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a  b  s  t  r  a  c  t

A  iodometric  titration  method  was  introduced  to study  the  conversion  of 2,2,6,6-tetramethyl-1-
piperidinyloxy  (TEMPO)  to the  corresponding  N-oxoammonium  cation  (TEMPO+)  by  hypochlorite  in
the  absence  and  presence  of  bromide  ion.  The  validity  of  the  titration  was  verified  with  UV–vis  spec-
troscopy  combined  with  a multivariate  curve  resolution  (MCR)  algorithm  to calculate  the  concentrations
and  spectral  signatures  of  the  pure  components  (i.e.,  TEMPO,  Cl(+1)  and  TEMPO+). The  formation  of  the
oxoammonium  cation  was  successfully  followed  during  the  activation  of  TEMPO  by  HOCl  and  HOBr.  It
was  found  that  HOBr  is a more  effective  activator  for TEMPO  than  HOCl  is.  Moreover,  the  importance  of
a separate  activation  step  for TEMPO  with  bromide-free  TEMPO  oxidations  could  be  identified  with  this

+

ultivariate curve resolution
xoammonium cation
EMPO-mediated oxidation
V–vis spectrometry

titration  method.  The  content  of  TEMPO was  also  monitored  during  the  TEMPO-mediated  oxidation  of
a  cellulosic  pulp  by hypochlorite  in  the  absence  and  presence  of  bromide.  It  was  found  that  the  oxidation
of  the alcoholic  groups  by  TEMPO+ was  generally  the  rate-determining  step  and  much  slower  than  the
regeneration  of  TEMPO+ through  oxidation  of  the  hydroxylamine  by  HOCl  and  HOBr.  However,  at  high
pH  the  latter  reaction  became  rate-limiting.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The chemistry of catalytic oxidation of alcohols with oxoam-
onium ion in aqueous media was reported decades ago [1–4].

he fast and selective oxidation of primary alcohols to carboxy-
ates via aldehydes by oxoammonium ion was introduced later [5].

ore recently, this method was applied to the oxidation of cellu-
ose [6] and to the preparation of nanofibrillated cellulose (NFC)
7,8]. Altogether, this oxidation has gained a vast research inter-
st [9–21]. The TEMPO-mediated oxidation reduces drastically the
Please cite this article in press as: T. Pääkkönen, et al., Appl. Catal. A: G

nergy consumption during the pulp disintegration to NFC, which
s a transparent gel consisting of individual cellulose microfibrils
nd microfibril bundles. The energy consumption of the nanocel-
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lulose production via a TEMPO-mediated oxidation can be reduced
from 700 to 1400 MJ  kg−1 (microfibrillated cellulose (MFC) process
with a high pressure homogenizer treatment) to less than 7 MJ  kg−1

(TEMPO-oxidized NFC) [22]. NFC can be utilized, for example, as
a reinforcing agent in composites [22,23]. Other applications of
NCF include gas-barrier films, electronics, cosmetics, and flame-
resistant materials [22].

The most widely studied TEMPO-oxidation process is based on
the use of the NaBr/TEMPO/NaOCl system. The pH level during this
oxidation is typically 10 or higher [10,12,13,19,22]. The amount of
bromide is commonly higher than the amount of TEMPO (mass ratio
10:1) during the oxidation [7]. Moreover, some TEMPO-oxidation
methods without the application of bromide have been reported
in the literature [20,24]. For example, acid-neutral conditions (pH
3.5–6.8) have been applied to oxidize regenerated cellulose apply-
ing a TEMPO/NaOCl/NaClO2 procedure without the use of bromide
[24]. With this low pH range, high carboxylate contents for the oxi-
en. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

dized pulps (4 mmol  COOH/g) have been reported after an extended
reaction time of almost 80 h. In addition, an electro-mediated oxi-
dation has been used to oxidize the primary hydroxyl groups of
cellulose to carboxylates without the addition of either NaOCl or

dx.doi.org/10.1016/j.apcata.2015.07.024
dx.doi.org/10.1016/j.apcata.2015.07.024
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Scheme 1. Modified activation mechanism of TEMPO radical by HOX [11].

aBr. In this oxidation, TEMPO or a TEMPO derivative is used with
n amperometric system for the oxidation of the pulp. However,
chieving a carboxylate content of 1 mmol  g−1 of pulp requires a
8 h oxidation, which indicates an extremely low reaction rate [20].
s a conclusion, the TEMPO-mediated oxidations without bromide
re slower compared to the ones that apply bromide. However, a
rocess without bromide would be of interest since its presence in
he waste water streams is highly undesired [11].

The role of bromide as a radical TEMPO activator has not yet
een clearly elaborated. The lack of an analysis method for TEMPO+

mpedes the study of the catalytic cycle of the TEMPO-mediated
xidation. On one hand, it has been proposed that the primary
xidant, e.g., NaOBr when NaOCl is present (Scheme 1), oxidizes
he hydroxyl amine to oxidized TEMPO via a radical intermediate
12,25]. On the other hand, NaOCl has been proposed to activate
EMPO at pH 10 prior to the NaOBr/TEMPO oxidation without a rad-

cal TEMPO intermediate [22]. Both NaClO2 and NaOCl have been
roposed as TEMPO activators during the TEMPO oxidation under
he low pH conditions (pH 3.5–6.8) [21,24,26]. HOBr has been pro-
osed to be the activator for TEMPO during the NaBr/TEMPO/NaOCl
xidation at pH 10.8 where the formation of HOBr in the presence
f ClO− and Br− promotes the conversion of TEMPO to TEMPO+ in

 reaction which is similar to the one shown in Scheme 1 [14]. A
imilar reaction was proposed earlier by de Nooy et al. [9].

The pKa values of HOCl (7.5) and HOBr (8.7) define the applicable
H level during the TEMPO activation. At pH > pKa the hypohalous
cids exist increasingly as hypohalites that are inactive in the cat-
lytic oxidation. Accordingly, the NaBr/TEMPO/NaOCl oxidations
ake place under higher pH level than the NaOCl/TEMPO oxida-
ions [11]. The complexity of the system and the number of the
eactions involved are substantial when both HOCl and HOBr are
resent in the solution [27]. Interestingly, the NaBr/TEMPO/NaOCl
pH 10) oxidation of starch without a separate TEMPO activation
tep is reported to be three times faster than the NaOCl/TEMPO oxi-
ation [11]. However, the reaction rates of the initial conversion of
EMPO to TEMPO+ and its catalytic reaction with starch were not
tudied separately [11].

Several reaction paths have been proposed for the TEMPO-
ediated oxidation of the primary and secondary hydroxyl groups.
owever, some of the elementary reactions, e.g., the conver-

ion of the hydroxylamine (TEMPOH) to TEMPO+ and the initial
onversion of TEMPO to TEMPO+, are lacking plausible reaction
echanisms. Scheme 2 summarizes the most commonly proposed

eaction routes and mechanisms published so far. The conversion
f TEMPO to TEMPO+ (A → C) has been quite often left without
xplanation in the early studies [4,5]. Nevertheless, some routes
or this conversion have been proposed, even though the reaction

echanisms have not been addressed. TEMPO+ has been proposed
o form during a reaction between CuCl2 and TEMPO [3]. Simi-
arly, the formation of TEMPO+ during a reaction between Br(+1)
nd TEMPO [14,18,25,28] as well as between Cl(+1) and TEMPO
11,16,24,26,29] or Cl2 and TEMPO [30] have been reported in
umerous studies. In addition, the conversion of TEMPO to TEMPO+

as been proposed to take place during a reaction with NaClO2
nder neutral and acidic conditions [26] and during a reaction
Please cite this article in press as: T. Pääkkönen, et al., Appl. Catal. A: G

etween ClO2 and TEMPO via a transition complex intermediate
31,32]. Despite the vast research interest on the TEMPO-mediated
xidation, the reaction mechanisms for the formation of TEMPO+

till remain unrevealed.
Scheme 2. Proposed reaction routes for TEMPO-mediated oxidation of primary and
secondary alcohols.

The TEMPO-mediated oxidation of alcoholic groups 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 and F) is generated
by a nucleophilic attack of an alcoholate anion on the nitrogen
atom of TEMPO+ [5,10,12,22,33,34]. Additionally, an A → B → D → H
route has been proposed to occur under alkaline conditions, where
the formation of a reactive complex (D) is generated by a nucle-
ophilic attack of an alcoholate anion on the oxygen atom of TEMPO
[34]. Moreover, hydroxylamine has been proposed to shift to the
protonated hydroxylamine H → G under low pH [12,35]. Further-
more, the conversion of TEMPOH to TEMPO+ (H → C) is proposed
to take place under alkaline conditions with [7,12,36] and with-
out [11,22,26,29,37–39] the radical intermediate by a reaction with
X(+1) or by applying an amperometric system.

For the present, only few elementary reaction rate constants
for the TEMPO-mediated oxidation process have been determined.
Some kinetic studies have been published with primary and sec-
ondary alcohols. The equilibrium constant (K) for the formation of a
complex (F) with MeO− and TEMPO+ (1.3 × 1013 M−1) is reported to
be 106 times larger than that for the formation of the corresponding
i-PrO− complex (1.1 × 107 M−1) [34]. In addition, the rate con-
stants for the reactions between aldehydes/alcohols and TEMPO+

under alkaline conditions have been studied [9]. Those reactions
were followed by monitoring the consumption of hypochlorite [9].
However, measuring hypochlorite consumption does not allow dif-
ferentiating between the reaction of TEMPO+ with the alcohol and
the conversion of TEMPOH to TEMPO+. Thus specific quantification
of TEMPO+ would be useful for the determination of the rate con-
stants for the individual reactions in the catalytic cycle. In addition,
it is obvious that the mechanism of the conversion of TEMPO or
TEMPOH to TEMPO+ is not clearly defined due to the rival reaction
routes which have been proposed in the earlier studies. Therefore,
a method for the determination of TEMPO+ would be a useful tool
en. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

within this field of research.
In this study, we  introduce a iodometric titration method to

quantitatively monitor TEMPO+ during TEMPO-mediated oxida-

dx.doi.org/10.1016/j.apcata.2015.07.024
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ion of alcohols. The validity of the iodometric titration method
s verified with UV–vis absorption spectroscopy by fitting with the
pectra of the pure components, i.e., TEMPO, Cl(+1) and TEMPO+,
s calculated by a multivariate curve resolution algorithm (MCR).
oreover, the method with UV–vis spectroscopy and MCR  algo-

ithm can be applied separately to quantify both TEMPO+ and
EMPO. The iodometric titration method [1,2,30,40] is applied to
tudy a separate activation step of TEMPO prior to the TEMPO-
ediated oxidation. Moreover, the role of HOX (e.g., HOCl and
OBr) as an activator of TEMPO is studied by the titration method.
inally, the TEMPO-mediated oxidation with a separate activation
tep of TEMPO and the titration method to determine TEMPO+ are
pplied during an oxidation of a cellulosic pulp, a process com-
only applied for the preparation of NFC.

. Experimental

.1. Materials

Industrially dried fully-bleached birch kraft pulp (Finland),
ully-bleached eucalyptus kraft pulp (Brazil) and eucalyptus pre-
ydrolysis kraft pulp (Brazil) were used as the raw materials for
he TEMPO-mediated oxidation of cellulose. Xylitol (Sigma–Aldrich
St Louis)) was used as the raw material for the TEMPO-mediated
xidation of alcohol. TEMPO (Sigma–Aldrich (St Louis)) was used
s a catalyst. A 13% NaOCl solution (Merck (Darmstadt, Germany))
as the primary oxidant in the TEMPO-oxidations. 22 g of ortho-

oric acid (VWR (Leuven, Belgium)) and 1.8 g of NaOH pellets (VWR
Leuven, Belgium)) were diluted to 2000 ml  of distilled water to
repare a borate buffer (pH 8.3) in situ. 1 M NaOH (Merck (Darm-
tadt, Germany)), 1 M HCl (Merck (Darmstadt, Germany)), Büchi
eactor (volume 1.6 dm3), and Metrohm 718 Stat Titrino titra-
or with pH adjustment were applied during the pulp oxidations.
V–vis absorption spectra were measured with a Shimadzu UV-
550 spectrophotometer (Shimadzu Corporation (Kyoto, Japan)).

on-exchanged water was used in pulp washings.

.2. Activation of TEMPO by NaOCl

NaOCl and TEMPO were mixed in a buffer solution (pH 8.3)
t room temperature. The consumption of Cl(+1) and the forma-
ion of TEMPO+ were monitored by iodometric titration. In parallel
xperiments absorption spectra of the samples withdrawn were
easured in the UV–vis region with a Shimadzu UV-2550 spec-

rophotometer. Reference spectra of the buffer, 2 mM TEMPO in
he buffer and 4 mM NaOCl were also measured. All solutions were
iluted with the buffer solution in a 1:5 ratio prior to the mea-
urements. The concentrations of Cl(+1), TEMPO and TEMPO+ were
btained through mathematical analysis of the spectra.

.3. Oxidations of the cellulose pulps and xylitol

All oxidations were carried out in a Büchi glass reactor (1.6 dm3)
t 25 ◦C. The chemical dosages and the consistency of the pulp
uspension were varied while its volume was 1.2 dm3 in all exper-
ments. Radical TEMPO was mixed with a stoichiometric excess of
aOCl in water. The pH level of the solution was adjusted to 7.5 with

ulfuric acid. The solution was mixed in a closed vessel until TEMPO
as completely dissolved and converted to TEMPO+ by HOCl. The

ulp and the activated TEMPO solution were mixed and NaOCl was
dded to the closed reactor by a pump. After the addition of NaOCl,
H was kept constant at the target level by adding 1 M NaOH with an
Please cite this article in press as: T. Pääkkönen, et al., Appl. Catal. A: G

utomatic titrator. The oxidation rate was followed by iodometric
itration until all oxidant was consumed.

Xylitol was oxidized correspondingly excluding the adjustment
f oxidation solution pH with borate buffer to 8.3. Automatic titra-
 PRESS
 A: General xxx (2015) xxx–xxx 3

tor was  not used for pH adjustment after NaOCl addition due to
buffered conditions.

2.4. Conversion of residual aldehydes to carboxylates with
chlorous acid

TEMPO-oxidized pulp suspension was acidified to pH 3 with HCl
and NaClO2 Was  added (10 mM initial concentration). The suspen-
sion was mixed in the Büchi reactor for 2 h at 50 ◦C. Finally, the
pulp was  washed with pure water. CED-viscosity of the pulp was
analyzed according to the standard method SCAN-CM 15.99 prior
to the calculation of DP [41].

2.5. Analyzing of carboxylate and aldehyde contents of pulps

The carboxylate content of the pulps were determined by con-
ductometric titration (SCAN-CM 65:02) using Methrohm 751 GPD
Titrino automatic titrator and Tiamo 1.2.1. software. The aldehyde
contents of the pulps were calculated as the difference in their car-
boxylate contents after and before the post-oxidation with HClO2.

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

The applied titration sequence is based on the method of Wartio-
vaara [42] excluding the analysis of TEMPO+. Wartiovaara describes
a three point titration of ClO2 and hypochlorite at pH 8.3, fur-
ther 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 formed TEMPO+ 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 + 2S2O3
2− → S4O6

2− + 2I− (1)

First, 25 ml  of a borate buffer (pH 8.3) was added to two sample
containers. Then, 0.5 ml  of DMSO, which can be used as a masking
agent for HOCl and HOBr, was  added to one of the sample containers
[43–47]. A known amount of the sample solutions together with an
excess amount of KI was added to both of the sample containers.
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 (Eqs.
(2) and (3)) occur in the mildly alkaline medium:

HOX + H+ + 2I− → X− + I2 + H2O (2)

2TEMPO+ + 2I− → 2TEMPO + I2 (3)

The DMSO containing sample includes only the reaction prod-
uct (iodine) with TEMPO+, since HOCl (or HOBr) is trapped with
DMSO. Iodide reduces TEMPO+ to TEMPO radical [1,2,30,40]. Thus
the thiosulphate consumption corresponds stoichiometrically to
the amount of TEMPO+ in the sample (Eqs. (1) and (3)).

2.7. UV–vis absorption spectroscopy of TEMPO/NaOCl/buffer
solutions

NaOCl/TEMPO mixtures in a buffer solution (pH 8.3) were pre-
pared and measured with a Shimadzu UV-2550 spectrophotometer
correspondingly to the ones which were applied in the titrations.
en. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

2 mM TEMPO and 4 mM NaOCl solutions in the buffer media and
the buffer solution without any added chemicals were measured
as reference samples. All solutions were diluted with a ratio of 1/5
by the buffer solution prior to the measurements.

dx.doi.org/10.1016/j.apcata.2015.07.024
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Fig. 1. The correlation between the consumed Cl(+1) and the formed TEMPO+ in a
reaction of 2 mM TEMPO and 4 mM NaOCl in a borate buffer (pH 8.3) at room temper-
ature. The concentrations of TEMPO+ formed and Cl(+1) consumed were obtained by
iodometric titration. Corresponding correlation with reaction times added is shown
ARTICLEPCATA-15474; No. of Pages 7
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.8. Mathematical reconstruction of pure spectral components
rom UV–vis data

First, the range of linear response in the UV–vis measure-
ents was identified by looking at the singularities in their loading

actors from principal component analysis (PCA) [48]; the range
6 assumed to be TEMPO, TEMPO+, HOCl/−OCl mixture (which

s referred to as Cl(+1)) and a constant background consisting
f a baseline and absorption by the buffer. A number of vary-

ng components equal to three was also confirmed by PCA: the
rst three factors explain over 99% of data variance (for data at
00–400 nm). The background, derived from the spectrum of a
uffer-only solution, was subtracted from all spectra. The millimo-

ar spectra of pure TEMPO and Cl(+1) were taken from spectra of
he respective substance in buffer, after subtracting the background
nd dividing for the concentration. The spectrum of TEMPO+ was
econstructed by an algorithm, inspired by the Multivariate Curve
esolution–Alternate Least Squares method [49], which recursively
lternates least-squares fitting of the bilinear model D = CS + E and
he application of constraints to the obtained solution. D is the n × w

atrix of UV–vis measurements (n = number of measurements,
 = number of wavechannels), C is the n × p matrix of concen-

rations in mmol/l (p = number of independent components, here
qual to 3), S is the p × w matrix of spectra of pure components
nd E accounts for noise. The constraints included non-negativity
f absorbances and concentrations, stoichiometric balances and
onotonic decrease of reactants; they were applied by substitut-

ng any absorption or concentration that violated these constraints
ith the closest admissible value. The initial estimate for the spec-

rum of 1 mM TEMPO+ was  taken as the spectrum from the latest
oint (332 min) in the reaction mixture, subtracted by the back-
round, divided by 1.8 (i.e., 90% of the initial 1 mM TEMPO) and
gain subtracted by the spectrum of 1 mM Cl(+1). The algorithm
as iterated until convergence and the final spectra were used to

btain the concentrations of the corresponding substances by linear
east-squares fit. All calculations were performed using MATLAB®

ersion 8.2 R2014a (The Mathworks (USA)).

. Results and discussion

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

The reaction of TEMPO and NaOCl was studied in a pH 8.3
uffer solution because at this pH the content of the undissoci-
ted HOCl (pKa 7.5), that is the reactive species, is still relatively
igh (∼14%). The reaction was monitored as a function of time by

odometric titrations with and without DMSO, which is used as a
asking agent for HOCl [43–46] (S1). The formation of a reaction

roduct was detected when DMSO was applied. This compound
isappeared when an aliphatic alcohol, n-propanol, was added

n the reaction mixture of TEMPO and NaOCl. The slow forma-
ion under the low reactant concentrations and the disappearance
ith the added alcohol promotes an assumption that the com-

onent is the oxidized form of TEMPO, namely TEMPO+ which is
eported to react stoichiometrically with iodine as described by Eq.
3) [1,2,30,40]. TEMPO+ is converted to its reduced form, a hydrox-
lamine (TEMPOH), during the reaction with alcohols (Scheme 2).
rimary aliphatic alcohols can be oxidized with TEMPO to the cor-
esponding aldehydes in few minutes [5]. The oxidation of the
lcohols with TEMPO is clearly faster with added NaBr [11]. The co-
atalysis by bromide could be due to the faster activation of TEMPO
Please cite this article in press as: T. Pääkkönen, et al., Appl. Catal. A: G

o its oxidized form.
The thiosulphate consumption with the added DMSO was  con-

erted to the concentration of TEMPO+ according to Eqs. (1) and (3)
Fig. 3). The concentration of Cl(+1) was obtained from the differ-
in  Supplementary material.

ence 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).

The correlation between the consumed Cl(+1) and the TEMPO+

formed is further illustrated in Fig. 1. The stoichiometry of the acti-
vation reaction with HOCl and TEMPO is proposed to be 1:2 [11].
The observed results correlate with the 1:2 stoichiometry except
for the longest reaction times. 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 [27], which is more pronounced at long
reaction times and especially at high Cl(+1) concentrations.

3.2. UV–vis absorption spectroscopy of TEMPO, TEMPO+ and
Cl(+1)

The conversion of TEMPO and Cl(+1) and the formation of
TEMPO+ were monitored also by UV–vis absorption spectroscopy
(Fig. 3). The spectra of the reaction solutions and the corresponding
spectra of Cl(+1) in the borate buffer are shown in the supple-
mentary material. Mathematical fitting was used instead of direct
observation of the absorption maxima shifting due to the over-
lapping of the spectra of TEMPO, TEMPO+, and the Cl(+1). The
mathematically reconstructed spectra of TEMPO, TEMPO+, and
Cl(+1), shown in Fig. 2, are based on the measurements illustrated
in Supplementary material.

The formation rate of TEMPO+ in 2 mM TEMPO solution, which is
typically applied in the TEMPO-mediated oxidation, and the forma-
tion rate in a more concentrated TEMPO solution are compared in
Fig. 4. The concentration ratio of NaOCl and TEMPO and the concen-
tration of NaOCl clearly influence on how fast TEMPO+ is formed. In
the plateau point of TEMPO+ formation the consumption of thiosul-
fate (iodometric titration in the presence of DMSO) is almost equal
to the amount of TEMPO added. The results demonstrate the bene-
fit of a separate activation step of TEMPO prior to its application as
a bromide-free oxidation catalyst e.g., for the oxidation of cellulosic
pulps. A separate activation of TEMPO by NaOCl at pH 7–8 can be
en. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

accomplished within an half of hour when 20–40 mM TEMPO and
excess of NaOCl are used (results not shown).

dx.doi.org/10.1016/j.apcata.2015.07.024
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Fig. 2. 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.
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Fig. 3. 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 temper-
ature. The graph compares the results obtained by iodometric titration and UV–vis
spectroscopy combined with MCR.

Fig. 4. 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.
Fig. 5. The decomposition of HOBr, formed in 4 mM NaBr and 4 mM NaOCl in a
borate buffer (pH 8.3) at RT, by DMSO as monitored by iodometric titration.

3.3. Iodometric titration of TEMPO+ in the presence of added NaBr

The use of DMSO as a masking agent for HOCl has been reported
widely [43–46]. DMSO can be applied as a masking agent for HOBr
correspondingly [47]. However, the reaction rate between HOBr
and DMSO is slower than the reaction rate between HOCl and
DMSO. The required time for removing all HOBr in the mixture of
NaBr and NaOCl by DMSO was  determined by varying the incuba-
tion time prior to the addition of KI and starch (Fig. 5). 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 × exp(−kt) (4)

where the rate constant k is 0.10 s−1. Thus a delay of 2 min  between
the addition of DMSO and the addition of KI was considered appro-
priate to enable the titration of TEMPO+ regardless of the amount
of Br(+1) present in the sample solution.

The iodometric titration with and without added DMSO was
applied for monitoring the NaBr/TEMPO/NaOCl reaction system
(S2) similarly as presented in supplementary data (S1) for the
TEMPO/NaOCl system. The formation rate of TEMPO+ was high
despite the 10 times lower concentration level compared to the
bromide-free system (S1 and Fig. 3). The use of bromide as an accel-
erating compound of TEMPO-mediated oxidation is well known
and reported [10,12]. Our experiments verify one of the important
effects of bromide as a co-catalyst is the faster conversion of TEMPO
to TEMPO+.

The correlation between the consumption of Cl(+1)/Br(+1) and
formation of TEMPO+ (Fig. 6) was similar to the one detected with
the TEMPO/NaOCl system (S1 and Fig. 3). In both cases the hypo-
halous acids were consumed and TEMPO+ formed in the theoretical
1:2 ratio.

3.4. Monitoring of the TEMPO-mediated oxidation of xylitol

The iodometric titration of Cl(+1) and TEMPO+ was  applied to
study the catalytic oxidation of xylitol with preactivated TEMPO
(2 mM)  at pH 8.3 in buffered conditions (Fig. 7). Interestingly,
30 mM NaOCl was  consumed during reaction with 7.5 mM xylitol.
The observed 4:1 stoichiometry corresponds to the expected con-
en. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

version of xylitol into xylaric acid. The concentration of TEMPO+

remained at a constant level until all hypochlorite was consumed
after which also TEMPO+ disappeared.

dx.doi.org/10.1016/j.apcata.2015.07.024
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Fig. 6. Disappearance of Cl(+1)/Br(+1) and formation of TEMPO+ in a reaction mix-
ture of 0.2 mM TEMPO, 0.2 mM NaBr, and 0.2 mM NaOCl in a borate buffer (pH 8.3)
at  room temperature.
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Fig. 8. Disappearance of Cl(+1) and TEMPO+ during TEMPO (2 mM)  catalyzed oxida-
tion of a bleached birch kraft pulp (4% consistency) with NaOCl at room temperature.
[A] Oxidation with preactivated TEMPO and 57 mM NaOCl at pH 9, [B] repetition of
A  oxidation except pH adjustment (9 → 10.5) with NaOH after 12 min  reaction time
(dash line). [C] Disappearance of Cl(+1)/Br(+1) and TEMPO+ during TEMPO (2 mM)
and  NaBr (0.4 mM)  catalyzed oxidation of a bleached birch kraft pulp (3.3% consis-
tency) with NaOCl (97 mM)  at pH 10 at room temperature. TEMPO was preactivated
ig. 7. Disappearance of Cl(+1) and TEMPO during TEMPO (0.4 mM)  catalyzed oxi-
ation of a 7.5 mM xylitol with 30 mM NaOCl at room temperature. pH was buffered
ith borate buffer to 8.3.

.5. Monitoring of the TEMPO-mediated oxidation of bleached
ulps by iodometric titration

The iodometric titration of Cl(+1) and TEMPO+ was  applied to
tudy the catalytic oxidation of a bleached birch kraft pulp with
reactivated TEMPO (2 mM)  at pH 9 that has been reported to
e the optimum pH for the bromide-free oxidation [11] (Fig. 8A).
uring the course of the oxidation TEMPO existed mostly in the

orm of TEMPO+, the concentration of which stayed at a constant
evel (1.7 mM)  until all Cl(+1) was consumed (Fig. 8A). Similar
bservations were made with bleached eucalyptus kraft and euca-

yptus prehydrolysis kraft pulps (Supplementary material). Then
EMPO+ disappeared at a rate equal to the final rate of conversion of
l(+1). These observations indicate that the oxidation of TEMPOH to
EMPO+ is much faster than its oxidative reaction with the primary
lcohol groups in cellulose. A similar conclusion was reported ear-
ier by Bragd et al. [11] who found that the rate of TEMPO catalyzed
xidation of methyl �-d-glucopyranoside was unaffected by the
Please cite this article in press as: T. Pääkkönen, et al., Appl. Catal. A: Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.07.024

oncentration of Cl(+1). However, when pH of the reaction mixture
as adjusted from 9 to 10.5 (Fig. 8B) during the reaction, TEMPO+

lmost disappeared (<0.2 mM TEMPO+) after which the reaction

prior to the oxidation.

dx.doi.org/10.1016/j.apcata.2015.07.024


 ING Model
A

talysis

c
t
t

g
e
e
p
k
o
r

c
a
(
f
l
l
d
(
t
c

4

t
o
b
c
c
o
t
c
t
T
T
i
T
o
e
b

A

F
R

A

i
0

R

[

[
[
[
[
[

[

[
[

[
[
[
[
[

[
[
[
[
[

[

[

[

[

[

[
[

[

[
[
[
[
[

[
[
[

[

[46] B.H. Yoon, L. Wang, J. Pulp. Paper Sci. 28 (2002) 274–279.
[47] J. Viroopakshappa, V. Jagannadham, J. Chem. Sci. 114 (2002) 149–154.
[48] H. Abdi, L.J. Williams, Wiley Interdiscip. Rev. Comput. Stat. 2 (2010) 433–459.
[49] J. Jaumot, R. Gargallo, A. de Juan, R. Tauler, Chemom. Intellig. Lab. Syst. 76

(2005) 101–110.
ARTICLEPCATA-15474; No. of Pages 7

T. Pääkkönen et al. / Applied Ca

ontinued with a much lower rate. Thus, at the high pH reoxida-
ion of TEMPOH became the rate-limiting reaction, probably due to
he low content of HOCl at the high alkalinity.

Under identical conditions more carboxylate and aldehyde
roups (0.92 and 0.21 mmol/g, respectively) were formed in the
ucalyptus prehydrolysis kraft pulp in comparison with the normal
ucalyptus kraft pulp (0.75 and 0.13 mmol/g, respectively) (Sup-
lementary material). The enhanced oxidation of the prehydrolysis
raft pulp can be explained by its lower xylan content. Similar effect
f the xylan content on the oxidation of cellulosic pulps has been
eported earlier [29].

When a small amount of NaBr was used as a co-catalyst, the
oncentration of TEMPO+ stayed close to the concentration of the
dded TEMPO even though the oxidation was carried out at pH 10
Fig. 8C). The bromide-assisted oxidation has been reported to be
astest at pH 10 [11]. Our results verify that the NaBr addition that
eads to formation of HOBr, promotes the reoxidation of TEMPOH at
east at high pH levels. In part, this can be understood by the lower
egree of dissociation of HOBr (pKa 8.7) in comparison with HOCl
pKa 7.5). These examples demonstrate the utility of the iodometric
itration in unravelling the rate-determining steps in the TEMPO
atalyzed oxidation of cellulosic pulps.

. Conclusions

The quantification of TEMPO+ by iodometric titration is a useful
ool for studying the chemistry of the TEMPO-mediated oxidation
f primary alcohols. Similar and complementary information can
e obtained by UV–vis spectroscopy combined with multivariate
urve resolution, which can be applied for simultaneous quantifi-
ation of Cl(+1)/Br(+1), TEMPO+ and TEMPO. In general, conversion
f TEMPO to TEMPO+ is the slowest step in bromide-free oxida-
ion of the alcohols by Cl(+1). The use of bromide accelerates this
onversion that can also be accomplished through a separate pre-
reatment of TEMPO with an excess of Cl(+1) in neutral conditions.
he rate of the preactivation depends on the concentrations of
EMPO and Cl(+1) and is high enough to be applied in potential

ndustrial processes such as catalytic oxidation of cellulosic pulps.
EMPO+ was the dominant form of TEMPO in the catalytic oxidation
f a birch kraft pulp under optimal conditions which confirms the
arlier observation on the oxidation of the hydroxymethyl groups
eing the rate-determining step in the catalytic process.
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