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Abstract In this contribution, we report on the 
TEMPO-mediated oxidation of pulp fibers used in 
the general context of papermaking and for the future 
design of tailor-made paper in advanced applications. 
We focus in our studies on properties of TEMPO-
oxidized pulp fibers to explain the characteristics of 
the paper made thereof. 13C solid-state NMR analy-
sis reveals that in particular amorphous regions of 
the fibers are being chemically oxidized, while at the 
same time the crystalline regions of the fibers are not 
significantly affected. Investigation of the fiber mor-
phology before and after oxidation shows that the 
fiber length is not changed, yet the fibers do exhibit 
an increase in width if in contact with water, which is 

attributed to an increase in fiber swelling. In addition, 
fibrillation decreases due to the oxidative removal of 
loosely bound fines and fibrils, rendering the surface 
of the resulting oxidized fibers much smoother in 
comparison to the original fibers. Finally, we observe 
that both, dry and wet tensile strengths are also higher 
for paper made of oxidized fibers, most likely due to 
cross linkable aldehyde groups formed during oxi-
dation (i.e. hemiacetal bond formation in the sheet 
during thermal drying). Our results of the oxidation 
of paper fibers thus offer a systematic study helpful 
for the design of tailor-made paper useful in several 
applications where a fiber-modification with fiber-
immobilized functional motifs is crucial, such as for 
example in paper-based microfluidic sensors (µPADs) 
or lab-on a chip-devices.
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Introduction

Functional paper in advanced applications, such as 
lab-on-a-chip devices or µPADs, have attracted con-
siderable attention and extensive research efforts in 
the recent past (Hillscher et  al. 2021; Hristov et  al. 
2019; Liebich et  al. 2021; Martinez et  al. 2007; 
Schwenke et  al. 2019). Cellulose-based materials 
and research on their derivatives have been known 
for a very long time and since then gained increasing 
interest, resulting in a variety of prominent materials 
such as cellulose ethers and acetates. These cellulose 
derivatization and functionalization strategies almost 
exclusively use cellulosic hydroxyl groups as reac-
tion partners (Klemm et  al. 2005). Although these 
are present in large numbers in the cellulose struc-
ture, they are generally of low reactivity due to their 
involvement in the cellulosic hydrogen bond network. 
One prominent reaction, that allows the regioselective 
cellulosic hydroxyl group conversion with high yield, 
is the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation of cellulosic materials. This 
reaction can be conducted in aqueous environment 
at slightly alkaline pH of 10–11 and preferentially 
oxidizes primary hydroxyl groups. As these primary 
hydroxyl groups are solely present on  C6 in the cellu-
lose structure, this enables a regioselective cellulose 
derivatization (Nooy et al. 1994).

TEMPO is a nitroxyl radical that catalyzes the oxi-
dation of primary hydroxyl groups in the presence of 
sodium hypochlorite as primary oxidant and sodium 
bromide as co-catalyst (ESI, Fig. S1) in aqueous envi-
ronment at pH 10–11, resulting in carboxylate groups 
on the C6 position of the cellulose polymer backbone. 
The primary cellulosic hydroxyl group at the C6 posi-
tion is initially oxidized to an aldehyde group and in 
a further oxidation step, converted into a carboxylic 
group if sufficient amount of NaClO is present (Iso-
gai et al. 2018; Nooy et al. 1994, 1996a, b; Ono et al. 
2021).

Historically, oxidation reactions with TEMPO 
were first described in 1965, with the TEMPO radical 
being used solely as oxidant (Golubev et al. 1965). In 
the following years, research was mainly concerned 
with reducing the amount of TEMPO to catalytic 

amounts under usage of NaClO as oxidant and NaBr 
as co-oxidant (Lucio Anelli et  al. 1987), as well as 
applying the reaction to soluble polysaccharides such 
as glucans, pullulans and starch (Nooy et  al. 1994, 
1995, 1996a, b) and insoluble ones such as cellu-
lose, amylose and chitin (Chang and Robyt 1996). 
Since then, a variety of publications on the kinetics 
of TEMPO oxidation on cellulose and its influenc-
ing factors as well as effects on physico chemical 
properties of cellulose have been published. One of 
the pioneers in this field is the group of Isogai and 
co-workers, which has published a large number of 
research papers (Isogai et  al. 2018; Isogai 2022). In 
the following, some of the most relevant publications 
for our work on TEMPO oxidation of cellulose fibers 
used in paper making are briefly summarized.

Saito and Isogai (2004) adapted the TEMPO-
mediated oxidation reaction to native cellulose fib-
ers and extensively investigated the reaction kinetics 
(Saito and Isogai 2004). For their studies they applied 
the TEMPO-mediated oxidation to native cellulose 
linters fibers. Thereby, they assessed various reac-
tion conditions and analyzed the amount of emerg-
ing carboxylate and aldehyde groups on the fibers, 
as well as the amount of water-soluble and insoluble 
fractions, the molecular weights and crystal struc-
tures. They showed that the content of carboxylates 
and aldehydes can be controlled by a proper adjust-
ment of the reaction parameters such as NaClO con-
centration and reaction time, respectively. Further-
more, the same group proposed that the use of about 
5 mmol/g NaClO and a reaction time of 4 h provide 
the best compromise between achieving a high car-
boxylate content of around 0.8  mmol/g and at the 
same time a high yield of insoluble cellulose of about 
90%. Finally, they showed by X-ray analysis that the 
overall crystallinity of cotton linters remains almost 
unchanged during oxidation. The latter indirectly sug-
gests that the oxidation occurs mainly in the amor-
phous regions of the fibers, however, XRD does not 
give final prove for this.

The same groups further investigated the aldehyde/
carboxylate group distribution on the fibers (Saito 
et al. 2005a; Saito and Isogai 2006), the formation of 
cellulose microfibrils (Okita et  al. 2010; Saito et  al. 
2006) and nanofibrils/-fibers (Hiraoki et al. 2015; Iso-
gai et  al. 2011; Okita et  al. 2011; Saito et  al. 2007; 
Shinoda et  al. 2012), the molecular weight of water 
soluble and –insoluble fractions (Hiraoki et al. 2014, 
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2015; Isogai et  al. 2009; Saito et  al. 2005b) and 
finally wet-strength improvement of papers made 
from oxidized fibers (Saito and Isogai 2006, 2007). 
Next to the detailed chemical analysis, Isogai and co-
workers Kitaoka et  al. (1999) investigated the influ-
ence of TEMPO oxidation on the degree of polym-
erization and morphology of hardwood kraft pulp 
fibers, as well as the physical properties of handsheets 
made of these fibers. They obtained that the degree 
of polymerization of cellulose drops significantly 
upon applying NaClO amounts of 5% on dry pulp and 
above during TEMPO oxidation. Furthermore, the 
group reported that handsheets made from oxidized 
fibers exhibit higher elasticity but less plasticity. 
Finally, they demonstrated that the degree of swell-
ing and water retention value surprisingly remains 
constant for oxidized fibers compared to native fibers, 
although their carboxylate content is higher (Kitaoka 
et al. 1999). Later, in 2016, the group of Isogai an co-
workers (Kobayashi et  al. 2016) evaluated the prop-
erties of TEMPO-oxidized hardwood bleached kraft 
pulp and handsheets made thereof and mixed with dif-
ferent ratios of the same but TEMPO-oxidized pulp. 
Importantly, they observed that the TEMPO-oxidized 

fibers significantly increase the wet and dry tensile 
strength of the handsheets by forming hemiacetal 
bonds. Furthermore, by microscopic examination the 
group reported that the fibers are less fibrillated after 
TEMPO oxidation. Very recent research has focused 
on mechanistic aspects of TEMPO oxidation that 
uses  ClO2 as a co-oxidant for fiber oxidation (Giraldo 
Isaza et al. 2023). Furthermore, oxidation of cellulose 
nanofibers for high tech applications such as enzyme 
carriers (Zhang et al. 2022) or antimicrobial packag-
ing materials (Dechojarassri et al. 2023; Otenda et al. 
2022) has been investigated.

Although, the kinetics (Mazega et  al. 2023; Dai 
et al. 2011; Sun et al. 2005) and parameters that influ-
ence the kinetics (Ono et  al. 2021; Saito and Isogai 
2004, 2006) of the TEMPO oxidation on cellulose 
seems to be well-studied, a closer look reveals that 
questions that in particular concern the fiber swelling 
and WRV as well as the geometric and morphological 
characteristics of the fibers upon TEMPO oxidation 
have not been addressed in detail or are controver-
sially discussed to date. Still, for any kind of paper 
application it is of utmost importance to know the 
details of the beforementioned parameters and thus a 

Scheme 1  Schematic diagram outlining the paper’s content and scope
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systematic analysis of the influence of TEMPO-oxi-
dation on paper fiber characteristics still needs scien-
tific attention.

In the following, according to the outline shown in 
Scheme  1, we present a systematic analysis of indi-
vidual fiber parameters (kinks, curls, etc.) in com-
bination with the accompanying paper properties 
(tensile index, etc.) of lab-made hand sheets made 
from TEMPO-oxidized cotton linters as model. In 
addition to the analysis of geometric and morpho-
logic properties of fibers and paper sheets, we also 
performed a detailed analysis of the crystalline and 
amorphous fiber domains employing 13C solid state 
NMR, a powerful spectroscopic technique to investi-
gate structural order of fibers (Foston 2014; Maunu 
et al. 2000; Montanari et al. 2005; Saito et al. 2005a; 
Svenningsson et  al. 2019) as well as to investigate 
chemical modifications of lignocellulosic fiber-based 
materials (Gutmann et  al. 2017; Höfler et  al. 2023). 
This systematic study was additionally inspired, since 
highly reactive fibers prepared by TEMPO mediated 
oxidation have recently been used for functionaliza-
tion of paper for applications as lab-on-a-chip or µPad 
devices. Nadar et  al. (2021) Due to their enhanced 
reactivity, TEMPO-oxidized cellulose fibers can 
further serve as potential platform for binding of a 
variety of molecules including proteins bio-medi-
cal applications since it offers reactive carboxylate 
groups suitable for a wider range of chemical reac-
tion strategies Credou and Berthelot (2014).  In this 
content, some of the authors have recently demon-
strated the immobilization of the model protein tGFP 
on TEMPO-oxidized cellulose linters fibers using an 
oxime ligation, respectively a reductive amination of 
cadaverine reaction approach (Liebich et al. 2021).

Materials and methods

Materials

Cotton linters (Grade 225 HSR-M, Buckeye Technol-
ogies) were used as a cellulose fiber source. TEMPO, 
NaBr and ethanol (EtOH) of laboratory grade from 
Sigma-Aldrich, NaClO (12 wt% Cl) of technical 
grade from Carl Roth, NaOH 1  M and 0.01  M and 
hydrochloric acid (HCl) 1  M and 0.1  M of labora-
tory grade from VWR were used without further 
purification.

TEMPO-mediated oxidation of cellulose

Cotton linters (10  g) were suspended in 1  L water 
(MilliQ quality). NaBr (300  mg) and TEMPO 
(30  mg) were added, and the cellulose slurry 
stirred until NaBr and TEMPO reagents were 
fully dissolved (approx. 1  h). To start the oxida-
tion, a NaClO solution (0–15  mmol/g cellulose) 
was added to the suspension and the pH adjusted 
to pH 10–11 by addition of respective amounts of 
a 1 M HCl solution. The reaction mixture was con-
tinuously stirred throughout the whole reaction time 
(15  min–24  h) and the pH was constantly moni-
tored and kept between 10–11 by repeated dosing 
of appropriate amounts of a 0.1 M NaOH solution. 
The reaction progress was observed by a discolor-
ation of the reaction mixture from light yellow to 
colorless through NaClO consumption and a slower 
pH drop. To stop the reaction, the pH was adjusted 
to 7 by adding 1 M HCl and remaining NaClO was 
deactivated by adding 15  mL EtOH. The obtained 
TEMPO-oxidized linters fibers were repeatedly 
thoroughly washed with 1  L water and collected 
by centrifugation (minimum 3 extraction cycles). 
TEMPO-oxidized fibers were stored in suspension 
at 4 °C without drying for subsequent morphologi-
cal fiber analysis and paper-making. TEMPO-oxi-
dized fibers were dried at 40 °C in a vacuum oven 
prior to carboxylate content titrations.

Determination of carboxylate contents

Dry TEMPO-oxidized fibers (50–100 mg) were sus-
pended in MilliQ water (55 mL). 0.01 M NaCl (5 mL) 
and 0.1 M HCl (1 mL) were added and a conductiv-
ity titration with the Methrom Titrando 905 and the 
Metrohm Conductivity module 856 was performed 
using 0.01  M NaOH. To correct for carbon dioxide 
impurities in NaOH, a blank value of the water/NaCl/
HCl mixture without addition of TEMPO-oxidized 
fibers was acquired before every titration.

Preparation of laboratory paper sheets from 
TEMPO-oxidized fibers

Laboratory paper sheets were prepared using the 
Rapid-Koethen method according to DIN EN ISO 
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5269-2 (DIN 54358) from TEMPO-oxidized fibers, 
as well as untreated cotton linters without the addi-
tion of any additives or fillers. The resulting paper 
sheets made from the respective fiber source consist 
of isotropically aligned horizontally layered cotton 
linters. The sheet grammage was adjusted to 80 g/m2 
with an experimental error of 2 wt%.

Physical paper testing

Laboratory paper sheets made from untreated and 
TEMPO-oxidized cotton linters were analyzed 
according to DIN EN ISO 534:2012-02 for average 
raw density, DIN ISO 8791-4:2023-08 for Roughness 
Parker Print Surf, DIN 53108:2018-12 for Roughness 
Bendtsen, DIN 53107:2016-05 for Bekk Smoothness, 
ZM IV/33/57 for water retention value, DIN EN ISO 
1924-2:2009-05 for average width-related breaking 
strength and elongation in dry state and DIN ISO 
3781:2012-07 for average width-related breaking 
strength and elongation in wet state.

Solid state NMR of TEMPO-oxidized cellulose fibers

Solid state NMR experiments on all TEMPO-oxi-
dized and untreated linters fibers were performed 
under magic angle spinning (MAS). It has to be 
noted that the oxidized fibers were analyzed in their 
dry state, after preparation employing different reac-
tion parameters (concentration of NaClO, oxida-
tion time) and drying them at 40  °C under vacuum. 
Measurements were carried out on a Bruker Avance 
III 300  MHz spectrometer equipped with a H/X 
broadband probe. Spectra were recorded at 7.05  T, 
which leads to frequencies of 300.11  MHz for 1H 
and 75.47  MHz for 13C. Samples were packed into 
4 mm  ZrO2 rotors and spun at a frequency of 8 kHz. 
Measurements were performed with cross polariza-
tion (CP MAS) employing a linear ramp on 1H during 
contact. The contact time in these 1H → 13C CP MAS 
experiments was set to 2 ms. During data acquisition 
of 49 ms the TPPM15 sequence was applied for het-
eronuclear proton decoupling (Bennett et al. 1995). A 
repetition delay of 2  s and 2048 scans were used to 
record the spectra. Adamantane (signal at 38.5 ppm) 
was utilized as an external standard to reference the 
spectra to TMS (0 ppm).

To analyze the spectra (ESI Figs. S2–S4), the areas 
of the different peaks were determined by integrat-
ing the signals in the region from 181.4 to 170 ppm 
(C=O), 114.1 to 97.3 ppm  (C1), 93.6 to 86 ppm (cr. 
 C4), 86 to 80.1 ppm (am.  C4), 67.9 to 64 ppm (cr.  C6) 
and 64 to 58.3  ppm (am.  C6). This procedure was 
applied for three batches for each sample. The mean 
value was then plotted and the error was calculated 
according to the standard deviation of the mean value.

Fiber morphology analysis

The morphological analysis was performed using a 
Valmet FS5 Fiber Image Analyzer, that uses a high-
resolution camera and image analysis techniques for 
the investigation of fibers and particles. TEMPO-
oxidized and untreated cotton linters (10  mg) were 
suspended in 15  mL water by a laboratory stirrer. 
The suspended fiber sample was poured in the anal-
ysis cup of the FS5 device and filled up with water 
to around 300  mL. During analysis, the FS5 device 
dilutes the sample automatically to the measurement 
concentration range of 18–22  mg/L and starts the 
analysis once the appropriate concentration range is 
reached. Note, since we have experienced decomposi-
tion of the fibers at high NaClO concentrations, we 
kept the latter during fiber modification in this set of 
experiments below 7.5  mmol/g relative to the fiber 
weight.

Scanning electron microscopy (SEM)

Scanning electron microscopy was carried out for 
laboratory paper sheets made from untreated and 
TEMPO-oxidized cotton linters. The dry paper sam-
ples were immobilized on a SEM plate and for con-
trast sputtered with a thin layer of platinum/palladium 
(< 10  nm layer). The micrographs were acquired on 
a Philips XL30 FEG high-resolution electron micro-
scope using an acceleration voltage of 20 kV.

Results and discussion

Physical paper testing

To study the influence of TEMPO oxidation on paper 
properties, we oxidized native cotton linters with 
varying NaClO concentrations (0.5–15 mmol/g) and 
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reaction times (15 min–24 h). The respective carbox-
ylate content for each tested reaction condition and 
a detailed analysis of each batch is presented in the 
ESI (Figs. S5, S6). We found a maximum carboxylate 
content of about 1.0 mmol/g for 5 mmol/g NaClO and 
4 h oxidation time, which is in good agreement with 
the results (Saito and Isogai 2004) reported earlier. A 
comprehensive kinetic study of TEMPO oxidation on 
linters fibers was conducted by Dai et al. (2011). This 
group proposed that this reaction follows a pseudo-
first-order reaction kinetic whose rate constant is 
based on the cellulose microstructure.

Next, handsheets from TEMPO-oxidized and 
native cotton linters, respectively, were prepared 
by the Rapid-Koethen technique. The physical and 
mechanical properties of lab-engineered papers made 
from TEMPO-oxidized (5  mmol/g NaClO, 4  h oxi-
dation time) and untreated cotton linters are summa-
rized in Table 1.

Paper made of TEMPO-oxidized cotton linters 
show a higher average raw density of 0.54 g/m3, than 
those made of untreated cotton linters with an aver-
age raw density of 0.42 g/cm. This is in line with the 
results Kobayashi et  al., (2016) observed for paper 
made from untreated and TEMPO-oxidized hard-
wood bleached kraft pulp in different ratios (Kob-
ayashi et  al. 2016). However, the roughness of the 
surface of the paper sheets made from TEMPO-oxi-
dized fibers does not significantly differ from those 
made of untreated cotton linters. This is in excellent 
agreement with the results obtained by Kitaoka et al. 
(1999) for bleached hardwood kraft pulp.

The same observation is true for the water reten-
tion value, which measures the ability of a sample 

of wood fiber or pulp to retain water under centrifu-
gal forces. It provides valuable information about 
the swellability of fibers and their suitability for the 
paper-making process and is mainly influenced by 
the carboxylate content, fiber fibrillation, as well as 
fines content, where both fibrils and fines consist of 
amorphous cellulose. The WRV for paper made from 
untreated cotton linters is in the range of 62.5% verses 
63.5% for paper made from TEMPO-oxidized fibers 
and thus remains almost constant. Our observation 
is in line with the results earlier reported by Kita-
oka et  al. (1999) for bleached hardwood kraft pulp. 
They interpreted this observation as unexpected, 
as the increase in carboxylate content is assumed to 
increase WRV (Dang et al. 2006; Saito et al. 2007). 
In contrast, Saito and Isogai (2004) reported a steep 
increase in WRV for TEMPO-oxidized cotton lint-
ers and Kobayashi et  al. (2016) for bleached hard-
wood kraft pulp. The swelling ability of fibers and 
thus also the WRV depends strongly on the amor-
phous fraction and the carboxylate content. Since 
fines consist primarily of amorphous cellulose, Saito 
and Isogai (2004) explained the observed increase in 
WRV of cotton linters upon TEMPO oxidation with 
an increase in the fines content. Kobayashi et  al. 
(2016) related the increase in WRV for TEMPO-oxi-
dized hardwood kraft pulp to the emerging carboxyl 
groups. However, this does not explain our findings 
and those from Kitaoka et  al. (1999). Saito and co-
workers further attributed the differences between 
TEMPO-oxidized cotton linters and hardwood kraft 
pulp to a different content of hydrophilic hemicellu-
loses, which is significantly increased in kraft pulp 
compared to cotton linters, so that the changes caused 

Table 1  Physical and mechanical properties of lab-made papers made from TEMPO-oxidized (5  mmol/g NaClO, 4  h oxidation 
time) and untreated cotton linters

Paper type Average 
raw density 
(g/cm3)

Roughness 
parker 
print surf 
(µm)

Roughness 
bendtsen 
(µm/Pa s)

Bekk 
smooth-
ness (s)

Water 
retention 
value, (%)

Average 
width-
related 
breaking 
strength, 
dry (N/m)

Elongation 
at break, 
dry (%)

Average 
width-
related 
breaking 
strength, 
wet (N/m)

Elongation 
at break, wet 
(%)

Untreated 
cotton 
linters

0.42 ± 0.01 9.85 ± 0.32 11.6 ± 1.0 1.93 ± 0.15 62.5 ± 1.0 848 ± 18 2.3 ± 0.2 16.8 ± 0.3 1.8 ± 0.5

Oxidized 
cotton 
linters

0.54 ± 0.01 9.91 ± 0.45 13.8 ± 2.0 2.62 ± 0.45 63.5 ± 0.8 1337 ± 49 0.9 ± 0.1 44.4 ± 1.4 2.2 ± 0.1
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by TEMPO-oxidation are suppressed (Saito and Iso-
gai 2004).

The average dry and wet tensile strengths 
(Table  1), as calculated by the force per unit width 
(expressed in N/m), is significantly higher for paper 
made of TEMPO-oxidized fibers in our studies here. 
This observation is in agreement with Kitaoka et al. 
(1999), Kobayashi et  al. (2016), Saito and Isogai 
(2006, 2007). An explanation for this is given by 
Saito and Isogai, who proposed that emerging alde-
hyde groups on the fiber surface lead to intra- and 
inter-fiber connection through hemiacetal bonds, 
which significantly increases the dry and wet tensile 
strength of paper made from TEMPO-oxidized fib-
ers (Saito and Isogai 2005a, b, 2006, 2007). In addi-
tion, Kobayashi and co-workers hypothesized that the 
higher paper density of the TEMPO-oxidized hard-
wood kraft pulp fibers could also have an influence 
on the higher dry breaking strength compared to non-
oxidized pulp (Kobayashi et al. 2016).

Another essential parameter for paper perfor-
mance is the elongation at break (measured as per-
centage relative to the undisturbed state). Here, we 
observe that in the dry state, reference paper made 
of untreated cotton linters have a significantly higher 
elongation at break when compared to paper sheets 
made from oxidized fibers (2.3 vs. 0.9%). Considering 
that the aldehyde groups formed during TEMPO-oxi-
dation tend to hemiacetal formation, it is not surpris-
ing that the elongation in the dry state thus decreases 
for paper made from TEMPO-oxidized fibers. Chemi-
cally linked fibers cannot slide off each other under 
mechanical stress and thus exhibit less elongation. 
This is in good agreement with the observations of 
Kobayashi et  al. (2016) for TEMPO-oxidized hard-
wood kraft pulp. For the elongation in the wet state, 
however, we obtained a different behavior in contrast 
to reports by Kobayashi et  al. (2016). Paper-made 
from oxidized cotton linters exhibit similar elonga-
tion at break in the wet state (2.2 ± 0.1%) compared 
to paper from untreated cotton linters (1.8 ± 0.5%) in 
our studies. Here, another morphological or chemi-
cal effect may be superimposed to the hemiacetal 
bonding. Saito and Isogai et. al. have observed ear-
lier, that TEMPO-oxidized fibers having the same 
aldehyde content, but oxidized with different NaClO 
concentrations exhibit different tensile indices (Saito 
and Isogai 2005a, b). This is a further indication that 
the mechanical properties in the wet state are not 

controlled purely by the aldehyde content and hemi-
acetal bonding. They explained this effect by different 
aldehyde distributions at the inner-fiber vs. fiber-sur-
face obtained at different NaClO concentrations. Kob-
ayashi et al. (2016) reported that the wet strengths of 
paper made of purely TEMPO-oxidized hardwood 
kraft pulp being the same or slightly lower than those 
of paper made from the same but untreated pulp. The 
group suggested that the formation of a hydrophilic 
carboxyl group, which leads to increased fiber swell-
ing in the presence of water, can cause lower wet 
strength. We believe that this effect can play a major 
role in elongation at break in the wet state and hence 
can cause earlier slide-off of the individual fibers in 
wet state. We hypothesized at this point that changes 
in the fiber morphology thus play a crucial role here, 
which will be further discussed below.

To shed more light on the discrepancies between 
different reports, it became evident that a systematic 
study of the different properties of the fibers includ-
ing crystallinity, morphology and their chemical 
behavior is necessary, to understand the influence of 
the TEMPO-oxidation on resulting paper sheet prop-
erties. Especially for WRV, different observations 
have been reported, which have not yet been sub-
stantiated by a comprehensive fiber analysis. The fol-
lowing chapters will discuss the outcome of our sys-
tematic fiber analysis and help to finally understand 
the effects of TEMPO-oxidation on the properties of 
paper sheets derived from oxidized lignocellulosic 
fibers.

Fiber crystallinity

First, we investigated the chemical constitution of 
native vs. TEMPO-oxidized fibers by 13C solid state 
NMR. A typical spectrum of native fibers (reference), 
in comparison to TEMPO-oxidized fibers (superim-
posed) obtained by 1H → 13C CP MAS is shown in 
ESI Fig. S3. The peak at 175  ppm containing two 
superimposed signals can be clearly assigned to the 
carboxylic groups formed by TEMPO-oxidation, 
whereas all other peaks in the spectrum are attributed 
to the cellulose carbons  C1–C6 according to the litera-
ture. (Atalla and Vanderhart 1984; Ono et  al. 2021) 
By dividing the peak area  Iox of the C=O peak by 
the peak area  IC1 of the  C1 peak in a similar matter 
compared to Ono et  al. (2021), the oxidation kinet-
ics using various NaClO concentrations or oxidation 
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times, respectively, have been investigated. The cor-
responding graphs are shown in Fig.  1A, B, respec-
tively. The peak ratio increases up to a NaClO con-
centration of 5 mmol/g or an oxidation time of 4 h, 
respectively and subsequently flattens down and 
reaches a plateau with the tendency to decrease. 
These observations match well with the trend found 
by conductometry titrations (ESI Fig. S5).

Next, changes of the structural order during the 
TEMPO-oxidation are analyzed using the  C4 or  C6 
signals, respectively, as the signals  C4,am. and  C6,am. 
attributed to disordered (amorphous) parts exhibit a 
shift of 4 ppm high-field compared to the signals  C4,cr. 
and  C6,cr. assigned to more ordered (crystalline) parts. 
By calculating  Iam./Icr. of the respective signals  (C4 or 
 C6) (obtained spectra are shown in ESI Figs. S2–S4) 
the ratio between disordered and ordered parts is esti-
mated. It has to be noticed that although 1H → 13C CP 
MAS is not quantitative at first approximation it can 
be used to estimate ratios of ordered (crystalline) and 
disordered (amorphous) parts in cellulose as well as 
cellulose fiber samples and to follow the progress of 
carboxylate group formation in TEMPO-oxidation 

(Daicho et  al. 2020; Leguy et  al. 2018; Liu et  al. 
2018; Saito et al. 2005a; Sang et al. 2017).

To examine the influence of TEMPO-oxidation 
on this ratio, it is plotted as function of the carbox-
ylate content. Figure  2A, B clearly show that the 
ratio obtained for the  C4 signals stays constant for 
increasing carboxylate contents. In contrast, the ratio 
obtained for the  C6 signal decreases significantly by 
around 34% for the TEMPO-oxidized fibers with 
increasing carboxylate content. This intensity change 
obtained for  C6 clearly demonstrates the oxidation at 
the more reactive  C6 position because the oxidized 
carbons no longer contribute to the  C6 signal. By 
adding the area of the  C6,am. signal  (Iam.  C6) to the 
area of the C=O  (Iox.) signal and divide this sum by 
the area of the  C6,cr. signal  (Icr.  C6) (ESI, Fig. S7), it 
becomes obvious that the oxidized carbons contrib-
ute to the C=O signal, because this value stays con-
stant with varying NaClO in the margin of error. The 
decrease of  Iam./Icr. obtained for  C6 further indicates 
that mainly the more disordered parts get oxidized 
during TEMPO-oxidation which is in agreement with 
the results obtained by Montanari et al. (2005).

Fig. 1  Fraction of oxidized parts in the investigated fiber sam-
ples obtained by 1H → 13C CP MAS NMR. Fractions are plot-
ted as function of the NaClO concentration (A; full squares) 
and as function of the oxidation time (B; empty squares), 
respectively. Note: For the oxidized samples, cotton linters 
were oxidized with various NaClO amounts (A), resp. differ-
ent oxidation times (B) at pH 10.5. For the reference samples, 
cotton linters were treated with NaOH for 4  h (A) and vari-

ous times (B) at pH 10.5 without the addition of TEMPO and 
NaClO (full triangles). The blank samples refer to untreated 
cotton linters (full circles). The ratio  Iox/IC1 was calculated by 
dividing the area of the C= O peak by the area of the C1 peak 
for the different spectra shown in ESI Fig. S2–S4. The C1 peak 
was thereby used as the cellulose reference peak, as no signifi-
cant changes of C1 were visible in the solid-state NMR spectra 
during the TEMPO-oxidation
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Morphological fiber analysis

The morphological properties of TEMPO-oxidized 
fibers obtained by reaction of native fibers with 

various NaClO concentrations between 0.5 and 
7.5 mmol/g, as well as obtained for various reaction 
times between 15 min and 24 h, were studied by an 
optical fiber analyzer device. The results on length, 

Fig. 2  Ratio between disordered and ordered parts of  C4 (A) 
and  C6 (B) obtained by 1H → 13C CP MAS NMR of the inves-
tigated cotton linters. The ratios are plotted as a function of 
carboxylate content for TEMPO-oxidized fibers, prepared with 
different NaClO concentrations between 0.5–7.5 mmol/g (full 
squares) and varying reaction times between 15  min to 24  h 
(empty squares). The reference sample refers to cotton lint-

ers treated with NaOH at pH 10.5 for 4 h (full circles) and the 
blank sample to untreated cotton linters (full circles).  Iam./Icr. 
was calculated by dividing the areas in the spectra shown in 
ESI Fig.  S2–S4 referring to the disordered (amorphous) part 
by that of the ordered (crystalline) part of the C4 and C6 sig-
nals, respectively

Fig. 3  Length-weighted fiber length distribution (A) and fiber-
width (B) as a function of the carboxylate content for TEMPO-
oxidized fibers prepared with different NaClO concentrations 
between 0.5 and 7.5  mmol/g (full squares) and varying reac-
tion times between 15  min and 24  h (half squares). Blank, 

untreated linters fibers are included in full circles and the refer-
ence linters fibers treated with NaOH and without the addition 
of catalysts and oxidants at pH 10.5 for 24 h are included as 
full triangles
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diameter of the fibers, curl and kinks as well as fibril-
lation and fines content are summarized in Figs. 3, 4 
and 5, respectively.

Figure 3A shows that the average fiber length does 
not significantly change with increasing carboxylate 
content, which suggests that the fiber stays morpho-
logically intact under the chosen oxidation conditions. 
This is in line with the results reported by Kobayashi 
et al. (2016) for TEMPO-oxidized hardwood bleached 
kraft pulp. Since the mechanical paper strength in the 
dry state is strongly influenced by the fiber length, 

no significant change of this mechanical property is 
expected after TEMPO oxidation of the fiber.

For the fiber-width, however, we observed a slight 
increase for higher carboxylate contents (Fig. 3B) in 
agreement with Kobayashi et al. (2016) who reported 
a similar observation for TEMPO oxidized hardwood 
bleached kraft pulp. This increase in fiber width is 
most likely caused by an increase in water uptake, 
i.e. fiber swelling. During oxidation, the number 
of charges being introduced into the fiber enhances 
electrostatic repulsion between cellulose polymer 
chains which in turn opens new spaces/pores that 

Fig. 4  Fiber kinks/1000 fibers (A), fiber curl (B) and kinkan-
gle (C) as a function of the carboxylate content for TEMPO-
oxidized fibers prepared with different NaClO concentrations 
between 0.5 and 7.5  mmol/g (full squares) and varying reac-
tion times between 15  min and 24  h (half squares). Blank, 

untreated linters fibers are included in full circles and the refer-
ence linters fibers treated with NaOH and without the addition 
of catalysts and oxidants at pH 10.5 for 24 h are included as 
full triangles. Kinkangle definition (D)
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can be filled with further incoming, capillary driven 
water molecules. The increase in the number of nega-
tive charges on/in the fibers is proven by an increas-
ing negative Zeta potential (ESI, Fig.  S8). Moreo-
ver, one may assume also changes in the relative 
amount of less swellable crystalline regions versus 
highly swellable amorphous regions. Such an effect 
of increased fiber swelling in alkaline conditions is 
known e.g. from cellulose mercerization using harsh 
alkaline conditions, where the crystal structure of cel-
lulose changes (Rippon and Evans 2012). As shown 
by our solid-state NMR studies above, the chosen 
oxidation protocols did not affect the crystalline parts 
of the fiber but the amorphous ones in a significant 
way. Such a decrease of the amorphous fiber frac-
tion would cause a decrease of fiber swelling and thus 
a decrease of the WRV would be expected. At first 
glance, this seems to be in strong contradiction to the 
obtained increase in fiber swelling and the constant 
WRV before and after TEMPO oxidation, respec-
tively. The TEMPO oxidation, however, yield an 
increase of electrostatic charges in the fibers, which 
in turn can overcompensate the loss of the amorphous 
regions by stronger repulsions and thus increase in 
capillary driven imbibition of water in such regions. 
The latter thus explains the increase in fiber swelling, 
still the constant WRV at this point was unexpected.

Figure 4A, B show the number of kinks and curls, 
respectively, being present in the fiber as function of 
the carboxylate content. For both, kinks and curls the 
number decreases with increasing carboxylate con-
tent. This observation is explained by an increased 
flexibility of the fibers due to a strong increase in 
swelling (Saito and Isogai 2004). Besides the dis-
cussed covalent hemiacetal bonds, the higher flex-
ibility of the fibers can explain the lower elongation 
at break in the dry state of the paper made from oxi-
dized fibers, since oxidized fibers have fewer possibil-
ities for elongation due to the lower number of kinks 
and curls. Furthermore, the kink-angle as defined in 
Fig. 4D decreases with increasing carboxylate content 
as shown in Fig. 4C which underlines the hypothesis 
that elongation becomes more restricted with increas-
ing number of oxidized fibers.

Another important parameter that influences 
the paper properties is fiber fibrillation which has 
been studied with the fiber analyzer. Fibrillation 
upon TEMPO-oxidation decreases with increas-
ing carboxylate content of the fibers, as shown in 
Fig. 5A. This observation is in line with Kobayashi 
et  al. (2016), who reported a decreased fibrilla-
tion for paper made from TEMPO-oxidized hard-
wood bleached kraft pulp compared to those made 
from the same but untreated pulp. When we further 

Fig. 5  Fibrillation (A) and fines content (B) as a function 
of the carboxylate content for TEMPO oxidized fibers pre-
pared with different NaClO concentrations between 0.5 and 
7.5 mmol/g (full squares) and varying reaction times between 

15  min and 24  h (half squares). Blank, untreated linters fib-
ers are included in full circles and the reference linters fibers 
treated with NaOH and without the addition of catalysts and 
oxidants at pH 10.5 for 24 h are included as full triangles
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investigated the fibrillation via electron microscopy, 
we observed that our findings differ from those 
reported by Saito et. al. earlier, where they observed 
an increase in fibrillation (Saito and Isogai 2004). 
We explain this with the strong swelling of the fib-
ers in alkaline environment, which leads to a dis-
solution and delamination of smaller fragments of 
cellulosic particles/microfibrils from the outer sur-
face of the fiber. This argumentation is supported by 
the observation that the content of fines (cellulosic 
fractions, much smaller than the fiber) decreases in 
the fiber slurry with increasing NaClO concentra-
tion, as shown in Fig.  5B. The latter suggests that 
at higher degree of carboxylation such fines are dis-
solved, similar to the findings by Saito and Isogai 
(2004). In contrast, Kobayashi et al. (2016) reported 
an increase in fines for TEMPO-oxidized hardwood 
bleached kraft pulp, which are most probably caused 
by a different depolymerization behavior of hard-
wood vs. cellulose linters pulp. Another explana-
tion is the formation of acetaldehyde by quenching 
of sodium hypochlorite with ethanol, as is common 
practice in the literature (Saito et al. 2005a, b; Saito 
and Isogai 2004; Sang et  al. 2017; Praskalo et  al. 
2009). This can cause inter-fiber linkages. However, 
this is considered rather unlikely, since the reaction 
mixture was decanted directly after quenching and 
the fibers were thoroughly washed.

Because the WRV is strongly correlated with the 
amount of swellable fiber fractions, any changes in 
fiber fibrillation and fines content will likewise affect 
this parameter. In our studies, we observed that fibril-
lation as well as fines-content in the fiber (suspen-
sion) is decreasing. The highly swellable fines and 
fibrils contribute significantly to the WRV. There-
fore, the reduction of fines content and lower degree 
of fibrillation thus counterbalances the increase 
in WRV by swelling of the remaining amorphous 
regions. Hence, we can now explain the obtained con-
stant WRV value by this combination of effects that 
increase and decrease WRV at the same time for a 
given state of oxidation. The latter also explains the 
difference to the findings by Kobayashi et al. (2016) 
and Saito and Isogai (2004) who reported a steep 
increase in WRV for paper made of TEMPO-oxidized 
fibers. However, in their case, pulp fibers were used 
including fines particles for their WRV measurement 
and the impact of fines was not investigated in detail. 
In our case, lab-made paper sheets were used for the 

WRV measurement, and during paper-making pro-
cess, fines are being washed out of the pulp. As such 
fines are taking-up a significant amount of water, it is 
not trivial to compare the WRV values for oxidized 
and non-oxidized sheets in a quantitative manner. 
Note, adding fines into readily formed sheets is fea-
sible, however, the experimental error is assumed to 
be large since the control of the retention of the fines 
is challenging. As such we did not consider this here 
but rather accept the observed WRV values in a more 
qualitative way.

Depolymerization of cellulose is common and has 
been reported for TEMPO-oxidized lignocellulosic 
fibers (Kitaoka et  al. 1999; Kekäläinen et  al.2014; 
Saito and Isogai 2004). Similar to our findings, other 
studies have shown that bond breaks (i.e. depolym-
erization) mainly occur in the amorphous regions of 
the fibers (Ono et  al. 2021; Kekäläinen et  al.2014; 
Okita et  al. 2010; Saito and Isogai 2004). The lat-
ter may also explain our findings of a smoothen-
ing of the outer surface of the fibers as well as of a 
decrease in WRV due to the change in relative com-
position of crystalline versus amorphous cellulosic 
parts.

In addition to our investigations using the fiber 
analyzer, scanning electron microscopy images of 
TEMPO-oxidized (5  mmol/g NaClO, 4  h and 24  h 
oxidation time) and untreated fibers were acquired. 
The observation of decreased fibrillation on the fiber 
surface compared to the untreated reference fibers as 
discussed above, is supported by the SEM images 
shown in Fig. 6. Untreated cotton linters appear more 
fibrillated (Fig.  6A, B), with structures like webbed 
skin consisting of fines and fibrils between the indi-
vidual fibers. In contrast, the TEMPO-oxidized fibers 
appear quite smooth (Fig. 6C–F) without the typical 
fibrillary and webbed skin structures. Besides, oxi-
dation of linters fibers does not only result in reac-
tive carboxylate groups on the fiber surface, but also 
yields more defined pore-structures with smooth 
interfaces in paper sheets. The latter, although not in 
focus here, can control the transport of fluids by cap-
illary forces as shown by some of the authors earlier 
(Böhm and Biesalski 2017; Dubois et al. 2017).

Additionally, the higher average raw density for the 
paper made of oxidized fibers is caused by the less 
fibrillated and more flexible fibers after TEMPO-oxi-
dation; hence, fibers can arrange more densely during 
the paper-making process. However, the roughness of 
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the surface of the paper sheets made from TEMPO-
oxidized fibers does not significantly differ from 
those made of untreated cotton linters. This observa-
tion is understandable since all SEM measurements 
were performed under dry conditions and smaller 
fibrils may fall back into larger macro pores, which 
causes similar roughness values for both kind of 
paper sheets.

Conclusion

The control of the chemical composition of lignocel-
lulosic fibers is crucial for several paper sheet prop-
erties, mainly mechanical properties, as well as for 
further use in applications where additional func-
tional groups may be grafted onto the paper fibers, 
such as in paper-based sensing applications. In our 
report here, we follow-up on a number of studies of 
TEMPO-oxidation of cellulose and lignocellulosic 
fibers and systematically analyze the influence of this 

chemical fiber treatment on the morphological and 
chemical structure–property relation of paper fibers. 
Using 13C solid-state NMR analysis, we conclude that 
the ordered (crystalline) parts of  C4 and  C6 remain 
almost constant, while the disordered (amorphous) 
parts of the  C6 are strongly affected by TEMPO-
oxidation, and carboxylates are formed predomi-
nantly in these regions. From a morphological point 
of view, the fiber length is preserved after oxida-
tion. Significant changes were observed for the fiber 
width, which increased due to enhanced fiber swell-
ing of TEMPO-oxidized cotton linters. At the same 
time the fiber fibrillation is decreased for oxidized 
fibers, which explains the higher average raw density 
and the constant WRV of paper made from TEMPO-
oxidized fibers in contrast to non-modified fibers. 
Finally, a decrease in kinks and curls is observed for 
the TEMPO-oxidized fibers which yields a lower 
elongation at break for paper sheets made from 
TEMPO-oxidized fibers. An increase in dry and 
wet tensile strengths for the paper sheets made from 

Fig. 6  SEM images of 
blank cotton linters (A, 
B) and, TEMPO-oxidized 
cotton linters after oxidation 
with 5 mmol/g NaClO for 
4 h (C, D) and 24 h (E, F)
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oxidized fibers is explained by aldehyde groups that 
are formed during oxidation, and that can form hemi-
acetal bonds during the drying process of paper-
making. Thus, our studies do not only complement 
existing reports on TEMPO-mediated oxidation of 
pulp, but answer a number of open questions regard-
ing the influence of this oxidation on resulting struc-
ture–property relationships of pulp fibers and paper 
sheets made thereof. The latter is of high importance 
as a base for applying further chemical modifications 
on such TEMPO-oxidized paper sheets carrying con-
trolled amounts of reactive carboxyl-groups. These 
are especially required for high-tech paper-based sen-
sor applications where defined amounts of immobi-
lized signal/capturing molecules are essential.
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