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a  b  s  t  r  a  c  t

The  functionalization  and particularly  the  oxidation  of cellulose  is  an intriguing  and  challenging  topic
due  to  the  presence  of  multiple  reactive  sites,  which  can  undergo  specific  reactions.  The  variety  of  the
oxidizing  agents  used  to improve  the selectivity  and  yields  of these  transformations  is  illustrated  by
the  steadily  growing  of  the  number  of  publications  and  patents  reported.  This  paper  is focused  on  the
most  selective  agents  for  cellulose  oxidations,  i.e.,  sodium  periodate  and  stable  or  non  persistent  nitroxyl
eywords:
ellulose oxidation
EMPO
-hydroxyphthalimide (NHPI)
hthalimide-N-oxyl (PINO)

radicals,  emphasizing  on  the  most  recent  developments  reported  so far.
© 2012 Elsevier Ltd. All rights reserved.
odium periodate

. Introduction

The oxidation of cellulosic materials is a pivotal reaction in
ellulose chemistry, used to impart special properties on the differ-
nt cellulosic sorts. The cellulose’s chemical modification through
xidation leads to added value products, being a prime factor to
etermine macroscopic properties and chemical behavior of cellu-

osic materials.
Moreover, the preparation of oxidized cellulose containing

arboxyl groups is of special interest because it has several
seful medical applications. Oxidized cellulose is completely biore-
orbable and easily degradable under physiological conditions,
eing widely used as absorbable hemostatic scaffolding material
Dias, Peplow, & Teixeira, 2003; Galgut, 1990), and as a postsurgi-
al adhesion prevention layer (Wiseman, Saferstein, & Wolf, 2002).
ther applications of oxidized cellulose as carrier material for agri-
ultural, cosmetic and pharmaceutical applications are reported
Banker & Kumar, 1995; Jin & Wu,  2005). Oxidized cellulose is

lso used for the treatment of moderate tubal hemorrhage during
aparoscopic sterilization of women and for small uterine perfo-
ations (Sharma & Malhotra, 2003; Sharma, Malhotra, & Pundir,

∗ Corresponding author. Tel.: +40 232211299; fax: +40 232211299.
E-mail address: coseris@icmpp.ro (S. Coseri).

1 Members of European Polysaccharides Network of Excellence (EPNOE).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.03.086
2003). As blood clotting agents, oxidized cellulose fibers are supe-
rior to oxidized regenerated cellulose (Pameijer & Jensen, 2007).
Remarkable application on using oxidized cellulose in osseous
regeneration have been reported (Dias et al., 2003), making oxi-
dized cellulose an excellent scaffolding material, able to replace the
most widely used material today, i.e., collagen. In the field of separa-
tion techniques, the oxidized cellulose exerts a powerful activity to
purify and fractionate proteins, including enzymes, hemoglobins,
hormones and seed proteins. Oxidized cellulose is extensively used
as well in the chromatography of peptides, amino acids, alkaloids,
nucleic acids, nucleotides and metallic ions (Guthrie, 1971). In
the paper industry, it is well known that carbonyl and carboxyl
functionalities play a decisive role in the pulping process and there-
fore in the final paper properties. For example, sheets made from
the partially oxidized fibers (below 8% conversion) experienced
higher wet  and dry tensile index, presumably due to an increased
opportunity of electrostatic interactions between anionic pulp and
cationic polyamideamine-epichlorohydrin, which was added as a
wet-strength agent (Kitaoka, Isogai, & Onabe, 1999). In the last five
years the preparation of individualized, surface-carboxylated cel-
lulose nanofibers from abundant and renewable plant celluloses
(Saito, Nishiyama, Putaux, Vignon, & Isogai 2006), lead to new

patented applications of the cellulose nanofibers, namely oxygen
barrier (Mukai et al., 2010), gel (Isogai, Kado, & Goi, 2010a), thick-
ener (Isogai, Kado, & Goi 2010b),  papermaking (Suzuki et al., 2009),
composite (Kato, Isogai, Saito, Oaki, & Nishimura, 2010), cosmetic

dx.doi.org/10.1016/j.carbpol.2012.03.086
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:coseris@icmpp.ro
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Isogai, Kado, & Goi, 2010c)  and flexible display panels, electrical
evices (Isogai, Saito, & Fukuzumi, 2011). The main object of the
resent work is focused on reviewing the most recent papers on
ellulose selective oxidation using 2,2,6,6-tetramethylpiperidine-
-oxyl (TEMPO) and N-hydroxyphthalimide (NHPI).

. Cellulose oxidation

Cellulose, because of its polyhydric alcohol structure, is very sen-
itive to various oxidizing reagents. The extensive modifications
hich occur during oxidation, give rise to products whose physico-

hemical properties strongly depend upon the factors such as: the
ature of the oxidizing reagent used, the acidity or basicity of the
xidation medium, and so on. The chemical structure of cellulose is
hanged in a way that hydroxyl groups are oxidized into the corre-
ponding carbonyl structure, i.e., an aldehyde at C-6 and a ketone at
-2 and C-3, or carboxyl moiety, at C-6. The wide range of potential
xidizing reagents for cellulose can be divided into non-selective
nitrogen oxides (Butrim, Bil’dyukevich, Butrim, & Yurkshtovich,
007), alkali metal nitrites and nitrates (Painter, 1977), ozone
Johansson & Lind, 2005), permanganates (Manhas, Mohammed,

 Khan, 2007), peroxides (Borisov et al., 2004) and selective, such
s periodates (Calvini, Gorassini, Luciano, & Franceschi, 2006; Fras
t al., 2005; Zimnitski, Yurkshtovich, & Bychkovsky, 2004) and
itroxyl radicals (Biliuta, Fras, Strnad, Harabagiu, & Coseri, 2010;
ato, Kaminaga, Matsuo, & Isogai, 2004; Chang & Robyt, 1996;
oseri et al., 2009; Davis & Flitsch, 1993; De Nooy, Besemer, &
an Beckum, 1995; Gomez-Bujedo, Fleury, & Vignon, 2004; Isogai

 Kato, 1998; Tahiri & Vignon, 2000).
The cellulose oxidation in the presence of nitrogen (IV) oxide

equire high temperature (343 K) and high pressure (70 atm)
Zimnitski et al., 2004). The process is rather slow and yields a mate-
ial with considerable amount of side products containing nitrogen.
any efforts to limits the non-selective character of the oxidation

eaction in presence of the nitrogen oxide has been made. Recently,
he cellulose oxidation by nitrogen dioxide dissolved in pressurized
arbon dioxide was reported (Camy, Montanari, Rattaz, Vignon, &
ondoret, 2009). The global reaction is illustrated in Scheme 1.

However, despite of the “green” character of the supercritical
O2, in the case of cellulose oxidation, its role is not as neutral
s expected. The authors (Camy et al., 2009), suspected that CO2
nteracts with NO2, inhibiting the reactivity of this latter towards
ellulose. Moreover, the degree of the cellulose oxidation depends
n the amount of the introduced CO2.

.1. Periodates as selective agents for cellulose oxidation

Periodates are specific oxidants able to oxidize the vicinal
ydroxyl groups at carbon atoms 2 and 3 in an anhydroglucose
nit (AGU) of cellulose, forming thus two aldehyde groups. Con-
omitantly, the carbon carbon bond between the carbon atoms 2
nd 3 is broken, Scheme 2.

In this reaction, as depicted in Scheme 2, when one AGU is oxi-
ized, one mole of iodate is liberated as waste. Therefore, there

s an increasing demand to find more efficient oxidation proto-
ols. The efficiency of the periodate oxidation can be improved
y using metal chlorides as chemicals able to disrupt the inter-
olecular hydrogen bond between the oxygen atom O(3) in the

ellulose molecule and a hydroxyl hydrogen atom (O(6)H) at the
arbon atom 6 in another cellulose molecule (Dumitriu, 2005). For
xample LiCl, ZnCl2, and CaCl2 improves the periodate oxidation

fficiency of cellulose at elevated temperatures, when a molar ratio
f 7 between metal chlorides and the anhydroglucose unit (AGU)
as used (Sirvio, Hyvakko, Liimatainen, Niinimaki, & Hormi, 2011)
ue to a better solubility of the cellulose.
ymers 93 (2013) 207– 215

The reaction time has a crucial role in the efficiency of this
reaction, as the aldehyde content is more than double when the
oxidation time is raised from half an hour to one hour, namely, from
0.114 to 0.264 mmol/g in the case of the birch cellulose periodate
oxidation (Sirvio et al., 2011).

The carbonyl groups in oxidized cellulose can indirectly assessed
by using of the so called copper number. However this method
is not very accurate since the copper number is not directly
linked with the quantity of a specific oxidized function. Group-
selective fluorescence labeling in combination with multi-detector
gel permeation chromatography (multi-angle laser light scattering,
refractive index, fluorescence) are valuable and powerful tech-
niques developed in the last years for cellulose analytics (Kostic,
Potthast, Rosenau, Kosma, & Sixta, 2006; Potthast et al., 2003).

2.2. Stable nitroxyl radicals as selective agents for cellulose
oxidation

Since 1994, when De Nooy, Besemer, and Van Bekkum (1994),
reported for the first time the use of 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) for the transformation of primary alcohol groups
in polysaccharides to the corresponding polyuronic analogues, this
process has become one of the most studied topics in the field
of selective oxidation of various polysaccharides in general, cellu-
lose particularly. TEMPO-oxidation process is highly effective in the
conversion of high molecular weight polysaccharides and ensures
high reaction rates and yields, high selectivity, just modest degra-
dation of polysaccharide through-out process.

Concerning this new approach, Vignon et al. (Gomez-Bujedo
et al., 2004), recently reported: “it appeared that this method
was very selective, primary hydroxyl groups being exclusively oxi-
dized, whereas secondary hydroxyl groups remained unaffected.”
The actual oxidizing species is the nitrosonium ion (structure C,
Scheme 3), the oxidized form of TEMPO (structure B, Scheme 3).
The generation of nitrosonium ion takes place in situ through the
reaction of TEMPO with oxidants, such as hypobromide ions, which
in turn is being generated from bromide salts and sodium hypochlo-
rite (Scheme 3). Upon acting as oxidant species, C is converted into
N-hydroxy-2,2,6,6-tetramethylpiperidine (structure A, Scheme 3),
the reduced form of TEMPO. The formation of 1 mole of carboxylic
acid requires consumption of 2 mole of oxoammonium cation (C),
thus consuming 2 mole of hypohalite for its regeneration from A.
To maintain pH of the reaction mixture at optimum value (around
10.5) it is necessary to neutralize the formed carboxylic acid by
adding an alkali, Scheme 3. The consumption of NaOH can serve as
a measure of the degree of conversion of the primary OH groups to
carboxylic ones (Bordenave, Grelier & Coma, 2008). However, it was
observed that the consumption of NaOH is higher than the amount
of detected COOH groups. That can be explained (Kato, Matsuo, &
Isogai, 2003), by the formation of sodium salt of aldehyde hydrate
(structure D, Scheme 3). Aldehydes are formed at very early stages
of oxidation reactions. Hemiacetals structures could also be formed
by intra- or intermolecular reactions of the alcohol and aldehyde
groups (Kato et al., 2003). Oxoammonium cation subsequent oxi-
dizes the aldehyde hydrate and/or hemiacetals affords the sodium
salt of the acid and the reduced form of TEMPO (structure A). The
oxidation cycle is restarted by the regeneration of oxoammonium
cation from oxidation of A with a hypohalite.

When native celluloses were subjected to the
TEMPO/NaBr/NaClO oxidation at pH 10, the C6 primary hydroxyl
groups of cellulose microfibril surfaces were effectively converted
to sodium carboxylate groups, maintaining the original fibrous

morphologies, crystallinities, and crystal sizes (Araki, Wada, &
Kuga, 2001; Saito & Isogai, 2004). The high selectivity of the TEMPO
oxidation is substantiated by theoretical calculations (Bailey,
Bobbitt, & Wiberg, 2007). According with these calculations,
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he cellulose oxidation in alkaline medium could begin with a
ucleophilic attack of an alkoxide on the nitrogen or oxygen atom
f the strongly polarized N O bond of nitrosonium cation, which
esults in the formation of either complex I or II (Scheme 4).
he oxidation via peroxide complex is less probable according to
alculations, hence the reaction path via complex I is much more
ossible.

The oxidation of cellulose under the action of NaOCl was usually
arried out in alkaline aqueous media in the presence of TEMPO
0.5–4 mol% with respect the substrate) and NaBr (5–30 mol%) as

he catalysts (Saito & Isogai, 2004). Tahiri and Vignon (2000),  inves-
igated the TEMPO-oxidation of cellulose, and their results showed
he lowest depolymerization of the amorphous cellulose when
orked at pH 10 and 4 ◦C. The oxidation at room temperature using

O

OH

N

O

+

N

OH

+   H +   OBr

  Br +  NaClO  OBr +     NaCl

N

OH

N

O

BA

+   NaOHO
H O HO

D

O
HO O- Na+

N

O

+
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dation of cellulose.

TEMPO–NaBr–NaClO system has been used to increase the carboxyl
content of several different cellulosic samples by other authors
(Isogai & Kato, 1998). They have been found that the key factors
controlling the depolymerization of regenerated or mercerized cel-
lulose are the charge of TEMPO, reaction time, and temperature.
The depolymerization of cellulose during TEMPO-mediated oxi-
dation has been attributed to sodium hypochlorite present in the
system, which cause 2,3-scissions of glucose unit, forming dialde-
hyde and dicarboxylic groups (De Nooy et al., 1994). The formation
of carbonyl groups at C-2, C-3 in glucose unit facilitates depolymer-

ization of celluloses via �-alkoxy fragmentation in alkaline medium
(Calvini, Conio, Lorenzoni, & Pedemonte, 2004). Depolymerization
during TEMPO-oxidation can occur also via �-elimination reaction,
Scheme 5 (Calvini et al., 2004).
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Significant depolymerization of cellouronic acid prepared by
EMPO–NaBr–NaClO system at pH 11 can occur due to the
resence of hydroxyl radicals resulted upon reaction between
,2,6,6-tetramethylpiperidine and sodium hypobromide, Scheme 6
apable of anhydroglucose unit cleavage (Shibata & Isogai, 2003).

Several attempts to overcome the depolymerization issues dur-

ng TEMPO–NaBr–NaClO oxidation of cellulose have been reported.
hus, working with TEMPO-derivates, such as 4-acetamide-
EMPO/NaClO/NaClO2 system, at 60 ◦C and pH 4.8–6.8 for 1–5 days
Hirota, Tamura, Saito, & Isogai, 2009a; Hirota, Tamura, Saito, &

N

OH
N

O

+   NaOBr +    OH +  NaBr

cheme 6. Hydroxyl radical generation during TEMPO/NaBr/NaClO oxidation of
ellulose.
OH

�-elimination reaction. R is a polysaccharide residue.

Isogai, 2009b), high yields of water-soluble cellouronic acids with
higher degree of polymerization have been obtained by oxidation
of regenerated celluloses. In this case, the NaClO2 acts as a primary
oxidant, whereas the NaClO added in catalytic amounts starts the
oxidation cycle, Scheme 7. NaClO oxidizes 4-acetamide-TEMPO to
the corresponding N-oxoammonium ion, which then rapidly oxi-
dizes the primary hydroxyl to aldehyde under acidic conditions,
forming the hydroxylamine. The aldehyde is oxidized to carboxyl
by the primary oxidant NaClO2, forming NaClO, and the hydroxy-
lamine is oxidized to the N-oxoammonium ion again by the NaClO
thus generated, Scheme 7.

However, it can be noted, that relatively higher oxidation tem-
peratures, around 40–60 ◦C and longer oxidation times of 1–5 days
are needed. From environmental point of view, it may  be bet-

ter not to use chlorine-containing chemicals such as NaClO or
NaClO2. Moreover, side reactions caused by NaClO or NaClO2 can-
not be avoided as long as the above TEMPO-mediated oxidation
systems are adopted. In the last years, development of suitable
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lectrochemical methods for oxidation of organic compounds, that
s, electro-organic oxidation, has attracted worldwide attention as
reen chemistry (Danaee, Jafarian, Mirzapoor, Gobal, & Mahjani,
010; Zhang et al., 2010). The main feature of the electro-organic
xidation of cellulose in the presence of TEMPO is the absence
f depolymerization. Recently, the TEMPO-electromediated oxida-
ion of some polysaccharides including regenerated cellulose fiber
as been reported (Isogai, Saito, & Isogai, 2010). The reaction takes
lace in the 0.1 M phosphate buffer at pH 6.8 and room tempera-
ure for 45 h. 4-Acetamide-TEMPO catalyst was found to be quite
pecific, differing from other TEMPO-mediated oxidations. Signifi-
ant amounts of C6-carboxylate and C6-aldehyde groups (1.1 and
.6 mmol/g, respectively) were formed. Interestingly, the original
brous morphology as well as the fine surface structures was  main-
ained.

.3. Non persistent nitroxyl radicals as selective agents for
ellulose oxidation

Among the different kinds of catalysts reported in the litera-
ure, N-hydroxyphthalimide (NHPI), Scheme 8, is another catalyst
aving excellent performance in oxidation reactions (Coseri, 2007,
008, 2009a, 2009b; Coseri, Mendenhall, & Ingold, 2005). These
xidative reactions occur via the intermediary phthalimide N-oxyl
PINO) radical.

The mild and selective oxidation of viscose fibers in the
resence of PINO radical (in situ generated from NHPI and
arious cocatalysts, i.e., lead tetraacetate, cerium (IV) ammo-

ium nitrate, anthraquinone) with very low amount of sodium
ypochlorite and sodium bromide was very recently reported
Coseri et al., 2009). Soon after, several other nonpersistent
ree radicals, generated in situ from their OH correspondents:
Scheme 8. The OH bearing precursors for the nonpersistent free radicals genera-
tion.

N-hydroxybenzotriazole (HBT), violuric acid (VA), and N-hydroxy-
3,4,5,6-tetraphenylphthalimide (NHTPPI), Scheme 8, had shown
their efficiency for the cellulose fibers oxidation at pH 10 and room
temperature in the presence of dilute solution of NaClO and NaBr
(Coseri et al., 2009). The reaction mechanism involves in the first
step the activation of the parent hydroxyl precursors through their
transformation into corresponding free radical compounds. In the
presence of hypobromide ions, these nitroxyl radicals are oxidized
to N-oxoammonium ions, which are actually the oxidizing species.
At this point, the primary OH groups of cellulose are converted
into carboxylic groups, process which proceeds via aldehyde stage.
However, the aldehyde groups are undetectable in the final prod-
ucts, being rapidly oxidized to carboxylic groups, in the presence
of hypobromide ions. Due to the presence of NaOH, the carboxylic
groups are obtained in their sodium salt form, Scheme 9.

This process appears to be very selective and the morphology of
the resulted oxidized fibers seems to be unchanged, Fig. 1.

Both stable and non persistent nitroxyl radicals used as media-
tors require the presence of quite large amount of sodium bromide
(between 10 and 30%) in order to restart the catalytic cycle. How-
ever, from both, industrial and environmental points of view, a
process without sodium bromide would be a better alternative
to those existing today. Few reports on bromide-free oxidizing
systems are published, only on different polysaccharides than cel-
lulose (Bragd, Besemer, & Van Bekkum, 2000). To overcome this

drawback, a new oxidizing protocol for viscose fibers has been pro-
posed (Simionescu, Biliuta, & Coseri, Unpublished results). This new
protocol mimic the natural oxidative processes, involving the pres-
ence of Cu(II) ions which are constituents of many enzymes able to
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Scheme 9. Oxidation scheme of cellulose 
atalyze the aerobic oxidation of hydroxyl groups (Fabbrini, Galli,
 Gentili, 2002; Sheldon, Arends, Dijksman, 2000; Whittaker et al.,
000). The presence of the Cu(II) ions has a double role, first to
onvert NHPI to PINO radical, and then to oxidize the PINO to

Fig. 1. ESEM images of viscose fibers before (left) and after oxida
OH

 performed by NHPI, HBT, VA and NHTPPI.
oxoammonium PINO+, the actual oxidizing species, Scheme 10.
Moreover, the formation of reduced Cu(I) allow further reoxidation
of NHPI, thus minimizing the catalyst loading (Nechab, Einhorn, &
Einhorn, 2004). The oxoammonium ions will convert the primary

tion with NHPI/anthraquinone/NaClO/NaBr for 2 h (right).
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H groups from cellulose to aldehyde groups, the catalytic cycle
llowing the further oxidation to carboxylic groups. The amount
f negatively charged groups as determined by potentiometric
itration have been found to be 80 mmol/kg for the viscose fibers
xidized for 2 h.

Another approach of using NHPI as catalyst and molecular oxy-
en as ultimate oxidizing agent for the oxidation of viscose and
odal fibers has been recently reported (Biliuta, Fras, Harabagiu,
 Coseri, 2011). In this case, the oxidation reaction takes place at
oom temperature, at neutral pH, and converts moderately the pri-
ary OH groups from cellulose to carboxylic ones. The key species

f this process is PINO radical generated in situ. The potency of PINO
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to abstract a hydrogen atom from the CH2 group is related with the
bond dissociation enthalpy value (BDE) of NHPI, i.e., 88 kcal mol−1.
This value is much higher than the BDE value of the N-OH pre-
cursor of TEMPO, which is only 69 kcal mol−1 (Astolfi et al., 2005),
TEMPO thus being inactive by radical mechanism with cellulosic
substrates. After PINO abstract hydrogen, the carbon centered rad-
ical is trapped by dioxygen and form the oxygenated products,
Scheme 11.
Notably, the degree of polymerization and molecular mass
of original materials are preserved during the oxidation
reaction, only modest decreases of these parameters being
observed.
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. Conclusions and future work

There is still much effort to carry in the direction of using oxi-
izing agents like nitrogen oxides, permanganates, peroxides for
ellulose, to find the proper reaction conditions (temperature, pres-
ure, appropriate solvents) in order to diminish the non-selective
haracter of those. The introduction of supercritical carbon dioxide
s reaction solvent could be a step forward, especially for biomedi-
al applications where the product purity must be strictly ensured.
odium periodate is one of the most selective reagents for the cellu-
ose oxidation to 2,3-dialdehyde products, which are subsequently
onvert to 2,3-dicarboxycellulose. The efficiency of this reaction can
e increased by improving the solubility of the substrate either by
sing metal salts able to disrupt the intermolecular hydrogen bond,
r by using imidazole-based solvents. Stable and non persistent
itroxyl radicals are the most effective mediators to convert pri-
ary OH groups in cellulose to carboxylic moieties in the presence

f sodium bromide and sodium hypochlorite. The reaction mech-
nism implies the presence of the corresponding oxoammonium
on which is the actual oxidizing agent. The oxidation efficiency
epends thus on redox potential of the monoelectronic oxidation
o the oxoammonium form ( N O+). PINO has an redox potential
f 1.09 V/NHE, since TEMPO’s redox potential is only 0.69 V/NHE
Astolfi et al., 2005), suggesting that PINO could be more efficient
han TEMPO in ionic mechanisms of cellulose oxidation. A radi-
al mechanism for the cellulose oxidation is also possible when
HPI is used in the presence of molecular oxygen, in the absence of
oth sodium bromide and sodium hypochlorite. According with the
DE’s values, TEMPO is unable to react by radical mechanism due to
he lower BDE value of the parent hydroxyl amine. Some drawbacks
hould also be considered: TEMPO is rather an expensive reagent
lso needs larger amounts of sodium bromide to mediate the oxi-
ation reaction; NHPI is poorly soluble in water and requires an
dditional reagent to form the active PINO. To better understand
he action mechanism of TEMPO and NHPI on cellulose oxidation,

 comparative study will definitely solve more questioning points
hich are unsolved. Therefore we envisage an oxidation protocol
erformed under the same reaction conditions on various sorts of
ellulosic materials in the presence of either TEMPO or NHPI. Fully
nalyses of the resulted oxidized products in terms of negatively
harged group formation, changes in crystallinity and morphology,
egree of depolymerization, will bring valuable information on the
fficiency, selectivity and mildness of the used mediator.
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