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PEER REVIEWED

HYDROGEN PEROXIDE HAS ALWAYS

been a technologically
attractive oxidant to the
pulp and paper industry,

with its significance becoming
increasingly important as environ-
mental regulations become more
stringent. Beyond its ease of han-
dling and application, hydrogen per-
oxide is also a versatile and benign
compound whose decomposition
products are water and oxygen.
Among its major drawbacks are its
high price, reduced selectivity, and
its somewhat low efficiency com-
pared to chlorine and chlorine diox-
ide. However, despite these draw-
backs, recent accounts have shown
that when using peroxide at high
temperatures, the rate of reaction is
significantly accelerated and the
extent of lignin removal increases
(1). The combination of a high-tem-
perature peroxide state (PH

T
) with

an ozone stage allows oxygen-delig-
nified kraft pulp to be bleached up
to a brightness level of 90 ISO (2).
High consistencies, high tempera-
tures, and long retention times have
also been claimed to assist delignifi-
cation and brightness development
during a P-stage (3, 4). Production
limitations imposed by longer reten-
tion times induced research which
demonstrated that using higher pres-
sures during a peroxide stage can
significantly reduce the time
required to reach a desired bright-
ness level (5).

Molecular oxygen has a triplet
ground state whose direct interac-
tion with singlet-state organic mole-
cules is a spin-forbidden transition.

This fact limits the oxidative selectiv-
ity of molecular oxygen. Industrially,
it would be extremely beneficial to
fix molecular oxygen within organic
or inorganic compounds capable of
transferring it selectively to an
organic substrate such as lignin.

Peracids, such as Caro’s acid, per-
acetic acid, and performic acid, can
be considered as organic molecules
containing active oxygen. In fact,
they have all been shown to be effec-
tive delignification and bleaching
agents (6–9). An example of an inor-
ganic molecule containing active
oxygen is peroxymonosulfuric acid,
which was shown to improve oxy-
gen delignification of kraft pulps
when used in two stages (10). For all
of these molecules, however, one
may again cite high prices and
reduced selectivity.

Dioxiranes also possess the abil-
ity to transfer a single activated oxy-
gen atom onto aromatic and unsatu-
rated substrates. As such, dimethyl-
dioxirane (DMD) was tested as a
novel and selective non-chlorine-con-
taining bleaching agent for the pro-
duction of fully bleached totally chlo-
rine-free (TCF) pulp (11). Detailed
studies of the reactions of DMD with
softwood lignin model compounds
showed that the compounds’ aro-
matic rings undergo ortho and para
hydroxylation reactions, thus intro-
ducing new phenolic hydroxyl
groups into the lignin structure (12).

Another form of activated oxygen
may also be present within peroxy-
carboximidic acid, which is thought
to be an intermediate in the interac-
tion of cyanamide with peroxide. For
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this reason, cyanamide has been pro-
posed as a peroxide activator for
bleaching sulfite pulps,with less suc-
cess toward oxygen-delignified kraft
pulps (13, 14). However, recent
research by Chen et al. (15) demon-
strated that the dimeric form of
cyanamide (dicyandiamide) is a con-
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Pala and Guerchais (21).
Peroxide bleaching (P-stage) was

carried out at 10% consistency using
a thermostated water bath main-
tained at 80 or 85°C. The composi-
tion of the bleach liquor used was as
follows: 0.05% MgSO

4
, 0.2% DTPA,

and varying charges of H
2
O

2
and

NaOH (all expressed on an o.d. pulp
basis). For activated bleaching, fresh
solutions of ammonium triperox-
ophenanthroline vanadate (ATPV)
were added to the bleach liquor in
accordance with the required con-
centrations, as specified in the rele-
vant figure captions. The chemicals
(see TTaabbllee  II) were then mixed with
the pulp, transferred into a polyeth-
ylene bag, and sealed.Thorough mix-
ing was ensured prior to and during
each bleaching experiment.

After each experiment, an aliquot
of filtrate was collected and its pH
was measured. Residual peroxide
was also determined on a portion of
the filtrate by determining the
amount of iodine liberated from an
acidified standard potassium iodide
solution using a standardized 0.1N
solution of sodium thiosulfate and a
few drops of saturated ammonium
molybdate indicator solution. The
bleached pulp was finally diluted to
0.5% consistency, acidified to pH 4.5
with dilute sulfuric acid, and washed
thoroughly with distilled water. Stan-
dard handsheets were then made,
and brightness (Standard E.1), kappa
number (Standard G.18), viscosity
(Standard G.24P), and z-span tensile
strength (Standard D.37P) measure-
ments were carried out using stan-
dard CPPA procedures.

RESULTS AND DISCUSSION
A large number of synthetic proce-
dures have been published describ-
ing well-defined transition-metal per-
oxides involving molybdenum, tung-
sten, and chromium, coordinated
with a variety of ligands (22, 23).

In contrast to previous efforts
(16–18), where tungstate and

and then examined
in detail its effi-
ciency toward acti-
vating peroxide
delignification by
paying particular
attention to the var-
ious reaction para-
meters and product
properties.

EXPERIMENTAL
Two oxygen-delignified kraft pulps
(pine and hemlock) were used in
these experiments. The kappa num-
ber of the pine pulp was 16.2, while
that of the hemlock pulp was 17.2.
The chelation (Q stage) was carried
out at 1.6% consistency using a
charge of 0.5% diaminetriethylene-
pentaacetic acid (DTPA) (on an
ovendry basis) for 30 min at 50°C.
The pulp was brought to the desired
consistency using distilled and deion-
ized water followed by acidification
to pH 4.5 (with dilute sulfuric acid)
prior to adding the chelant (in the
form of a 4-g/L solution). Finally, the
pulp was thoroughly washed with
deionized water.

The activator {[NH
4
][V(O-O)

3

(phen)][H
2
O]} was prepared according

to the procedure described by Sala-
Pala and Guerchais (21). Ammonium
metavanadate, NH

4
VO

3
, (1.17 g, 0.01

mol) was dissolved in ice-cold 30%
hydrogen peroxide (60 mL). A solu-
tion of phenanthroline monohydrate
(1.98 g, 0.01 mol) in ethanol (200
mL) was added to the yellow solu-
tion. On standing at 0°C and, after
about 12 hours, a yellow precipitate
was formed.This precipitate was fil-
tered, washed with cold ethanol,
then ether and dried in a vacuum
oven at room temperature for 24
hours.The compound does not have
a sharp melting point but decom-
poses at approximately 100°C (21).
The identification of the synthesized
compound was confirmed using
infrared spectroscopy, which agreed
with the spectra provided by Sala-

siderably more effective activator of
peroxide, allowing oxygen-treated
pulps to be efficiently delignified.

Finally, the recent scientific and
patent literature contains a number
of examples where transition metals
have been used as additives in per-
oxide bleaching, mostly under acidic
conditions.Tungsten (16), molybde-
num (17), silicomolybdates (6, 18),
and manganese complexes (19)
have all been shown to offer signifi-
cant benefits in this respect. Perox-
ometal complexes are known to be
more efficient oxidants than hydro-
gen peroxide; these complexes are
able to oxidize substrates such as
alkenes, alcohols, ketones, and even
aromatic and aliphatic hydrocarbons
(20). Therefore, it could be hypothe-
sized that the effectiveness of such
systems could be due to perox-
ometal complexes forming in situ
when the transition metals interact
with peroxide acting as oxygen
transfer vehicles.
Compared to all the different sys-
tems enumerated herein, transition
metal peroxy complexes offer a very
large variety of structural possibili-
ties that have yet to be explored as
possible active oxygen carrier com-
pounds (with the possibility of
regeneration) for use by the pulp
and paper industry. Prior to embark-
ing on an extensive research pro-
gram that will attempt to define
structure–property relationships, we
must examine the validity of the out-
lined hypothesis. For this purpose,
we synthesized a representative
member of this class of compounds

H2O2 NaOH MgSO4 DTPA

charge*, % charge*, % charge*, % charge*, %

1 1.6 0.05 0.2
2 2.0 0.05 0.2
3 2.6 0.05 0.2
4 3.0 0.05 0.2
5 3.0 0.05 0.2

*Percentages based on ovendry pulp

I.Amounts of chemicals used for preparing bleaching solu-
tions at different peroxide charges
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molybdate salts were used to pro-
mote peroxide (16, 17) and other
bleaching processes (18) under
acidic conditions, the present effort
is focused at examining the effect of
a vanadium peroxo complex, i.e.,
ATPV as an activator of the P-stage in
the bleaching of oxygen-delignified
kraft pulp under conditions compat-
ible to conventional P-stage bleach-
ing practices. ATPV is a water-solu-
ble, stable yellow solid that can eas-
ily be prepared in a one-step synthe-
sis.

One of the most striking features
of vanadium (V) peroxo complexes
is their ability to transfer oxygen to
aromatic hydrocarbons at room tem-
perature (24). Toluene is readily
hydroxylated by such complexes,
yielding o- and m- creosols without
the formation of coupling products.
Peroxovanadium complexes also
induce a variety of net two-electron
oxidation reactions, causing the
epoxidation and hydroxylation of
alkenes and allylic alcohols and the
oxidation of primary and secondary
alcohols to aldehydes and ketones
(24, 25). The transfer of oxygen
from the vanadium peroxo com-
plexes to hydrocarbons is thought
to occur via peroxo ring cleavage,
yielding the vanadyl oxide or diradi-
cal species, or through the
rearrangement of the intramolecu-
larly hydrogen-bonded hydroxo-
hydro-peroxide or oxo-hydro-perox-
ide molecules (FFiigg..  11).

Possible reaction mechanisms
describing such epoxidation and
hydroxylation reactions are shown
in FFiigg..  22.. Residual kraft lignin con-
tains functionalities that are all
amenable to oxidation by these reac-
tions. More specifically, enol ethers
are potential epoxidation sites,
while the aromatic rings of lignin
are amenable to hydroxylation.
Finally, benzylic hydrogens may also
be hydroxylated and then further
oxidized to carbonyl groups. In the
presence of hydroperoxide anions,

carbonyl groups
may then be
rapidly reacted
via the Dakin
reaction, leading
to side-chain
scission within
lignin.

We therefore
thought it appro-
priate to deter-
mine if such
complexes
could activate
peroxide delig-
nification of
pulps of rela-
tively low kappa
number that have been depleted of
phenolic hydroxyls. The oxygen-
delignified pulp (kappa no.16.2) was
chosen to represent the worst-case
scenario since its residual lignin is
known to be depleted from phenolic
hydroxyls (26) that, in general, aug-
ment the reactivity of the lignin.

Effect of alkali charge
Since the efficiency of an alkaline
hydrogen peroxide bleaching stage
is known to require optimum alka-
linity that is specific to the type of
pulp used [optimized in terms of
brightness and delignification gains
(27–29)], this variable was among
the ones examined in conjunction
with the activating system under
examination. FFiigguurree  33 compares the
brightness gains obtained between
the ATPV-activated peroxide stage
and its control counterpart as a func-

tion of alkali charge. For the control
experiments, an increase in the alkali
charge from 1.5% to 2.6% caused a
brightness increase of 2.7 points. For
the same increase in alkalinity, how-
ever, 8.5 brightness points were
gained when a 2% charge of the
ATPV activator was used, with the
maximum brightness gains being at
3% alkali.

Hydroperoxide anions are most
likely the active nucleophiles during
a peroxide brightening stage whose
concentration depends on the alka-
linity of the medium. However, alka-
linity also affects the delignification
efficiency of peroxide (29). The
enhanced brightness response appar-
ent in the data of Fig. 3 for the acti-
vated peroxide experiments is most
likely due to augmented oxidation
reactions being caused within the
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residual kraft lignin.This is evidenced by the fact that at
a 3% alkali charge, the difference in kappa reduction
between the activated and the control samples was 4
kappa units. This difference in lignin content was also
reflected in the measured brightness gains.

Effect of activator charge
In our attempts (a) to further delve into the details of the
observed activation and (b) at further optimizing the sys-
tem under examination, the brightness and kappa num-
ber responses as a function of activator charge applied
are plotted in FFiigg..  44.. Using 3% peroxide and NaOH
charges (optimum alkalinity as derived from Fig. 3), a
marked increase in brightness was observed for activator
charges up to about 0.5%. Higher activator charges
resulted in only marginal brightness increases. These
observations were also in agreement with the response
of this pulp to delignification, i.e., the kappa number
reductions observed.The fact that these two properties
are so well correlated most likely signifies that the under-
lying process chemistries for brightening and delignifica-
tion reactions are related (29).

It is apparent that even small charges of activator pre-
sent in the bleach liquors may cause significant improve-
ments in both kappa number reduction and brightness
gains compared to the control.More specifically, the pres-
ence of 0.2% of activator in the bleach liquors caused
approximately 3 more points in kappa number reduction
compared to its control counterpart. However, a level of
0.5% of activator seems to be optimal for delignification
and brightness development.At this charge, the delignifi-
cation efficiency of the peroxide stage is increased by at
least 50% (Fig. 4). Activator charges exceeding the 0.5%
level showed no significant improvement in kappa num-
ber reduction and brightness gains. This is most likely
attributed to a lack of peroxide in the bleach liquor; the

peroxide is essential for the activation process. Further
experiments (to be discussed later) showed that addi-
tional delignification can be obtained at higher peroxide
charges.

Effect of time and temperature
In general, peroxide delignification and bleaching
require temperatures on the order of 90°C and require
extended retention times (3, 4, 30). At lower tempera-
tures, peroxide reacts with the pulp to a very limited
extent (1). High temperatures and longer retention
times force the peroxide to react with the pulp, causing
lower kappa numbers and higher brightness levels.
Therefore, the objective of any endeavor toward activat-
ing the P-stage is to increase the efficiency of the
process and consequently decrease the temperature
and/or the retention time required for a given level of
delignification and brightening. Furthermore, efficient
activation systems may also permit improved bright-
nesses and delignification levels to be obtained under
conditions otherwise identical to those of peroxide-only
bleaching.

In this study, the impact of the presence of activator
toward brightness development and kappa number
reduction was examined both as a function of tempera-
ture and time for a pine oxygen-delignified pulp at a spe-
cific (optimum) combination of peroxide and alkalinity
(3%).

In accordance with previous research (1, 2, 27), the
brightness of the pulp after the P-stage was found to
almost monotonically increase with temperature for
both the control and the activated systems. The differ-
ence in brightness gains between activated and nonacti-
vated stages became more pronounced as the tempera-
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3. Effect of alkali charge on the brightness gains realized after a
P-stage, for ATPV-activated and control runs.The experiments
were carried out on chelated pine oxygen-delignified kraft pulp
(kappa no. 16.2) at 80°C for 2 hours, using H2O2 and NaOH: 3%;
activator charge: 2%; DTPA: 0.2%; and MgSO4: 0.05%.
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ture was increased. For example, in
the presence of the activator,1.6 ISO
points were gained at 60°C while
5.7 ISO points were gained at 80°C
(FFiigg..  55).

Similarly, the efficiency of delig-
nification (as reflected by kappa
number measurements) was found
to increase with increasing tempera-
ture. While for the control experi-
ments, the kappa number reduction
was nearly linear (Fig. 5), the effect
of temperature was more dramatic
toward enhancing delignification
when the activator was used, espe-
cially at the temperature interval
70–80°C. At 80°C, the presence of
the activator improved the kappa
reduction by 4 points, while higher
temperatures did not show further
benefits.

As anticipated, an increase in
retention time resulted in improved
brightnesses and lower kappa num-
bers for both the activated and con-
trol P-stages. The development of
brightness as a function of time was
rather rapid during the first 2 hours
of bleaching (FFiigg..  66).Activation was
found to induce changes in the
obtained brightness levels within 30
min, with the maximum effect (7.3
ISO units) observed at about 90 min.

Increased retention time also
offered benefits toward reducing

gains may be achieved by extending
the retention time of an activated P-
stage to 4 hours at 80°C.

Effect of peroxide charge
A number of literature accounts (7,
31) claim brightness and delignifica-
tion gains at elevated hydrogen per-
oxide charges. This variable (hydro-
gen peroxide charge) was also
examined in detail during this effort.
FFiigguurree  77 shows the delignification
efficiency of various activated and
control P-stages as a function of per-
oxide charge at two retention times.

A relative insensitivity to the
degree of delignification was
observed when consecutively
higher charges of peroxide were
applied. For a 2-hour retention time,
increasing the peroxide charge in
the control experiments by 1%
resulted in a reduction of 1 kappa
unit (Fig. 7).A 4-hour retention time
was no more beneficial, since delig-
nification was practically stopped at
about a 2.5% peroxide charge.At this
point in the delignification regime, it
is likely that most of the phenolic
hydroxyl groups would have been
eliminated from within the residual
lignin.As such, condensed and possi-
bly fully etherified lignin structures,
which contain no reactive sites for
the peroxide to react to, render the
molecule inert toward further attack

the kappa number of the P-stage,
with these benefits being more sig-
nificant when the P-stage was used
in conjunction with 0.5% of ATPV.
However, in view of the data shown
in Fig. 5, the delignification effi-
ciency of an activated P-stage seems
to be affected somewhat more by
temperature increases than by reten-
tion time increases. While retention
time was found to have a uniform
effect toward reducing the kappa
number of the control pulps over a
4-hour period, the presence of the
activator caused a rapid decrease in
kappa number during the first 2
hours, with no further reduction
thereafter.

A closer examination of the com-
bined data in Figs. 5 and 6 may now
be summarized as follows: The
brightness of an oxygen-delignified
pine kraft pulp (kappa no. 16.2) may
be increased by 5.7 ISO points when
the pulp is bleached for 2 hours
with activated peroxide (0.5% acti-
vator charge) at 80°C.

By adding 0.5% of ATPV into the
peroxide bleach liquor and by carry-
ing out the P-stage at 80°C for 2
hours, one obtains almost the same
brightness gains as if the tempera-
ture of the P-stage were 85°C and
the retention time were 4 hours.An
additional 4 points in brightness
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and degradation (17). This sequence
of events, coupled with the fact that
vanadium peroxo complexes have a
demonstrated ability to transfer oxy-
gen to aromatic hydrocarbons (24),
may be offered as a potential expla-
nation for the improved delignifica-
tion efficiency apparent in Fig. 7 for
the ATPV-activated experiments at 2
hours of retention time. Conse-
quently, the augmented delignifica-
tion gains, as a function of peroxide
charge, that are apparent in the acti-
vated experiments may imply that
there is a relationship between
hydroxyl groups introduced in lignin
and peroxide charge. It is conceiv-
able that at higher peroxide charges,
the peroxide concentration is high
enough to cause the regeneration of
already-consumed activator mole-
cules (25).

For a hemlock pulp (kappa no.
17.5), in the absence of peroxide and
in the presence of a 2% activator,
approximately 2 kappa units of delig-
nification were obtained with a con-
comitant increase in brightness of
about 4 ISO points.

Despite the data of Fig. 7, where
we show that the presence of the
activator caused greater delignifica-
tion at a given peroxide charge, FFiigg..  88

cosity drop apparent in the lower-
kappa-number pulps, the zero-span
tensile strength of the pulp is virtu-
ally unchanged when comparing the
control to the activated stages. It is
likely that the increased viscosity
losses, which are apparent for the
activated P-stage, are a consequence
of increased delignification. Because
the lower lignin contents are present
in the pulp [Fig. 9(b)], the severity of
radical attack on the cellulose is
enhanced (29, 30). Alternatively, the
initial drop in viscosity may also be
characteristic of the presence of the
activator. Further detailed studies on
the subject may offer more insight
into the issue.The plots of pulp vis-
cosity vs. kappa number [Fig. 9(b)]
also show that the viscosity loss per
kappa number drop is less pro-
nounced in the activated P-stage.

Comparison with dicyandiamide
To further probe the process of per-
oxide activation with peroxy transi-
tion metal complexes, a comparison
of their delignification efficiency
was made with that of dicyandi-
amide (DCDA). This is because
cyanamide, in the presence of alka-
line hydrogen peroxide, is thought to
induce the in situ formation of per-
oxycarboximidic acid (13, 32),

shows that the presence of the acti-
vator invariably required more per-
oxide per kappa number reduction.
However, this was not the case for
the peroxide charge of 1%. At this
charge, Fig. 7 showed that the pres-
ence of the activator caused an extra
2-kappa-unit reduction, while the
peroxide consumption per kappa
unit reduction was almost identical
(Fig. 8). Beyond a peroxide charge of
1%, however, the peroxide consump-
tion was always greater for the acti-
vated runs, possibly due to an oxida-
tion reaction with the lignin that
could not take place in the absence
of the activator. It is thus logical to
assume that lignin oxidation reac-
tions that become possible only in
the presence of the activator require
more peroxide.

Pulp strength considerations
(viscosity and zero-span tensile
strength)

The selectivity of the studied P-stage
was also examined by conducting
pulp viscosity measurements. A sig-
nificant loss in pulp viscosity is
apparent when the activator was
used, with these losses being aug-
mented at higher peroxide charges
[FFiigg..  99((aa))]] and at lower pulp kappa
numbers [FFiigg..  99((bb))]. Despite the vis-
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which is distinctly different than the structure of the
metal-coordinated peroxy functionalities present in the
transition metal complex under examination.This com-
parison was made on the same oxygen-delignified, pine
kraft pulp of kappa no. 16.2, using two charges of DCDA
(0.5% and 1.5%). The choice of all other variables was
guided by the earlier work of Chen (15) and the opti-
mization effort described so far. All activated systems
showed improved delignification efficiencies, as mea-
sured by kappa number measurements, when compared
to the control (FFiigg..  1100). Furthermore, while the control
experiments decreased the kappa number of the pulp by
6 units (37% delignification), using 0.5% ATPV reduced
the kappa number of the same pulp, under otherwise
identical conditions, by 9.9 kappa units (61% delignifica-
tion).

At equivalent charges of activator (0.5%) and under
otherwise identical process conditions, DCDA showed a

somewhat lower delignification efficiency to that of
ATPV. Using 1.5% of dicyandiamide afforded a similar
delignification efficiency to that obtained when 0.5%
APTV was used (Fig. 10).

Effect of ATPV peroxide activation on brightness
response

The data in TTaabbllee  IIII show significant improvements in
brightness gains for the activated peroxide stage, with
the effect being augmented at higher peroxide charges.
However, similar improvements were observed for the
control P-stage when a longer retention time (4 hours)
was used.

Moreover, the plot of brightness as a function of
kappa number ((FFiigg..  1111)) indicates that activated deligni-
fication does not contribute directly to brightness devel-
opment.This is because the slopes for both the activated
and the control P-stages are the same.

Effect of wood species
We concluded our preliminary investigation by examin-
ing the bleaching response of another wood species
known to be relatively harder to bleach to full brightness
compared to pine, i.e., an oxygen-delignified hemlock
kraft pulp of kappa no. 17.5. TTaabbllee  IIIIII shows that despite
the lower starting brightness (30.3 ISO), significant gains
in both brightness and delignification were realized
when the activator was present in the P-stage. Further-
more, the higher the peroxide charge, the greater the
observed effect.

Even for the harder-to-bleach hemlock oxygen-delig-
nified kraft pulp, peroxide activation by ATPV offers an
increase in the delignification efficiency of the peroxide.
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9. (a) Viscosity and Z-span pulp tensile strength as a function of
peroxide charge for a series of activated and control P-stages.
(b) Pulp viscosity as a function of kappa number for the same
series of activated and control P-stages. Bleaching conditions:
temp.: 80°C; retention time: 2 hours; chemical charges per Table
I; activator charge: 0.5%.
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0.05%.
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CONCLUSIONS
Ammonium triperoxophenanthroline vanadate, when
used as an activator to the P-stage in bleaching oxygen-
delignified kraft pulps, offers significant improvements
in the delignification efficiency and brightness of the
pulp. Possible mechanisms for this activation could
involve hydroxylation and epoxida-
tion reactions that occur between
the peroxide and the residual kraft
lignin.

The optimum conditions for the
use of the examined activator are as
follows: activator charge: 0.5%;
temp.: 80°C; retention time: 2 hours;
and peroxide and alkali charges: 3%.
However, at higher peroxide
charges, the activator was found to
perform even more efficiently. The
optimum combination of alkali and
peroxide needs to be determined for
each individual pulp.

While the pulp viscosity was significantly reduced
during the activated P-stage, this had a minor effect on
the zero-span tensile strength of the resulting pulps. At
the same kappa number, the viscosity values for an acti-
vated and a control pulp were approximately the same.
The data imply that attempts to increase the extent of
delignification by increasing the charge of peroxide may
cause more severe viscosity losses when the system is
not activated.

In general, this study has shown that transition metal
peroxy complexes offer a very large variety of structural
possibilities that have yet to be explored as possible
active oxygen carrier compounds (with the possibility of
regeneration) for use by the pulp and paper  industry.TJ
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