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Mechanism of Chlorate Formation
During Bleaching of Kraft Pulp
with Chlorine Dioxide

Y. NI, G.J. KUBES and A.R.P. VAN HEININGEN

Possible reaction routes which have
been proposed for chlorate formation
during CIlO, bleaching are: (1) ClO, dis-
proportionation; (2) acid-catalyzed
decomposition of chlorite; and (3)
regeneration of CIO, from reaction be-
tween chlorite and hypochlorous acid. In
the present study, it is shown that the
third route is responsible for essentially
all chlorate formed during CIlO; bleach-
ing of kraft pulp. The effect of operat-
ing variables on chlorate formation can
be predicted with a ClO, regeneration
reaction mechanism, which explains why
more chlorate is formed with hypoch-
lorous acid rather than with chlorine as
reactant. Based on the present theory, it
Sfollows that chlorate formation can be
minimized by recycling the acidic filtrate,
charging chlorine first, delaying the ad-
dition of chlorine in a DC sequence until
the chlorite concentration is substantial-
ly decreased, and by increasing the con-
sistency. .

INTRODUCTION

During the bleaching of pulp with
chlorine dioxide (or its mixtures with
chlorine), part of the chlorine dioxide is
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converted into chlorate. Since chlorate is
known [1,2] to be an ineffective delignifi-
cation chemical, its formation represents
a waste of the oxidizing power of chlo-
rine dioxide. Moreover, it was reported
[3] that chlorate is harmful to the environ-
ment when discharged to recipient waters.
For example, it was found that the blad-
der wrack population in the sea near a
kraft mill was destroyed by chlorate in the
effluent [4]. Thus, with the present trend
of increasing chlorine dioxide substitution
in the prebleaching stage, there is both an
economic and environmental incentive to
understand the mechanism of chlorate
formation.

Three studies [3,5,6] have been
published concerning the formation of
chlorate during chlorine dioxide bleach-
ing (with or without the presence of chlo-
rine). These studies focused on the
amount of chlorate formed as a function
of process variables such as pH, chloride
concentration, charging sequence and
timing of chlorine and chloride dioxide
addition, consistency and kappa number
of the unbleached pulp. However, the
fundamental questions of how chlorate is
formed, and why the amount of chlorate
formed is different when the operating
conditions are changed are still unan-
swered.

The purpose of the present paper
is to answer these questions, and discuss
practical possibilities to decrease or even
eliminate chlorate formation during chlo-
rine dioxide bleaching.

RESULTS AND DISCUSSION

The chlorate formation during pure
chlorine dioxide bleaching was studied in
a continuously stirred batch reactor. The
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chlorate concentration was followed by
ion chromatographic (IC) analysis. A 28.7
kappa number kraft black spruce pulp
was used. Details of the experimental
procedures and techniques are given in
reference [14]. The development of chlo-
rate formation at 25°C and 45°C is shown
in Fig. 1. It can be seen that initially the
formation of chlorate is very fast, and
that after 2.5 h at 45°C about one fifth
of chlorine dioxide is converted into chlo-
rate. This is in agreement with values
reported in literature for pure chlorine di-
oxide prebleaching [3,5,7,8].

It is difficult to envisage a reaction
whereby chlorate is directly formed by ox-
idation of ClO, with lignin. A more like-
ly formation route is that chlorate is the
reaction product of different inorganic
species in the bleach effluent such as chlo-
rite, chloride, chlorine dioxide and
hypochlorous acid.

The following three reaction routes
have been proposed for chlorate forma-
tion [9]:

(1) Disproportionation of ClO,

2 ClO, + 20H >
H,O + ClO;™ + ClOg (1)

(2) Acid-catalyzed decomposition of
chlorite

4ClO, + 2H' >
Cl" + 2ClO, + ClO;” + HyO  (2)

(3) Reaction between chlorite and
hypochlorous acid.

HCIO + ClO,”
H® + CI” + CIO3” A3)
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Fig. 1. Comparison of chlorate formation during CIO, treat-

ment of kraft pulp at 25 and 45°C.

because it has been shown [14,15] that
hypochlorous acid is an important reac-
tion intermediate formed during the
bleaching of kraft pulp with ClO,. No
chlorate is formed when chlorite reacts
with chlorine (which is in equilibrium with
hypochlorous acid), as

2 CIOZ_ + Clz _>
2CI° + 2 ClO, o

In the following sections, the con-
tribution of each of the above reactions
to the overall chlorate formation during
ClO; bleaching will be determined.

To test the contribution of reaction
1 to the chlorate formation, fully
bleached pulp was subjected to chlorine
dioxide treatment. The conditions of the
experiment were the same as those used
for the unbleached pulp shown in Fig. 1,
i.e., 1% consistency, 45°C, and an ini-
tial ClO, concentration of 0.237 g/L.
The development of the inorganic
chlorine-containing species is shown in
Table 1.

The results show that the amount
of chlorate formed is insignificant under
these conditions. The consumption of
chlorine dioxide can be explained by
reduction of chlorine dioxide to chlorite
with concurrent oxidation of the pulp,
and/or by decomposition of chlorine di-
oxide to chlorite and oxygen [10]. Since
the experimental conditions were the same
as those shown for unbleached pulp in
Fig. 1, it can be concluded that chlorate
formation by disproportionation of ClO,
can be neglected during chlorine dioxide
treatment of unbleached pulp. This is in
agreement with the result of Germgard et
al. 3], who concluded that the dispropor-
tionation reaction accounts for only
about 2% of the total chlorate formation
during ClO, bleaching. Gordon et al. [9)
also reported that the ClO, disproportio-
nation reaction rate becomes appreciable
only under alkaline conditions.

The rate of chlorine dioxide
decomposition increases with increasing
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temperature [11]. However, the activation
energy for the decomposition reaction (45
kJ/mol [11]) is lower that that of chlo-
rine dioxide bleaching reactions (about 60
kJ/mol [12]). Therefore, the relative im-
portance of the chlorine dioxide decom-
position reaction decreases with increasing
temperature.

The contribution of reaction 2 to
the chlorate formation was investigated
by following the development of inorgan-
ic chlorine species in a solution of 0.24
g/L technical-grade sodium chlorite at
45°C without the presence of pulp. The
sodium chlorite content of the technical
grade was 83.1% by weight as determined
by titration. IC analysis showed that chlo-
ride was the only other chlorine-
containing species besides chlorite. This
is equivalent to a chlorite molar ratio of
0.207. The initial pH of 2.57 was obtained
by addition of sulphuric acid. The de-
velopment of the content of chloride,
chlorite, chlorine dioxide and chlorate, as
determined by IC analysis, is summarized
in Table II. Hypochlorous acid was not
detected.

Clearly, the main products of the
acid-catalyzed decomposition reaction of
chlorite are chlorine dioxide and chloride.
No measurable amount of chlorate is
formed. Even if one assumes that chlo-
rate accounts for the small deviation of

a closed chlorine mass balance (last
column in Table 1), the results show that
the potential chlorate formation via acid
decomposition of chlorite is still very
small. This is surprising if one considers
the stoichiometry of reaction 2. However,
it was reported by Kieffer and Gordon
[13] that the presence of chloride can alter
the stoichiometry of the acid-catalyzed
decomposition of chlorite. They found
that, at high chloride ion concentrations,
the chlorite decomposition is better ap-
proximated by reaction 5.

5ClO,” + 4H" —>
4CIO, + CI” + 2 H,0 Q)

whereby no chlorate is formed. Therefore
the presence of chloride in technical-grade
sodium chlorite may explain why no de-
tectable amount of chlorate was found in
the present experiments. Since, in actual
ClO, bleaching, the molar ratio of chlo-
ride to chlorite is much higher [14], it ap-
pears that chlorate formation by
acid-catalyzed decomposition of chlorite
can also be neglected.

Table I shows that the stoichiom-
etry of the reaction products of the acid
decomposition of chlorite, Cl- and
ClO,, varies from about one tenth to one
half. Since this is not consistent with
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either reactions 2 or 5, other reactions
may be involved. For example, the reac-
tion reported [9] to take place to a limit-
ed extent during acid-catalyzed decompo-
sition of chlorite:

ClO;” —> CI” + Oy ©)

might explain the present large variation
in the ratio of Cl” formed to ClO,
formed.

Chlorite and hypochlorous acid are
reaction intermediates formed during
pulp bleaching with ClO, [14]. They
could combine to form chlorate, as shown
in reaction 3. To identify the importance
of this reaction for the overall chlorate
formation during ClO, bleaching, an ex-
periment was performed with the effec-
tive removal of the HOCI generated in
situ. This can be achieved by the addition
of sulphamic acid, a very effective
scavenger of hypochlorous acid [15]. The
results in Fig. 2 show that the formation
of chlorate is virtually eliminated when
hypochlorous acid is captured by sul-
phamic acid. Thus, it can be concluded
that hypochlorous acid is involved in the
chlorate formation during ClO; treat-
ment of unbleached pulp, and that it is
most likely generated from chlorite and
hypochlorous acid via reaction 3. Also,
this result is further evidence that chlo-
rate formation by ClO, disproportiona-
tion and acid decomposition of chlorite
are negligible since these two reactions are
not affected by the capture of hypoch-
lorous acid. The final pH values, with and
without sulphamic acid addition, of the
experiments in Fig. 2 were 2.3 and 3.6,
respectively.

Reaction Mechanism

It was found by Taube and Dodg-
en [16] that the stoichiometry of the reac-
tion between chlorite and hypochlorous
acid (or chlorine which is in equilibrium
with hypochlorous acid) changes with pH
and initial concentrations of the reactants.
They proposed a reaction mechanism for
the overall reactions 3 and 4, which was
later expanded by Emmenegger and Gor-
don [17] to:

ky
C12 + C1027 —>
[ci-a-ca <8]™ 0
ks
HOCI + Clo,” —>
[HO-c1-ca1 <8]™ )

[a-a-a <3~ REIN

[ci-c1 <] + cr ©)
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Fig. 2. Development of chlorate formation during ClO, treatment of kraft pulp
with or without the presence of sulphamic acid.

appa fact

_ k
[HO-ci-a1 <] —=>

[c1-a <¢] + oH- (10)
k
2 [a-a <g] —=>
L, + 2 Clo, an
kg
[ci1-c1 <8] + HO —>
ClI~ + ClO;~ + 2H" (12)

In this reaction scheme, an intermediate,
Cl,0,, is produced by reaction of both
Cl, and HOCI with chlorite in consecu-
tive reactions 7 and 9, and 8 and 10,
respectively. Cl,0, then reacts further to
form ClO, or ClOj3™ via, respectively,
reactions 11 and 12. Since reaction 11 is
a second-order reaction while reaction 12
is first order, a high concentration of
[C1,0,] favours the formation of ClO,
relative to ClO5 ™. Since &; is larger than
k,, a high concentration of Cl, relative
to HOC leads to a relatively higher con-
centration of [C1,0,], favouring the for-
mation of chlorine dioxide (reaction 11)
over chlorate (reaction 12). In other
words, in the mechanism given by reac-
tions 7 to 12, chlorine favours the forma-
tion of ClO,, while hypochlorous acid
results in the formation of relatively more
chlorate.
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C sequence, Cl, added at zero GIO, residual.

Explanation of the Effect
of Operating Variables
on Chlorate Formation
Influence of pH

Recently, Reeve and Weishar [18]
and Histed et al. [19] have reported that
a lower pH results in less chlorate forma-
tion during ClO, prebleaching. In Table
I11, the experimental data of Histed et al.
are reproduced. They show that the chlo-
rate formation decreases with increasing
acidity. Chlorine and hypochlorous acid
in solution are in equilibrium according
to the well-known reaction:

Cl, + H,0 = HCIO + H* + CI
(13)

With the equilibrium constant, K,

_ (H*] [C17] [HCIO]
[Cly]

K (14)

the chlorine/hypochlorous acid molar ra-
tio can be writen as

[CL] _ [H][Cl]

15
[HCIO] K (13

Thus, with increasing acidity, relatively
more molecular chlorine is available and,
according to the present theory, the
regeneration of chlorine dioxide is
favoured over the formation of chlorate.

In earlier studies [3,6,20], it was
reported that the amount of chlorate
formed in D; and D, stages decreases
with decreasing acidity. The explanation
for this apparent contradiction with the
present theory is that in these cases an in-
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creasing amount of chlorite remains with
increasing pH. However, if all the chlo-
rite had been consumed, then the chlo-
rate formation would have been higher
with increasing pH. The reason for the
larger amount of chlorite remaining at
higher pH is that the chlorite consump-
tion by both acid decomposition and reac-
tion with hypochlorous acid decreases
with increasing pH [9]. This explanation
is supported by the finding of Germgard
et al. [3] that the chlorate formation in-
creases with increasing pH for mixture of
chlorine dioxide and chlorine, whereas in
the absence of chlorine the chlorate for-
mation decreases with increasing pH. In
the latter case, an increasing amount of
chlorite remains, while in the former chlo-
rite is converted into chlorate and chlo-
rine dioxide. Therefore, a fair comparison
of chlorate formation can be made only
when all chlorite has been consumed.
The chlorate formation characteris-
tics of the prebleaching and brightening
stages are different. For example, more
chlorate is formed per chlorine dioxide
consumed in the brightening stages than
in the prebleaching stage [6]. Also, the
chlorate formation increases linearly with
the chlorine dioxide consumption in the
brightening stage, while the increase is
stronger than linear in the prebleaching
stage [3]. These differences can also be
explained by the mechanism we propose
for chlorate formation when the intensi-
ty of the reaction between lignin and chlo-
rine (hypochlorous acid) in the different
stages is considered. It was argued by Ni
et al. [14] that hypochlorous acid formed
in situ is consumed in competing reactions
with lignin and chlorite. The reaction be-
tween chlorine (hypochlorous acid) and
lignin is more intensive in the prebleach-
ing stage than in the brightening stages.
Therefore, less hypochlorous acid is con-
verted into chlorate in the prebleaching
stage. The lower pH in the prebleaching
stage compared to the brightening stages
also contributes to the relatively lower
chlorate formation in the former stage.
The chlorate formation is relatively small
in the initial phase of the prebleaching
stage. This can be explained by the rapid
consumption of hypochlorous acid by
reactive lignin in kraft pulp. However, af-
ter consumption of the reactive lignin, the
chlorate formation behaviour in the later
phase of the prebleaching stage becomes
more similar to that of the brightening
stages. This explains the non-linear rela-
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tionship between chlorate formation and
chlorine dioxide consumption in the
prebleaching stage.

Influence of Chloride
Concentration

It was reported [3,18] that the
presence of chloride ions decreases the
chlorate formation for a given chlorine
dioxide consumption. For example the
data from Reeve and Weishar [18],
reproduced in Table IV, show that the
chlorate formation is lower at all three
consistencies when chloride is present.
The explanation for this effect is that the
increased chloride concentration shifts the
equilibrium of reaction 13 towards chlo-
rine, which favours the regeneration of
ClO, rather than chlorate formation.

Rapson and Anderson [21] found
that the chlorate formation in the Dy and
D, stages was only slightly decreased by
an increased chloride ion concentration.
The difference from the data of Germ-
gard et al. [3] and Reeve and Weishar [18]
for the prebleaching stage can be ex-
plained by a decreased chlorine/
hypochlorous acid concentration ratio in
the D and D, bleaching stages as a result
of the lower acidity and ClO, charge in
these stages. Therefore, the addition of
a very large amount of chloride is need-
ed for a significant shift in the equilibri-
um between chlorine and hypochlorous
acid.

Influence of Order of Addition
of Cl, and CIlO»

The fraction of ClO, converted
into chlorate was reported [5,20] to de-
pend on the charging sequence of Cl,
and ClO,. At the same total active chlo-
rine charge and ClO, substitution ratio,
the least amount of chlorate was
produced with chlorine dioxide charged
first (DC mode), while simultaneous
charging (D+C mode) or chlorine
charged first (CD mode) produced rough-
ly the same amount of chlorate. The
difference in chlorate formation becomes
progressively smaller when the ClO, sub-
stitution ratio increases. The explanation
is that in the DC mode some chlorite is
consumed via the acid decomposition
reaction (reaction 5), which does not
produce any chlorate. In the CD and
(C +D) modes, on the other hand, the
acid-catalyzed decomposition of chlorite
is insignificant because chlorite is immedi-

ately consumed by reaction with chlorine
(hypochlorous acid).

Influence of Delay Time
Between Addition of Cl,
and CIOz in a DC Sequence

Very recently, Histed et al. [19]
found that delaying the chlorine charge
in a DC sequence will result in less chlo-
rate formation. The relevant data,
reproduced in Table V, show that the
chlorate formation is reduced by a fac-
tor 2 when the delay time is extended
from 10 to 120 s.

The same explanation as for the ef-
fect of the order of Cl, and ClO, addi-
tion is valid in this case. Thus, with
further delay of the chlorine charge, more
of the formed chlorite will be consumed
in the acid-catalyzed chlorite decomposi-
tion reaction. As a result, a continuously
decreasing chlorite concentration will be
available for formation of chlorate when
chlorine is charged in the DC sequence.

Influence of Consistency

Reeve and Weishar [18] found that
the chlorate formation decreased moder-
ately when the prebleaching consistency
was increased from 4% to 12% (see
Table IV). This finding can be explained
by the kinetics of the reaction mechan-
ism represented by reactions 7 to 12, and
the fact that the concentrations are higher
at higher consistencies. Since the chlorine
dioxide formation reaction 11 is second
order, while the chlorate formation reac-
tion 12 is first order, it follows that
regeneration of ClO, is favoured over
chlorate formation at higher con-
sistencies.

Influence of Initial Kappa Number

Germgard et al. [3] found that the
chlorate formation at a given chlorine di-
oxide consumption decreases with in-
creasing kappa number of the unbleached
kraft pulp. This behaviour can be at-
tributed to two factors: (1) at the same
consistency and charge factor, the chlo-
rine dioxide concentration increases with
increasing kappa number, which favours
regeneration of ClO, over chlorate for-
mation; (2) similarly, the higher concen-
trations result in a lower final pH which
also reduces the relative formation of
chlorate. Of course, because the chlorine
dioxide consumption increases with in-
creasing kappa number of the unbleached
pulp, the absolute amount of chlorate
formed is larger with the higher kappa
number pulp.
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PﬁACTICAL IMPLICATIONS

Chlorate formation represents a
loss of ClO, bleaching power as well as
an environmental load. Based on the
present theory, chlorate formation can be
minimized when the pH of the pulp sus-
pension is about 2 so that the presence of
chlorine instead of hypochlorous acid is
favoured. In practice this is done by recy-
cling the acidic filtrate. An additional ad-
vantage of recycling the filtrate is that the
increased chloride concentration also
leads to less chlorate formation.

The chlorate formation in the
preferred DC sequence can be further
reduced when the delay time for chlorine
addition is increased to the point where
the residual chlorite concentration in the
bleach liquor is reduced to a negligible
value. In practice, this can be achieved
within 10 min for a chlorine dioxide
charge of 1.20% when the initial pH is
adjusted to 2 and the temperature is kept
at 45°C or higher [22]. Finally, the highest
consistency should be used since this leads
to higher chemical concentrations, which
in turn favour ClO, regeneration over
chlorate formation.

Complete elimination of chlorate
formation can be achieved by preventing
the reaction between chlorite and hypoch-
lorous acid. This can be done, in princi-
ple, by capturing the produced hypo-
chlorous acid with a scavenger such as
sulphamic acid. It should be noted that,
even though hypochlorous acid is cap-
tured, the regeneration of ClO, from
chlorite is still accomplished via the chlo-
rite acid decomposition reaction. Based
on the hypochlorous acid formation [14],
the required sulphamic acid addition
should be about 60% of the molar ClO,
charge. Another advantage of the sul-
phamic acid addition besides elimination
of chlorate formation is a 45% reduction
in AOX formation [14]. A disadvantage
is the small reduction of about 10% in
delignification due to the capture of
hypochlorous acid [22]. However, only an
economical and environmental analysis
can establish whether the addition of sul-
phamic acid is practical.

CONCLUSIONS

Chlorate is formed mainly by the
reaction of two intermediates generated
during chlorine dioxide bleaching: chlo-
rite and hypochlorous acid. A theory is
presented which can explain the influence
of process variables such as pH, chloride
concentration, delay time between the ad-
dition of chlorine and chlorine dioxide in
a DC sequence, order of addition of chlo-
rine and chlorine dioxide, and pulp con-
sistency on the chlorate formation.

In practice, the chlorate formation
can be minimized by recycling the acidic
filtrate, charging chlorine dioxide first,
delaying the addition of chlorine in a DC
sequence until the chlorite concentration
is substantially decreased, and by increas-
ing the consistency. Chlorate formation

can be eliminated, in principle, if a
hypochlorous acid scavenger such as sul-
phamic acid is added to the pulp suspen-
sion before ClO, addition.
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Characterization of Fibre-Fibre
Bond Strength from Out-Of-Plane
Paper Mechanical Properties

R.A. STRATTON

The techniques of out-of-plane
elastic stiffness and Z-toughness as mea-
sures of fibre-fibre bond strength were
compared for an unbleached kraft pulp

. beaten to several freenesses and classified.
The sensitivity of each technique to the
effects of refining, wet pressing, and poly-
metic strength aid are described. The
separate contributions to strength by pulp
fines and by fibrillation are evaluated.

INTRODUCTION

Authors using the term ‘‘bond
strength’’ have defined it in a variety of
ways. In the present work the term is
given the meaning of ‘‘the force required
to cause the failure of a single fibre-fibre
bond divided by the bond area of that
bond”’.

Having put forth this definition,
one is immediately required to select a
direction in which to apply the force to
the nonsymmetrical bond. This is because
it is likely that the stress concentratio
in the fibre-fibre bond will be different
depending upon whether the force is ap-
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plied a) in shear in the plane of the bond,
or b) in tensioh normal to the bond. Thus,
the bond-breaking force in these two ex-

perimental g¢ometries will probably be.

different, and there is some experimen-
tal evidence that this may be so, Mea-
surements of the bond strengthAn shear
{ and refer-
a value of 3-4
and coworkers

parisonyof the effects of gtometry. Water-
hous¢’[3] has measured thé\in-plane shear
gth (MD) of sheets with\non-random
fibre orientation and found it.to be about
our times the z-direction strength of the
same sheet. Apparently, the ‘different
stress concentrations in the in-plane shear
and the z-direction geometries produce
about a 3- to 4-fold difference in the
measured strengths.

In addition to the direction of the
force, in order to calculate a fibre-fibre
bond strength, one must also specify the
bond area. This is inherently difficult be-
cause of the three-dimensional aspect of
the bond. Fibres have rough surfaces in-

cluding pits and defects. Refining further
roughens the surface by producing exter-
nal fibrillation and loss of wall material.
The resulting fibre-fibre bonds must
necessarily be three-dimensional as
graphically shown in the recent work of
Nanko and coworkers [4,5]. The only ab-
solute method available to date to deter-
mine the bond area is the gas adsorption
technique developed by Haselton [6]. This
method requires measurements on a set
of completely nonbonded fibres as well
as on the bonded sheet and is not practi-
cal for single fibre-fibre bonds. The most
common choice for determining the sin-
gle fibre-fibre bond area is the light-
scattering technique [7). Alternatively,
some of the authors cited in [1] have used
the simple geometric overlap area of the
fibre-fibre bond. The validity of the value
obtained from light scattering has been
debated since it was first advanced, but
it remains the best readily measurable es-
timate of the bond area.

Measurement of the bond strength
(shear or z-direction) of individual fibre-
fibre bonds is extremely tedious and in-
cludes large standard deviations [1] be-
cause of individual fibre variability. It
would be better to derive a measure of the
bond strength from a large number of
bonds simultaneously, but there is at
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