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Abstract Hypochlorous acid bleaching under
amine catalysis (H_, bleaching stage) is an opti-
mized bleaching stage variant that is characterized
by working at weakly acidic, near-neutral pH, hav-
ing high bleaching efficiency, and discharging only
very small amounts of chloro-organics. This study
addressed the chemical fate of the used 1,4-diaz-
abicyclo[2.2.2]octane (DABCO) catalyst. While
literature proposed either homolytic or heterolytic
breakage of one ethylene bridge and subsequent
release of the resulting fragments as two molecules
of formaldehyde, we demonstrated the degrada-
tion to proceed by ionic elimination of one ethylene
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bridge starting from mono-N-chlorinated DABCO.
The resulting N-vinyl (enamine) derivative adds
water under the release of acetaldehyde and forma-
tion of piperazine. The generation of acetaldehyde
was experimentally confirmed by 2.4-dinitrophe-
nylhydrazine trapping, directly from the processing
liquid. The experimental findings agreed superbly
with computations which showed the “acetaldehyde
mechanism” to be much favored over the previ-
ously proposed pathways under C—C bond cleav-
age and release of formaldehyde. The results of this
study add to a better understanding of the novel H_,,
bleaching system.
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Introduction

Bleaching is an essential step in the production of
cellulosic pulps for paper, fibers and cellulose deriva-
tives. It aims at removing residual lignin and residual
color from pulp, ensuring compliance with the differ-
ent quality standards for the various cellulose applica-
tions. As well-known from bleaching chemistry and
technology, traditional bleaching processes involve
multiple stages (Suess 2010). The more conventional
setups utilized chlorine-based agents while more
modern variants built on chlorine-free processes
and oxygen-based active agents to achieve effective
delignification while preserving the cellulose struc-
ture. Despite significant advancements in sustainable
bleaching methods, challenges persist in finding a
balance between effective, sufficient delignification
and discoloration on the one side and preservation of
the integrity of cellulose (and in some cases hemicel-
lulose in addition) on the other side (Suess 2010).
Classical hypochlorite bleaching, the so-called
“H stage”, works under alkaline conditions. It is
known to be effective with regard to chromophore
removal, yet still inflicted with environmental
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problems due to the formation and release of small
amounts of chloro-organics (Kolar et al. 1983;
Gallard and von Gunten 2002; Lehtimaa et al.
2010). Recent work has brought a renaissance of
hypochlorite — or more correctly: hypochlorous
acid (HOCl) — as the active bleaching agent. An
optimized approach works under neutral or weakly
acidic, near-neutral conditions (pH 5-7) under
which non-dissociated hypochlorous acid domi-
nates rather than the hypochlorite anion. It was
recognized for its efficacy in delignification and at
the same time the extremely low chloro-organics
discharge, compared to the conventional D stage
or H stage counterparts (Afsahi et al. 2015, 2019a,
b; Chenna et al. 2013, 2016). In this context, the
incorporation of tertiary amine catalysts, especially
1,4-diazabicyclo[2.2.2]octane (DABCO) and some
of its derivatives (1-carboxymethyl-1-azonia-4-aza-
bicyclo[2.2.2]octane chloride (CM-DABCO) and
1-carboethoxymethyl-1-azonia-4-aza-bicyclo[2.2.2]
octane chloride (CEM-DABCO)), offered additional
improvements of hypochlorous acid bleaching by
positively influencing efficiency (rate of chromo-
phore removal), selectivity (less cellulose damage)
and chemical charges. DABCO exhibited interest-
ing activity in promoting hypochlorous acid reac-
tions, with the mechanism involving the formation
of N-chloramines as bleaching-active agents (Priitz
1998; Afsahi et al. 2019c; Isaza Ferro 2023) and
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was also especially active against highly resonance-
stabilized cellulosic key chromophores (Korntner
et al. 2015; Rosenau et al. 2007).

Recent work of the Vuorinen group has explored
in great detail the catalytic role of DABCO and
other tertiary amines in enhancing the selectivity of
hypochlorous acid towards lignin and has signifi-
cantly contributed to the understanding of amine-
catalyzed hypochlorous acid bleaching mechanisms
and kinetics (Isaza Ferro 2023; Isaza Ferro et al.
2021a, b, 2022). Due to the small amount added
(typically 0.1 wt%), the catalyst was not intended for
recovery or recycling, but instead was assumed to be
slowly degraded according to a previously proposed
mechanism (Dennis et al. 1967; Brennesein et al.
1965; Rosenblatt et al. 1972; Hull et al. 1967) and
eventually washed out. However, general mechanistic
considerations raised some doubts about the DABCO
degradation as proposed in the literature. This study
describes our attempts to elucidate the further fate
of DABCO under conditions of hypochlorous acid
bleaching and to establish — or possibly correct — the
corresponding mechanisms. To this end, we used a
combination of trapping reactions, NMR spectros-
copy and computational chemistry.

Materials and methods
General

Commercial chemicals from Sigma-Aldrich (Schnell-
dorf, Germany) were of the highest grade available
and were used without further purification. Distilled
water was used for all aqueous solutions. Solvents
were purchased in synthesis grade from Carl Roth,
Sigma-Aldrich and VWR and were used as received.

DABCO-catalyzed hypochlorous acid bleaching

The H_, bleaching stage was performed as described
in Afsahi et al. (2019b), working at RT with 1% active
chlorine (initial pH=4.5) and 0.1 wt% of DABCO at
a pulp consistency of 3%. The pulp slurry (200 mL)
was washed with the same volume of distilled water,
and the washings were used directly for the trapping
experiments.

Preparation of Brady’s reagent

An acidic solution of 2.4-dinitrophenylhydrazine in
EtOH was prepared following two different published
protocols implementing minor modifications.

Method A (RSC Education 2018): To H;PO, conc.
(12.5 mL, 85 wt% in H,0) was added 2,4-DNPH
(0.750 g wet [contains 0.5 g H,0/1.5 g]2£1.0 g pure
2,4-DNPH, 2.524 mmol) and stirred at RT until dis-
solution. Absolute EtOH was added up to a volume of
25 mL yielding a dark orange solution (BR I; ¢(2,4-
DNPH)=0.101 M; c(H;PO,)=7.40 M).

Method B (Ruekberg and Rossoni 2005): A sus-
pension of 2,4-DNPH (3.00 g, wet [contains 0.5 g
H,0/1.5 g]22.0 g pure 2,4-DNPH, 10.09 mmol)
in absolute EtOH (75 mL) was cooled to 0 °C in
an ice/water bath before conc. H,SO, (17 mL) was
carefully added under stirring. After complete addi-
tion, the suspension was warmed until the solid had
fully dissolved. After cooling to RT, deionized H,O
was added up to a volume of 100 mL yielding a dark
orange solution (BR 1II; c(2,4-DNPH)=0.101 M;
c¢(H,S0,)=3.06 M).

Derivatization and isolation of acetaldehyde

To the aqueous bleaching washing solution (5.0 mL),
five drops of BR I or BR II were added at RT while
stirring, whereupon a yellow solid precipitated. The
vial was tightly closed and the suspension stirred for
30 min before the fluffy yellow precipitate was iso-
lated by vacuum filtration. The filter cake was washed
with a mixture of EtOH:H,O (2.0 mL, 1:1 v/v). Prior
to NMR analysis, the product was dried in vacuo. As
a positive control experiment, an aqueous solution of
acetaldehyde (5.0 mL, ¢=0.0908 mM) was treated
identically.

NMR analysis

Solution-state NMR spectra were recorded using a
Bruker Avance II 400 spectrometer equipped with a
cryogenically-cooled broadband observing (BBO)
5 mm probe-head (CryoProbe™ Prodigy, N,-cooled).
The NMR experiments were performed with z-gradi-
ents at RT at resonance frequencies of 400.13 MHz
for 'H, 100.61 MHz for "°C, and 40.54 MHz for
5N using standard Bruker pulse programs. Chemi-
cal shifts are given in parts per million (ppm) and
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were referenced to the respective solvent as internal
reference (DMSO-dg; 2.50 ppm for 'H, 39.52 ppm
for 13C). 'TH NMR spectra were recorded with 32 k
complex data points and apodized using a Gaussian
window function (Ib=-0.30 Hz and gb=0.30 Hz)
prior to Fourier transformation. '*C NMR J-mod-
ulated spectra using WALTZ16 'H decoupling
(Bruker pulse program “jmod”) were recorded with
65 k complex data points. S/N was enhanced utiliz-
ing an exponential window function (Ib=1.0 Hz)
before Fourier transformation. 'H-'H COSY using
gradient pulse for selection (Bruker pulse program
“cosygpqf’) was used to determine homonuclear
shift correlation and acquired with 2048256 data
points. The multiplicity-edited HSQC experiment
(Bruker pulse program “hsqcedetgpsp.3”) was per-
formed using adiabatic pulses for inversion of *C
and GARP-sequence for broadband '*C-decoupling,
optimized for ! J(CH)=145 Hz and acquired with
1024 x256 data points. For determination of long-
range 'H-'>C couplings, an HMBC experiment using
gradient pulses and a low-pass filter without decou-
pling (Bruker pulse program “hmbcgplpndqf’) was
performed and acquired with 1024 X256 data points.
The relative spatial arrangement of protons was elu-
cidated using a selective 1D NOESY experiment
implementing an excitation sculpting technique with
simple pulsed field gradients (PFG, Bruker pulse
program “selnogp”) and acquired with 16 k complex
data points. To determine 'H-'"N couplings, a 'H-'°N
HMBC experiment (Bruker pulse program “hmbcg-
plpndgf’) was performed acquiring 1048 x 128 data
points; '°N shifts were extracted from the obtained
2D spectra. All NMR data was acquired and pro-
cessed using Bruker TopSpin 4.3.0 and/or 3.2.7
software.

NMR data of standards and identification of
compounds

1,4-Diazabicyclo[2.2.2]octane (DABCO, 1). 'H NMR
(DMSO-dy): §2.60 ppm (s, 12H, 6 x CH,); 1*C NMR
(DMSO-dg): 646.97 ppm.

1,4-Diazacyclohexane (pyridazine, 2). 'H NMR
(DMSO-dg): 82.58 (s, 8H, 4xCH,), 1.98 ppm (s, b,
2H, NH); 1*C NMR (DMSO-dy): §46.94 ppm; >N
NMR (DMSO-dy): 6 —246.16 ppm.

Acetaldehyde as the respective 2,4-dinitrophenylhydra-
zone derivative (1-(E)-ethylidene-2-(2,4-dinitrophenyl)
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hydrazine, 5). '"H NMR (DMSO-dy): §11.35 (s, IH, NH),
8.83 (d, 1H, J=2.61 Hz, 3-CH,), 8.33 (ddd, 1H, J=9.67
/2.61 /0.78 Hz, 5-CH,,), 8.01 (dq, 1H, J=5.38 / 0.57
Hz, -CH=N), 7.86 (d, 1H, 9.67, J=9.67 Hz, 6-CH,),
2.01 ppm (d, 3H, J=5.38 Hz, -CH,); 3C NMR (DMSO-
dg): 8151.56 (-N=CH), 144.73 (1-C,), 136.54 (4-C,),
129.90 (5-CH,,), 128.70 (2-C,), 123.20 (3-CH,,), 116.33
(6-CH,,), 18.70 ppm (CH;); "N NMR (DMSO-dy): &
—67.60 (-N=CHCH,), -227.91 ppm (1-C,-NH-).

Computations

The GAUSSIANO9 software (Frisch et al. 2016) was
employed in all calculations. The DFT(M06-2X) level
of theory was applied for geometry optimization, fre-
quency calculation, and energy evaluation throughout
this study, with the 6-311G(d,p) basis sets for C, O,
H, Cl and N, with diffuse functions being added to C,
O, Cl and N. It was ascertained that each equilibrium
geometry exhibited no imaginary frequency. Changes
in enthalpy, entropy, and Gibbs energy were calcu-
lated for 298.15 K.

Results and discussion

Literature accounts propose degradation of DABCO
by hypochlorite / hypochlorous acid to proceed via
C—C cleavage of one of the ethylene bridges with the
two remaining C,-units being eventually released as
formaldehyde (Dennis et al. 1967; Rosenblatt et al.
1972; Hull et al. 1967). The bond cleavage is sup-
posed to proceed heterolytically, starting from the
N-monochloramine, which is fragmented under the
release of chloride and the formation of a bis(N-meth-
yleneiminium) dication. Alternatively, the DABCO-
derived aminyl cation radical was proposed, which
should undergo B-fragmentation and further one-elec-
tron oxidation to the same bis(N-methyleneiminium)
dication. Subsequent addition of two equivalents of
water would release two equivalents of formaldehyde
and piperazine (Scheme 1).

Some general considerations and preliminary
experiments shed some doubt on these literature
mechanisms: the medium in H, bleaching consists
of water and some dissolved or dissociated elec-
trolytes. In such highly polar protic reaction media
of high ionicity, generally, monomolecular reac-
tions (substitutions/eliminations) would be favored
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Scheme 1 Literature pro-
posal (Dennis et al. 1967;

Rosenblatt et al. 1972; Heterolytic N HOCI
Hull et al. 1967) for the pathway e _OH- >
N

heterolytic and homolytic
degradation pathways of
DABCO (1) in the presence
of hypochlorite / hypochlor-
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over bimolecular ones (e.g., Syl over S\2 reactions)
because the high polarity stabilizes charged (ionic)
transition states and intermediates. Polar covalent
bonds, such as C-O or C-N, would be much more
prone to cleavage than non-polarized C—C bonds;
ionic fragmentation along a saturated aliphatic side
chain — not involving C=C double bonds or het-
ero-analogous double bond structures (e.g., C=0)
— would be rather “exotic”’. The suggested ionic
fragmentation of an ethylene (-CH,-CH,-) moiety
seemed thus somewhat questionable, and the same
was true for a homolytic cleavage under the prevail-
ing conditions.

Spin trapping at pH 5 (with model compounds
instead of pulp) and different traps, such as EMPO
(Stolze et al. 2003), did not provide any indication of
radical species being present. While this by no means
meant a solid proof of their absence, the outcome was
different at alkaline pH (pH=10) of a classical D or
H stage: EPR spectra showed mixtures of EMPO-
adducts with different O-centered and C-centered
radicals.

Attempts to detect the possibly formed formalde-
hyde — which should be a final product of both the
heterolytic and homolytic pathways — were unsuc-
cessful. We used chromotropic acid for detection
due to its quite high selectivity. While most alter-
native HCHO-scavengers (e.g., dimedone, purpald,
phenylhydrazone derivatives, or semicarbazones)
have a high cross-reactivity towards other aliphatic
aldehydes (including even monosaccharides), such
interferences are hardly present in the reaction
between HCHO and chromotropic acid (Poh et al.
1989), as the HCHO-condensation product has a
characteristic UV-absorbance which can be readily
separated from those of other aldehydes (Jendral
etal. 2011).
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Experimentally, the occurrence of acetaldehyde
(CH;-CHO, 4) — i.e., the higher homolog of the
postulated formaldehyde — directly in the reaction
medium was proven by trapping with 2,4-dinitro-
phenyl hydrazine (Scheme 2 and Fig. 1). This trap-
ping agent, called Brady’s reagent, was chosen for
its ability to form well-precipitating solids that can
be easily purified and analyzed, even in the case of
very low aldehyde concentrations — in the present
case the 2,4-dinitrophenylhydrazone of acetaldehyde
(5). There were no HCHO or aldehydes other than
acetaldehyde detected. We can thus safely state that
the degradation of DABCO (1) under H_, conditions
proceeds under the formation of piperazine (2) and
acetaldehyde (4), meaning that one of the catalyst’s
ethylene bridges is lost in the form of acetaldehyde,
with concomitant conversion of the bis-tertiary into a
bis-secondary amine (see Scheme 2).

The mechanism of the process would start from
N-chloro-DABCO which can be conceived as having
a quaternized nitrogen. Elimination, involving one of
the P-hydrogens, produces an N-vinyl intermediate
(enamine), which adds a hydroxide anion to form an
acetaldehyde hemiaminal and subsequently free acet-
aldehyde. The removed ethylene bridge — by contrast
to literature postulates — does not undergo C—C bond
cleavage and is released as an intact C, unit (acetalde-
hyde) rather than two C, equivalents (formaldehyde).

Quaternization (cationization) of the nitrogen
generally weakens the C-N bonds and favors the
elimination of alkyl groups from this nitrogen. This
is a well-known process in organic chemistry, often
termed Hofmann elimination (Hofmann 1851), which
has been widely used in synthesis applications. In
fact, the exhaustive methylation/alkylation of amines
followed by elimination was used in the early days
of chemistry to diagnose the position of nitrogen

@ Springer
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Scheme 2 Revised degradation pathways of DABCO (1) in
the presence of hypochlorous acid, leading to the formation of
piperazine (2) and acetaldehyde (4), which was experimentally
confirmed by trapping as respective 2,4-dinitrophenylhydra-

Fig. 1 Left: Multiplicity-edited 'H-'*C HSQC NMR spec-
trum (CH;/CH shown in blue, CH, would appear in red)
stacked with "H-'3C HMBC NMR spectrum (grey) of the iso-

in an unknown molecule (DePuy and King 1960).
Similar elimination processes are known for tertiary
amine N-oxides, in which the oxygen is the fourth
N-substituent that facilitates the elimination of an
N-alkyl group (Cope elimination) (Cope et al 1949;
Cope and Trumbull 1960). Further, tight complexa-
tion with metal ions through the nitrogen’s electron
lone pair has a quaternizing effect and can induce

@ Springer
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zone derivative (5); bottom left: bright yellow precipitate of
1-(E)-ethylidene-2-(2,4-dinitrophenyl)hydrazine (5) isolated
from the washing solution (a) and orange precipitate of the
2,4-DNPH reagent in the blank sample (b)
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lated acetaldehyde trapping product 5. Right: 'H-'H COSY
spectrum of 5, CH;-CH correlation of the C,-fragment origi-
nating from acetaldehyde highlighted in orange

the elimination of substituents (Potthast et al. 2002).
The present case, an N-chloro substituent, would be
another variant of C-elimination from a temporarily
quaternized nitrogen.

At present, we are unable to decide about the
detailed mechanism with regard to being either
an E2 (bimolecular) or E1 (monomolecular) pro-
cess — while the ionic medium would favor El, the
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relatively low temperature and the fact that the nitro-
gen is primary (with regard to the C-chain) both
seem to speak in favor of E2. A distinction could be
provided by using deuterated DABCO: in the case
of an E2 mechanism, there should be a clear kinetic
deuterium isotope effect, while an E1 process would
not be influenced by isotopic labeling. However,
the question of an E1 vs. E2 mechanism is rather
academic as both processes give the same product.
Finally, it should be noted that the amount of acet-
aldehyde captured is smaller than the amount of pip-
erazine formed (approx. 45 mol%), although stoichi-
ometry would formally require equivalence. This is
understandable because of the possible incomplete-
ness of the trapping reaction, an easy evaporative loss
of acetaldehyde, which has a boiling point of 20.2 °C
(1, or further oxidation to acetic acid by the chlo-
rine-based oxidants present. Also, acetaldehyde can
reversibly react with cellulosic pulp by the forma-
tion of hemiacetal links with the cellulose’s hydroxy
groups (Simon et al. 2023; Hosoya et al. 2018). We
cannot exclude the possibility that small amounts
of formaldehyde were also formed in parallel. Blank
experiments with formaldehyde and acetaldehyde
added in equivalent amounts showed that both were
consumed at quite comparable rates, by excess oxi-
dation (and perhaps additional volatilization). There-
fore, if HCHO had indeed been formed in parallel as
DABCO degradation product, its concentration was
at least one order of magnitude lower than that of
acetaldehyde, because HCHO was not (or no longer)
detectable under the pertaining conditions.

Computational results on the DFT(M06-2X)
level of theory, with a polarizable continuum model
(PCM) in water, confirmed the preference of the
ionic cleavage as a C, unit over the previously pro-
posed mechanisms with two C; units. Apparently, the
only reaction path for a C—C bond cleavage is the for-
mation of a triplet diradical (N=CH,, N-CH,e and
Cle) while the direct homolytic and heterolytic C—C
cleavage can be excluded because of unreasonably
high energy barriers. The Gibbs energy of this triplet
process is 37.7 kcal/mol, which is at the same time
the minimum for the Gibbs activation energy. With a
value of 29.2 kcal/mol, the AG°7 for the experimen-
tally observed elimination process (N-CH=CH,)
was significantly smaller (proton abstraction in
B-position by HO™ as the base, in a cluster of water
molecules).

Conclusions

This study addressed the chemical fate of the
1,4-diazabicyclo[2.2.2]octane (DABCO) catalyst
in the context of amine-catalyzed hypochlorous
acid bleaching of cellulosic pulps (H, bleaching).
Contrary to the previously proposed degradation
pathways involving either homolytic or heterolytic
breakage of one ethylene bridge with the release
of formaldehyde, this research presented evidence
supporting an alternative mechanism. The degrada-
tion of DABCO under H_,, conditions was shown to
proceed through the ionic elimination of one ethyl-
ene bridge, originating from mono-N-chlorinated
DABCO. This results in the formation of an N-vinyl
(enamine) derivative and eventually the release of
acetaldehyde and piperazine.

As demonstrated by Afsahi et al. (2019b, c), the
use of DABCO derivatives that exhibit higher sta-
bility under the prevailing conditions (CM-DABCO
and CEM-DABCO) is recommended and seems
to be a logical way out of the observed instabil-
ity of DABCO. While explaining the experimental
formation of acetaldehyde, the proposed mecha-
nism is not able to account for the higher stability
of N-alkylated DABCO derivatives. Nevertheless,
the experimental findings and mechanistic insights
offer a more nuanced understanding of the chemical
transformations occurring in the H,, bleaching sys-
tem and correct the corresponding literature data.

Acknowledgments We would like to thank the BOKU Uni-
versity, the BOKU doctoral school “Advanced Biorefineries:
Chemistry & Materials” (ABC&M), and the county of Lower
Austria for their financial support through the framework of the
Austrian Biorefinery Center Tulln (ABCT-II).

Authors’ contributions All authors contributed to the
study’s conception and design. Material preparation, data col-
lection and analysis were performed by all authors. The first
draft of the manuscript was written by T.R. All authors com-
mented on previous versions and read and approved the final
manuscript.

Funding Open access funding provided by University of
Natural Resources and Life Sciences Vienna (BOKU). The
financial support by the Austrian Biorefinery Center Tulln
(ABCT-1I) is gratefully acknowledged. The financial support
by the GFF Gesellschaft fiir Forschungsférderung Niederoster-
reich m.b.H. (A.F.L. and H.H., project LSC20-002) is grate-
fully acknowledged.

@ Springer



Cellulose

Data availability No datasets were generated or analysed
during the current study.

Code availability Not applicable.

Declarations
Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication All authors agreed to the publica-
tion in the submitted form.

Competing interests The authors declare no competing
interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Afsahi G, Chenna NK, Vuorinen T (2015) Intensified and
short catalytic bleaching of eucalyptus kraft pulp. Ind Eng
Chem Res 54:8417-8421

Afsahi G, Bertinetto C, Hummel M et al (2019a) Catalytic
efficiency and stability of tertiary amines in oxidation of
methyl 4-deoxy-B-L-threo-hex-4-enopyranosiduronic acid
by hypochlorous acid. Mol Catal 474:1-7

Afsahi G, Isaza Ferro E, Ruuttunen K, Vuorinen T (2019b)
Optimized catalytic bleaching sequences for eucalyptus
kraft pulp. J Wood Chem Technol 39(3):178-186

Afsahi G, Rojalin T, Vuorinen T (2019¢) Chemical character-
istics and stability of eucalyptus kraft pulps bleached with
tertiary amine catalyzed hypochlorous acid. Cellulose
26:2047-2054

Brennesein P, Grob CA, Jackson RM (1965) Die synchrone
fragmentierung von aminocycloalkylhalogeniden. 2. Teil.
solvolysen von 4-bromchinuclidin. Fragmentierungs-reak-
tionen. Helv Chim Acta 48:146-152

Chenna NK, Jaaskelainen AS, Vuorinen T (2013) Rapid and
selective catalytic oxidation of hexenuronic acid and lignin
in cellulosic fibers. Ind Eng Chem Res 52:17744-17749

@ Springer

Chenna NK, Piovano P, Jarnefelt C, Vuorinen T (2016) Organ-
ochlorine formation in tertiary amine catalyzed pulp
bleaching. ] Wood Chem Technol 36:318-328

Cope AC, Foster TT, Towle PH (1949) Thermal decomposition
of amine oxides to olefins and dialkylhydroxylamines. J
Am Chem Soc 71(12):3929-3934

Cope AC, Trumbull ER (1960) Olefins from amines: the hof-
mann elimination reaction and amine oxide pyrolysis. Org
React 11:317-493

Dennis WH, Hull LA, Rosenblatt DH (1967) Oxidations
of amines. IV. Oxidative fragmentation. J Org Chem
23:3783-3787

DePuy CH, King RW (1960) Pyrolytic cis eliminations. Chem
Rev 60:431-457

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Petersson GA,
Nakatsuji H, Li X, Caricato M, Marenich A, Bloino J,
Janesko BG, Gomperts R, Mennucci B, Hratchian HP,
Ortiz J V, Izmaylov AF, Sonnenberg JL, Williams-Young
D, Ding F, Lipparini F, Egidi F, Goings J, Peng B, Petrone
A, Henderson T, Ranasinghe D, Zakrzewski VG, Gao J,
Rega N, Zheng G, Liang W, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda Y,
Kitao O, Nakai H, Vreven T, Throssell K, Montgomery Jr.
J A, Peralta JE, Ogliaro F, Bearpark M, Heyd JJ, Broth-
ers E, Kudin K N, Staroverov VN, Keith T, Kobayashi R,
Normand J, Raghavachari K, Rendell A, Burant JC, Iyen-
gar SS, Tomasi J, Cossi M, Millam JM, Klene M, Adamo
C, Cammi R, Ochterski JW, Martin RL, Morokuma K,
Farkas O, Foresman JB, Fox DJ (2016) Gaussian 09,
Revision D.01, Gaussian, Inc., Wallingford CT, 2016

Gallard H, von Gunten U (2002) Chlorination of natural
organic matter: kinetics of chlorination and of THM for-
mation. Water Res 36:65-74

Hofmann AW (1851) Beitridge zur Kenntniss der fliichtigen
organischen Basen. Justus Liebigs Ann Chem 78:253-286

Hosoya T, Bacher M, Potthast A, Elder T, Rosenau T (2018)
Insights into degradation pathways of oxidized anhydro-
glucose units in cellulose by f-alkoxy-elimination — a
combined theoretical and experimental approach. Cellu-
lose 25(7):3797-3814

Hull LA, Davis GT, Rosenblatt DH (1967) Oxidations
of Amines. IIl. Duality of mechanism in the reac-
tion of amines with chlorine dioxide. J Am Chem Soc
89:1163-1170

Isaza Ferro E, Perrin J, Dawson OGJ, Vuorinen T (2021a) Ter-
tiary amine-catalyzed generation of chlorine dioxide from
hypochlorous acid and chlorite ions. Wood Sci Technol
39:67-81

Isaza Ferro E, Ruuttunen K, Perrin J, Vuorinen T (2021b)
Sustainable bleaching of Eucalyptus sp. kraft pulp with
hypochlorous acid, ozone and hydrogen peroxide. Ind
Crops Prod 172:114004

Isaza Ferro E, Ruuttunen K, Koivisto JJ, Vuorinen T (2022)
Stoichiometry of reactions of ozone and hypochlorous
acid with lignin and hexenuronic acid and its chlorination.
Cellulose 30:169-182

Isaza Ferro E (2023) Catalyzed and non-catalyzed hypochlor-
ous acid bleaching of kraft pulps. PhD thesis, Aalto Uni-
versity, Espoo, Finland


http://creativecommons.org/licenses/by/4.0/

Cellulose

Jendral JA, Monakhova YB, Lachenmeier DW (2011) For-
maldehyde in alcoholic beverages: large chemical survey
using purpald screening followed by chromoptropic acid
spectrophotometry with multivariate curve resolution. Intl
J Analyt Chem 1687-8760:7976604

Kolar JJ, Lindgren BO, Pettersson B (1983) Chemical reactions
in chlorine dioxide stages of pulp bleaching. Wood Sci
Technol 17:117-128

Korntner P, Hosoya T, Dietz T, Eibinger K, Reiter H, Spitzbart
M, Roder T, Borgards A, Kreiner W, Mahler AK, Winter
H, French AD, Henniges U, Potthast A, Rosenau T (2015)
Chromophores in lignin-free cellulosic materials belong
to three compound classes. Cellulose 22(2):1053-1062

Lehtimaa T, Tarvo V, Kuitunen S (2010) The effect of process
variables in chlorine dioxide prebleaching of birch kraft
pulp. Part 2. AOX and OX formation. ] Wood Chem
Technol 30:19-30

Poh BL, Lim CS, Khoo KS (1989) A water-soluble cyclic
tetramer from reacting chromotropic acid with formalde-
hyde. Tetrahedron Lett 30(8):1005-1008

Potthast A, Rosenau T, Sartori J, Sixta H, Kosma P (2002)
Hydrolytic processes and condensation reactions in the
cellulose solvent system N, N-dimethylacetamide / lith-
ium chloride. Part 2: degradation of cellulose. Polymer
44(1):7-17

Priitz WA (1998) Reactions of hypochlorous acid with bio-
logical substrates are activated catalytically by tertiary
amines. Arch Biochem Biophys 357:265-273

Rosenau T, Potthast A, Kosma P, Suess HU, Nimmerfroh
N (2007) First isolation and identification of residual
chromophores from aged bleached pulp samples. Holz-
forschung 61(6):656-661

Rosenblatt DH, Demek MM, Davis GT (1972) Oxidations of
amines. XI. Kinetics of fragmentation of triethylenedi-
amine chlorammonium cation in aqueous solution. J Org
Chem 37:4148-4151

RSC Education (2018) Brady’s test for aldehydes and ketones.
https://edu.rsc.org/experiments/bradys-test-for-aldehydes-
and-ketones/549.article. Accessed 19 Jan 2024

Ruekberg B, Rossoni E (2005) An improved preparation of
2,4-dinitrophenylhydrazine reagent. ] Chem Educ 82:1310

Simon J, Fliri L, Drexler F, Bacher M, Sapkota J, Ristolainen
M, Hummel M, Potthast A, Rosenau T (2023) Debugging
periodate oxidation of cellulose: why following the com-
mon protocol of quenching excess periodate with glycol is
a bad idea. Carbohydr Polym 310:120691

Stolze K, Udilova N, Rosenau T, Hofinger A, Nohl H (2003)
Synthesis and characterization of EMPO-derived 5,5-dis-
ubstituted 1-pyrroline N-oxides as spin traps forming
exceptionally stable superoxide spin adducts. Biol Chem
384(3):457-500

Suess HU (2010) Pulp bleaching today. De Gruyter, Berlin,
New York. https://doi.org/10.1515/9783110218244

Zaccaron S, Ahn K, Henniges U, Potthast A, Rosenau T (2022)
An improved, less erroneous protocol for the classical
“cuen”, “cuoxam” or “cadoxen” viscosity measurements
of pulps. Cellulose 29(19):3733-3744

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://edu.rsc.org/experiments/bradys-test-for-aldehydes-and-ketones/549.article
https://edu.rsc.org/experiments/bradys-test-for-aldehydes-and-ketones/549.article
https://doi.org/10.1515/9783110218244

	A note on the chemical fate of the DABCO catalyst in amine-catalyzed hypochlorite bleaching of cellulosic pulps
	Abstract 
	Graphical abstract 

	Introduction
	Materials and methods
	General
	DABCO-catalyzed hypochlorous acid bleaching
	Preparation of Brady’s reagent
	Derivatization and isolation of acetaldehyde
	NMR analysis
	NMR data of standards and identification of compounds
	Computations

	Results and discussion
	Conclusions
	Acknowledgments 
	References


