensions against the xylan 
content (%).  NFC samples were prepared from alkali treated (xylan reduction) and 
NaOCl activated TEMPO-oxidized birch pulps. (Paper IV) 
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5. Summary and conclusions 

This thesis covers two novel bromide-free TEMPO-mediated oxidation processes 
which can be applied to the industrial scale nanofibril production. An effective alkali 
pretreatment is introduced to decrease the oxidation time and increase the acquired 
carboxylic acid content of oxidized bleached birch kraft pulp. The reaction mechanisms 
and kinetics of TEMPO-mediated oxidation are studied with the novel TEMPO+ 
determination method. Finally, the effect of alkali treatment is studied on the TEMPO-
oxidized nanofibrils from bleached birch pulp. More closely, the effect of xylan content 
of TOCN gels is studied with AFM topography and rheological analyzes. 

 

TEMPO conversion to TEMPO+ is an underestimated and uncharted process step in the 
conventional TEMPO-oxidation processes. After initial formation of TEMPO+ from 
TEMPO, the conversion of TEMPOH to TEMPO+ with HOCl or HOBr takes place very 
efficiently in the catalyst recovery process. The novel bromide-free processes focused 
to perform the TEMPO conversion to TEMPO+ with separate process steps.  ClO2 and 
HOCl were applied as activators of TEMPO prior to the TEMPO-mediated oxidation of 
bleached birch kraft pulp with an industrially feasible reaction rate. Post-oxidation with 
HClO2 was used to increase carboxylate content and to stabilize the oxidized pulp 
against degradation reactions of aldehydes (C6). Moreover, the separate activation 
step of TEMPO was found to allow the reduction of bromide addition in the 
conventional TEMPO/NaBr/NaOCl process.  Commonly, it seems the selectivity of 
TEMPO-mediated oxidation decreases drastically above 3 mmol NaClO / g addition 
resulting to descending DP and yield.   

The alkali treatment of bleached birch kraft pulp was found to be an effective 
pretreatment prior to bromide-free TEMPO-mediated oxidation. Alkali treatment 
significantly increased the cellulose microfibril accessibility during TEMPO-mediated 
oxidation. The oxidation times were reduced significantly with short alkali treatments 
at room temperature and moderate alkali addition. The carboxylate contents 
accomplished with the combination of alkali treatment of bleached birch kraft pulp 
and HOCl activated TEMPO-mediated oxidation (pH 8-9) were comparable to the ones 
attained with the conventional TEMPO/NaBr/NaOCl process (pH 10).  The effect of 
alkali treatment was attributed to on swelling of the pulp and to xylan removal from 
the fibril surfaces. Xylan removal was studied more closely with AFM topography which 
indicated that the removal of hemicelluloses on the surfaces of fibrils was detectable 
and correlation of xylan content with the AFM images and data was evident. 
Moreover, the low xylan content of TOCN gels correlated with poor dewatering, low 
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shear modulus and low viscosity. The alkali pretreatment conditions can be varied to 
modify the TOCN gel properties. 

TEMPO+ titration was applied to monitor the TEMPO-mediated oxidation of pulp. The 
reaction kinetics of HOCl activation of TEMPO were studied. It was observed that the 
separate conversion of TEMPO by Cl(+1) at pH 7-8 can be accomplished within half a 
hour when 20-40 mM TEMPO and excess of hypochlorite is used. Correspondingly, 
TEMPO conversion to TEMPO+ occurred within a similar time period  with quite dilute 
conditions (0.2 mM TEMPO, 0.2 mM NaBr and 0.2 mM NaOCl) when bromide was 
included. The titration method was also used to determine the HOBr decomposition 
rate (< 1 min), which is essential knowledge when using the titration method on 
bromide containing oxidation processes.  

The formation of TEMPO+ (A → C, Scheme 11a) without a separate activation step is 
the rate-limiting step with bromide-free oxidations of pulp; however, the conversion 
of TEMPOH to TEMPO+ (H → C, Scheme 11b) is not the rate-limiting step of TEMPO-
mediated oxidation of pulp in the most cases. Because the conversion is relatively fast, 
it can be concluded that TEMPOH is converted to TEMPO+ without a radical 
intermediate. The disappearance of TEMPO+ was detected during the first minutes of 
the NaOCl preactivated TEMPO-oxidation of alkali treated birch kraft pulp. Thereafter, 
it was observed that TEMPO+ existed at a constant level until all Cl(+1) or Br(+1) was 
consumed in the pulp oxidations. Earlier observations about the stoichiometry of 
Cl(+1) and TEMPO (1:2) activation reaction (A → C, Scheme 11a) were verified. The 
activation step of TEMPO in the bromide-free process (Scheme 11a) to TEMPO+, A → 
C, is separate from the TEMPO-mediated oxidation process of cellulose because the 
active catalyst, TEMPO+, is recovered in a different reaction H → C (Scheme 11 b). It is 
concluded that the most likely reaction mechanism of the TEMPO-mediated oxidation 
is A → C →E/F →H → C (Scheme 11). 

 

 

 



48 
 

 

Scheme 11. The reaction mechanisms of industrially feasible bromide-free TEMPO-
mediated oxidation process. (a) The separate activation step of TEMPO to TEMPO+. (b) 
Bromide-free TEMPO-mediated oxidation by hypochlorite.  
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