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Chlorate Formation in Chlorine Dioxide
Delignification—An Analysis via Elementary
Kinetic Modeling

Ville Tarvo,' Tuula Lehtimaa,” Susanna Kuitunen,!

Ville Alopaeus,' and Tapani Vuorinen?
'Department of Biotechnology and Chemical Technology, Helsinki University
of Technology (TKK), Helsinki, Finland
’Department of Forest Products Technology, Helsinki University
of Technology (TKK), Helsinki, Finland

Abstract: Elementary kinetic modeling was used to study the mechanism of chlo-
rate formation in chlorine dioxide delignification. Reaction conditions reflecting typical
industrial processes (T = 50°C, pH 1.5-4) were examined. Fe mediated CI(III) de-
composition and a reaction between hypochlorous acid and chlorous acid (or their
equilibrium counterparts) were found to be the major reaction routes responsible for
chlorate formation at pH < 3. The latter route accounts for chlorate formation at pH >
3. The rate of chlorous acid (HCIO,) self-decomposition was too slow either to com-
pete against the other routes (pH < 3) or to yield notable amounts of chlorate within
the given time frame (pH > 3). The results suggest that chlorate formation could be
suppressed, without adverse effects on chlorine dioxide regeneration, by aiming for end
pH 3-3.5, ensuring a moderate chloride ion concentration and by favoring concentrated
solutions/suspensions.

Keywords: Bleaching, chlorate, chlorine dioxide, chlorite, delignification, inorganic
reactions, modeling, predictive modeling, reaction kinetics
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INTRODUCTION

Chlorite ion (CIO;) and hypochlorous acid (HOCI) are the primary reduc-
tion products of chlorine dioxide (ClO,) in ClO; delignification of chemical
pulp."=5 Both compounds react further in numerous reactions and yield various
oxy- and organo-chlorine species as well as chloride ion (C17) as the stable final
products.[ Chlorate ion (C103) is one of the formed oxy-chlorine species. It is
also suggested to be formed directly from chlorine dioxide./*®! Chlorate forma-
tion is considered wasteful, as the compound possesses a high apparent oxida-
tion power (valence V) but it is unable to facilitate delignification reactions.!”-®!
Chlorate is also highly toxic (acute toxicity <0.1 mg/l) to certain macro brown
algal species.!> 19 Several reports deal with various aspects of chlorate forma-
tion in delignification and bleaching.!3%1'=191 A traditional way to examine the
formation mechanism is to record chlorate yield under various conditions and
use the reaction variable dependencies to analyze and exclude the reaction alter-
natives. Other methods comprise trapping of intermediately formed hypochlor-
ous acid!!®2% and utilization of model compounds.!'!>! These studies suggest
that chlorate is produced at least through chlorous acid self-decomposition
(1),[48:19T in a reaction between chlorous acid and hypochlorous acid (2),!117!
and by free radical addition to chlorine dioxide (3).1*%191 Reactions (2-3) are
overall reactions depicting the reactants and stable final products, but disregard
any intermediate steps or species. Alkaline decomposition of chlorine dioxide
(4) is frequently brought up as another origin for chlorate.!!?14:15.17.18.22] The
decomposition rate is, however, slow already in mildly acidic solutions.!!8-23.24]
Thus, delignifying reactions are expected to consume chlorine dioxide much
faster than alkaline decomposition in acidic medium.!'>!8! Alkaline decompo-
sition of chlorine dioxide is not considered further in this work.

2 HCIO, — HOCI + ClO; + H* (1)

aHCIO, + HOCl — bClO5 +cCIO, - +dCl™ + eH" + fH,0
(2—unbalanced overall reaction)

ClO;- + freeradical + H,O — ClO5 (3—unbalanced overall reaction)

2Cl0,- +OH™ — CIO; +ClO; + HY  (4—overall reaction)

The traditional way of examining chlorate formation suffers from the fact
that the relative importance of numerous reactions is evaluated only at a quali-
tative level. The importance of chlorous acid disproportionation (1) is claimed
to increase with acidity. This is a qualitative implication from the reaction rate
equation. It has, however, not been examined whether the reaction possesses
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kinetic prerequisites to contribute to chlorate formation even at the lowest pH
levels encountered in delignification applications (around pH 2). Delignifi-
cation and bleaching experiments have produced rather controversial results
concerning the pH dependency of chlorate formation: chlorate production has
been shown to increase,!'> %! decrease,®%-13.15:17.191 or to fluctuate with pH.[?*!
The most extensive effort to explain the pH dependency is based on the Taube-
Dodgen (TD) mechanism, which covers the intermediate steps and species of
overall reaction (2).!'%26 The original TD mechanism, postulated in the 1940s,
has been cultivated in several subsequent studies!>’3!! and the prediction of
the most recent mechanism should be examined.

This work aims at clarifying the mechanistic aspects of chlorate forma-
tion in chlorine dioxide delignification. The analysis is done using elementary
reaction kinetic modeling and the latest mechanistic descriptions. Kinetic infor-
mation mainly from the literature, partly determined in this work, is gathered
in a model and used to study the reaction rates and overall stoichiometries un-
der typical delignification conditions. The used modeling approach provides a
straightforward method for examining both individual reactions as well as sys-
tems consisting of competing and consecutive reactions. The reaction routes
are first examined one at a time (excluding all other reactions). The routes are
then made to compete with each other in order to predict the total amount and
pH dependency of chlorate formation. Elementary kinetic modeling, although
rarely utilized in studies related to pulp and paper industry, is commonly used
in the field of petrochemistry, combustion technology, and chemical reaction
engineering.

THEORETICAL BACKGROUND AND SIMULATION MODEL

All simulations were performed with Flowbat software.3?! The initial solution
composition and conditions were first defined. The solution composition de-
velopment, that is, the progress of reactions, was evaluated through reaction
rate equations. Reaction rate equations produce time derivatives for reactant
and product concentrations. As an example, the equations given in (el), where
brackets indicate component concentrations, may be written for chlorous acid
self-decomposition reaction 1. Analogous equations were written for all reac-
tions under investigation. The obtained group of initial value ordinary differ-
ential equations was solved with an ordinary differential equation solver. All
reactions without specific catalysis were assumed to obey elementary kinet-
ics, that is, the rates were first order with respect to each reacting compound,
and the reaction rates were proportional only to the concentrations of the
reacting species and the reaction rate coefficient (k;). Any overall reactions
(except for auxiliary reactions involving organic compounds) were broken up
into elementary steps according to the applied mechanistic schemes. Thus, any
rate or stoichiometry dependencies related to reaction conditions or solution
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composition were inherently incorporated in the model. The temperature depen-
dency of the reaction rate coefficients was modeled with the Arrhenius equation
(e2), where A; and E, ; are the reaction specific frequency factor and activa-
tion energy, respectively, R is the molar gas constant, and T is temperature in
Kelvins.

The concept of elementary kinetic modeling assumes that the provided rate
parameters and models are universal. They are applicable in any reaction system
so long as all participating reactions are incorporated. Thus, rate parameters
and equations may be collected from studies applying simpler systems and
combined to investigate a more complex problem, as is done in this study.
The validity of the kinetic descriptions in the simpler systems (comparison of
model predictions against experimental results) is demonstrated in the original
reports. The applied chlorate formation reaction schemes and rate parameters
are introduced below. Reactions assumed to contribute to chlorite consumption
or affect the chlorate forming reactions in delignification environment are
considered in the “Total Chlorate Formation” section.

d[HCIO,] _ , d[HOCI] _ dICIO;]

dt dt dt
d[H'] 2
=2. =k, - [HCIO,] (eD)
dt
ke =A;- exp(_Ea,r/RT) (e2)

Chlorous Acid Self-Decomposition

The kinetics and stoichiometry of chlorous acid self-decomposition is discussed
in several reports.[26-27:29:31.33.341 [ ehtimaa et al.*>! have recently clarified the
scheme with experiments and kinetic analysis at pH 1-3 in absence of transition-
metal ions. The reaction occurs over a single step (1) and has a rate coefficient
ki =0.0021 M~'s™! at 25°C and activation energy E, ; = 84 kJ/mol. The reac-
tion is occasionally proposed to yield chlorine dioxide and chloride ions.*1¢!
In such cases the subsequent reactions of the produced hypochlorous acid are
combined in the stoichiometry. In this study the reaction between hypochlor-
ous acid and chlorous acid is considered as a separate reaction route (see the
following section), because in delignification environment hypochlorous acid
may be produced and consumed through several processes.

Chlorous acid is in equilibrium with chlorite ion via reaction (5). Together
they are referred to as CI(II), according to the oxidation state of chlorine. The
degree of CI(III) protonation changes with pH. This was taken into account via
dissociation coefficient K, 5 (the kinetics of the protolysis reaction is extremely
rapid and was thus considered irrelevant in this work). The value of K, s
at a desired temperature was computed from thermodynamic constants with



12: 00 25 January 2011

Downl oaded At:

Chlorate Formation in Chlorine Dioxide Delignification 195

Table 1. The effect of temperature on chlorous acid dissociation coefficient

T/°C 20 40 50 60 70
Ky.s/M 0.011 0.0078 0.0065 0.0056 0.0048
pKas 1.96 2.11 2.19 2.25 2.32

equations (e3) and (e4). The enthalpy of formation (AH?) and entropy (So)
values were obtained from literature.[%] The temperature variance of K, 5 is
demonstrated in Table 1. The reaction scheme used in chlorous acid self-
decomposition simulations included reactions (1), (5) and the autoprotolysis of
water. The temperature dependency of water auto-protolysis was incorporated
in a similar manner as for reaction (5).

HCIO, S ClO; +HT 5)
K= exp[_AGfreaction/(R -T)] (e3)
AGfreaclion = 2:p{AH’r‘,p - Sp . T} - Er{AHf_r — Sr . T} (e4)

where p = products and r = reactants.

The Reaction Between Chlorous Acid/Chlorite and Hypochlorous
Acid/Chlorine

The overall reaction (2) proceeds via several elementary steps. Hypochlorous
acid reacts rapidly with chlorous acid in reaction (6).30-3*37 The first step
produces an extremely rapidly reacting species, Cl,O,, which has not been
isolated in a solution state.?®:3% A recently proposed mechanism for Cl,0,
consumption contains three parallel paths (8—10), from which the first two
exhibit a chloride ion catalysis.””! In the pioneering mechanism of Taube and
Dodgen[26] chlorine dioxide was formed in a bimolecular Cl,O; reaction. This
proposition was based on findings that ClO; is the predominant product in con-
centrated CI(III) solutions. Concentrated CI(III) solutions lead to rapid Cl,O,
formation, and a second order process with regards to Cl,O, would explain the
observed effect. Reaction (9), however, also explains the concentration depen-
dence and it has a more solid theoretical basis.**! The replacement of the sec-
ond order process with reaction (9) was first proposed by Hong and Rapson!?”!
and it has received acceptance in numerous subsequent studies.!'8287311 The
scheme used in this study (8-10) is based on the Hong-Rapson-mechanism.
If chloride ions are present, hypochlorous acid forms an equilibrium pair with
elemental chlorine (110, 11y).8 Chloride ion is the main reduction product



12: 00 25 January 2011

Downl oaded At:

196 V. Tarvo et al.

of chlorine dioxide in bleaching applications,!®!3° and thus its presence is
expected. A reaction between chlorine and chlorite (7) serves as an additional
source for Cl,0,.13%3+37 Reactions (6) and (7) are significantly slower than
the subsequent Cl, O, consuming reactions (8—10). Therefore, reactions (6) and
(7) define the overall reaction rate and reactions (8—10) dictate the observed
stoichiometry. The reaction condition dependent overall stoichiometry is given
by reaction (2).

The overall reaction produces substantial amounts of chlorine dioxide
(through reaction step 9). In delignification environment the generated chlo-
rine dioxide reacts rapidly with organic substrates. In order to get the full
yield of chlorate, as opposed to just a once-through yield, reaction (12) is
introduced. Reaction (12) represents oxidation of lignin or any other organic
substrate (indicated with pseudo-component Org,) by chlorine dioxide. The
regenerated chlorine dioxide is assumed to produce chlorite and hypochlorous
acid in a similar manner as “fresh” chlorine dioxide (discussed in detail in the
section “Initial Conditions”). The chlorite:hypochlorous acid ratio in reaction
(12) is set to 1:1 for simplicity (the ratio in which chlorite and hypochlor-
ous acid are formed from chlorine dioxide is discussed later in more detail).
The organic pseudo-component, Org, was assumed to be available in excess
([Org]p = 0.01 M). The reaction rate is first order with respect to ClO, and
Org.

Rate-Determining Step

HCIO; 4+ HOCI — Cl,0, + H,0 6)
ClO, + Cl, — Cl,0, + CI™ @)

Stoichiometry-Determining Step

Cl,0, + H,0 — ClO; +CI~ +2H* (8)

CL0, + ClO; — 2ClO, - +CI~ ©9)

C1,0, + CIO; + H,0 — 2HOCI + ClO; (10)
HOCI + H* + CI” & Cl, + H,0 (1gor, 11yey)

2CI0; - + Org + H,0 — HOCI + ClO; + H" + Orgy
(12—apparent overall reaction)

The kinetic parameters for reactions (6—11) are given in Table 2. Activation
energy was available only for reactions (7) and (11, 11ey). The activation en-
ergies of the other reactions were set to the same value (39.9 kJ/mol) as reported
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Table 2. Rate parameters for the reaction system involving chlorous acid and hypochlor-
ous acid

Reaction Rate coefficient, k, at 25°C E./kJ-mol™ Ref
6 ke =2.1-10* M~ 157! b39.9 1301
7 k; = 1.6-10* M~ 15! 39.9 1371
8 ks =1-103s7! b39.9 1291

aK’g/kg = 2.85-10°M ™!
9 ko/ks = 2.01-10* M~ b39.9 1291
K olkg = 4.2:10> M~

10 kio/ ks = 1.11-10* M 39.9 129

11,50 Kitfor = 1.1-10* M~257"! 31

11,0y Kityep =225 €62 (401

“Rate coefficient for the chloride ion catalyzed route.

b Assumed.

“The E,-values and ionic strength dependence was adopted from experimental results
reported by Wang and Margerum.[“%!

Rev = reverse reaction, for = forward reaction.

for reaction (7). This keeps the relative rates of reactions (6—10) at the ratio re-
ported at 25°C, irrespective of the temperature. Using a constant rate ratio valid
at least at one temperature was considered a better assumption than applying
arbitrary activation energies. The concentration of CI(III) is generally higher
than that of chlorine dioxide for the bulk of the delignification time.!*3! The
very first moments of the process, when chlorine dioxide is rapidly consumed
and CI(IIT) accumulates, is an exception.l*”! The rate coefficient ki, was set to
ki =2-10° M~!s™! (T = 50°C) in order to maintain the concentration of C10,
below CI(III) in all simulations. The reaction scheme used in the simulations
included reactions (5-12) and the autoprotolysis of water.

Chlorate Formation Through Radical Chemistry

Some studies suggest that chlorate formation via chlorine dioxide coupling
with Cl and CIO radicals could be notable (3).1'":2!] This coupling reaction is
also considered to provide a radical scavenging mechanism observed in chlo-
rine dioxide bleaching.[®#!l Several studies that have been conducted in much
simpler reaction systems, however, indicate that chlorine radicals react rapidly
with CI(IIT) and produce chlorine dioxide as a stable final product.?84243]
Thus, the postulation of direct radical coupling via chlorine dioxide sounds
highly unlikely. It is more probable that the observed radical scavenging
properties relate to CI(III) arising as a reduction product from CIO,. Hence,
the focus is hereafter shifted on the interaction of chlorine radicals with
Cld1D).
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Fe Mediated CI(IIT) Decomposition

In acidic solutions ferric ion (Fe**) reacts with chlorite ion to give chlorine
dioxide and ferrous ion (Fe?*) (13).12844 Ferrous ion reacts further with chlorite
and chlorous acid to form chlorine radicals (e.g., Cl or C1O) (14 and 15).142:43.43]
The produced chlorine radicals lead to chlorate production via CI(IIT) decom-
position (16). Two models describing the Fe mediated radical formation and the
associated CI(III) decomposition are available.!*343] Both models are based on
experiments where hypochlorous acid has not been trapped. Thus, the proposed
mechanisms are strongly influenced by the assumption of how hypochlorous
acid reacts further with CI(III). Fabian and Gordon?®! used a HOCI reaction
scheme with anomalous rate parameters: Cl,O, consumption was assumed to
occur through reactions (8) and (9) only; the applied rate coefficient ratio was
ko/ks = 50 M™!. Other reports postulate ko/kg ratios above 10* M~!.[29:30]
Schmitz and Rooze!*?! verified their model only qualitatively and left several
rate parameters unspecified (ko/kg among others). Neither of the models can
therefore be accepted directly. In order to obtain a suitable model, the previously
unknown rate parameters in the Schmitz and Rooze model were determined.
Reactions (6-11, Table 2) were used in the regression procedure to model the
behavior of hypochlorous acid. Reactions (1) and (5) were also included. The
regression was made against the experimental results of Fabian and Gordon. 8
The parameter optimization was done with KinFit software*®! where a non-
linear simultaneous curve fitting technique!*’! applying Levenberg-Marquardt
method (uniform weighting) was used.[*®! The determined rate parameter val-
ues are shown in Table 3. Predictions given by our model and by the model of
Fabian and Gordon are compared against experimental results in Figures 1 and

Table 3. Rate parameters for Fe mediated CI(III) decomposition reactions

Reaction Rate coefficient, k, at 25°C E, / kJ-mol™! Ref
13 ki3 =269 M~ 157! 95 1431
Ki3rey = 4.7-10° M~ 157! “95 b
14 ks =930 M 157! 495 1431
15 kis =530 M 157! “95 b
16/19 klﬁ/klg = 22 10_4 — b
17/18 ki7/k;g = very small — b
Equilibrium constant, K, at 25°C
20 Ky = 6.5-1073 M! ¢ 1361
21 Ky =4.9.1077 M! ¢ 1361
22 Ky =1.6.107° M* ¢ 1301
4 Assumed.

’Determined in this work.
“Temperature dependence computed via thermodynamic constants.
Rev = reverse reaction, for = forward reaction.
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Figure 1. Fe mediated CI(IIl) decomposition: bullets—experimental, solid line—the
model of this article, dashed line—the model of Fabian and Gordon. Experimental data
is provided by Fabian and Gordon.?®! (0)—[CI(ID], = 7.50-1072 M, [Fe**] = 1.39
1073 M, pH = 1.75; (m)—I[CI(III)]y =4.99-1072 M, [Fe’**]=1.39 10 M, pH = 1.25;
(a)—[CI(IID)]p = 5.00-1072 M, [Fe**] = 4.20 -107* M, pH = 1.75; (A)—[CI(ID], =
2.5-102 M, [Fe’**] = 1.39-10° M, pH = 1.75.

2. Our model yields a very similar prediction as that of Fabian and Gordon. The
curves from the two models coincide in Figure 1. Our model gives a slightly
better prediction for chlorine dioxide formation at high CI(III) concentration
(Figure 2). The experimental reaction rate appears to level off more strongly
than is estimated (Figures 1 and 2). This may result from a slow formation
of an unknown inactive Fe-species. Solving the incoherence would, however,
require more experiments and is outside of the scope of this study. The CI
and ClO radicals are very reactive and only the ratio of their parallel reaction
rates could be determined (17/18 and 16/19). The very small ratio k;7/k;g im-
plies that CI radicals are consumed by Fe?* exclusively, and reaction (17) is
insignificant.

Additional Sources for Cl and ClO Radicals

Model compound studies indicate that C1O radicals are produced also through
two-electron reduction of chlorine dioxide by olefinic structures.['!?!! Due to
a lack of suitable experimental information to quantify these reactions they are
excluded from the model. Radical generation through chlorine or hypochlorous
acid is considered unimportant due to very low concentrations of Cl, and HOCl
in delignification.

In delignification environment the chlorine dioxide produced in reaction
(13) would be rapidly consumed by organic substrates. Hence, reaction (12) is
again included in the simulations (detailed reasoning and the rate parameter are
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[C10 2]/ mM

0 50 100 150 200
Time /s
Figure 2. ClO, formation from Fe mediated CI(III) decomposition: bullets—
experimental, solid line—the model of this article, dashed line—the model of Fabian and
Gordon. Experimental data is provided by Fabian and Gordon. *¥ (0)— [CI(IIT)], =
7.50-1072 M, [Fe**] = 1.39 .10 M, pH = 1.75; (m)—[CI(ID)]y = 4.99-1072 M,
[Fe’*]1=1.39 .10 M, pH = 1.25; (oA)—[CI(IID], = 5.00-1072 M, [Fe**] = 4.20
1073 M, pH = 1.75; (A)—[CI(IID)]p = 2.5-1072 M, [Fe**] = 1.39 .10 M, pH = 1.75.

given in the previous section). The experimental data used in regression was
obtained at a single temperature (25°C). Thus the activation energy of reactions
(134ey), (14), and (15) could not be determined. The activation energies of
these reactions were set to the same value as reported for reaction (13¢;). This
keeps the relative rates of reactions (13—15) at the ratio determined at 25°C,
irrespective of the temperature. Using a constant rate ratio valid at least at
one temperature was considered a better assumption than applying arbitrary
activation energies. The reaction scheme used for Fe mediated CI(IIT) decom-
position simulations included reactions (5), (12-22), and the autoprotolysis of
water.

ClO; +Fe’t < ClO, + Fe?* (13for> 13rev)
HCIO, + Fe** — CIO - + Fe(OH)*" (14)

ClO; + Fe*™ + H,0 — CIO - + Fe(OH); (15)
HCIO; + ClO- — H* + ClO; +Cl - (16)
HCIO; + Cl- — HOCI + CIO- (17)

Cl-+ Fe’t — ClI” + Fe?* (18)

ClO - + Fe?* — OCI™ + Fe** (19)
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Supporting Equilibrium Reactions

Fe’t + H,0 S Fe(OH)** + HT (20)
Fe’™ 4+ 2H,0 & Fe(OH); +2H" (1)
Fe'" 4+ 3H,0 5 Fe(OH)s, + 3H' (22)

Total Chlorate Formation

The total amount of chlorate formation was predicted in simulations, where
the parallel reactions were allowed to compete with each other. A simplified
description of the competing chlorate formation paths is given in Scheme 1.
Reactions assumed to contribute to CI(III) consumption or affect the chlorate
forming reactions in delignification environment (introduced below) were also
incorporated. The reaction scheme used in total chlorate formation simulations
included reactions (1), (5-26), and the autoprotolysis of water.

Fe mediated
chlorate formation
13-16 |
ClO,” = — - + C The HOCI - HCIO,
3 + Fe3+2+ CIOZ 2 7 system
8, 10
5 1 CLO, —— CIO;"
2¥2 3
6
+
HCIO, HOCI
HCIO. {
Chlorous acid ~ + P
self-decomposition C|03'

Scheme 1. A simplified description of the chlorate forming reaction paths (only the
main reaction routes are shown).

Auxiliary CI(IIT) Consuming Reactions

In arelatively acidic, chloride ion rich environment chlorous acid is consumed in
reaction (23). The kinetic description and rate parameters (k3 = 0.0027 M~2s™!
at 25°C, E, »3 = 70 kJ-mol™!) were adopted from Lehtimaa et al.*>! Chlorous
acid reacts at a moderate rate with aliphatic and aromatic aldehydes.[!:49:30]
Reaction (24) represents these reactions. The aldehyde pseudo-compound



12: 00 25 January 2011

Downl oaded At:

202 V. Tarvo et al.

Org-CHO was assumed to be available in excess ([Org-CHO ] = 1072 M)
and the rate coefficient was chosen to be in line with a value reported for
chlorous acid oxidation of vanillin (ks = 1 M™!'s™!, Kygninin = 2.1 M~ 157! at
50°C).1%

Auxiliary Reactions Affecting the Chlorate Formation Routes

Chlorous acid self-decomposition was assumed to perform unaffected in pulp
suspensions (the same way as in aqueous solutions). The Cl and ClO radicals,
in central role in Fe mediated CI(IIT) decomposition, may react to some extent
with pulp-related organic substrates. Experimental work has, however, shown
that Fe additions in delignification promote chlorate yield considerably more
than they promote AOX formation.>! This supports the view that chlorite ion
and chlorous acid are the primary substrates also in pulp suspensions. The
hypochlorous acid concentration in delignification is very low at all times*"!
due to fast reactions with chlorous acid and organic substrates. The low level
of HOCl is likely to pose kinetic restrictions for overall reaction (2). Apparent
overall reactions (25) and (26) represent the reactions of hypochlorous acid
and elemental chlorine with pulp related organic substrates (lignin, hexenuronic
acid, etc.). The organic substrate Org was available in excess ([Org]y = 0.01 M)
and rate coefficients ks and ko were adjusted to values kos = 1.10° M~'s™! and
ko = 2-102 M~ 's7! at T = 50°C. The rate coefficient values, both the absolute
magnitudes and the division of relative strength between Cl, (ko5) and HOCI
(kog), were chosen so that the combined reaction rate (1,5 + o) was of the same
order of magnitude as 1 overan (= I's + r7) at pH 2 and declined toward a higher
pH. The decline of (rys5 + 1) with pH was not as intensive as that of 12 gverall
which made the fraction of HOCI/CI, consumed in organic reactions increase
with pH. Consequently, the simulations showed a growing chlorite residue
after pH 3.0. Similar observations concerning the chlorite residue have been
observed also in delignification experiments.[*13:17:191 If the combined reaction
rate (1p5 + rp6) was set higher, the chlorite residue appeared at a lower pH and
vice versa. If the HOCI reaction (26) was appointed a higher relative strength,
the pH dependence was more intense and the chlorite residue increased very
drastically.

HCIO, + CI~ + Ht — 2HOCI (23)
Org — CHO + HCIO; — Org — CO;H + HOCI (24)

Cl, + Org — Orgg + HT 4 CI™
(25—apparent overall reaction)

HOCI + Org — Org,, + H" + CI~
(26—apparent overall reaction)
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Initial Conditions

Typical delignification conditions (pH 1.5-4.0, 50°C, 60 min) were adopted
from literature.[>>! The pH range was investigated with 0.5 unit intervals. Inert
buffer compounds were used to achieve and maintain the desired pH levels.
The initial CI(IIT) concentration was fixed based on mechanistic postulations
concerning the reaction routes of chlorine dioxide in delignification.""*> The
oxidation of the aromatic ring in lignin, either phenolic or non-phenolic, was
assumed to proceed via a phenoxy radical (step 1) and yield quinonoid and
muconic acid-type structures (step 2). The first step consumes one equivalent
of ClO;, and produces a full equivalent of CI(III). The second step consumes
another equivalent of ClO,, and yields either CI(IIT) or HOCI. Thus, the once
through yield of CI(IIl) is somewhere between 50 and 100%. Delignification
experiments with intermediately formed hypochlorous acid trapped indicate
that the overall HOCI yield is approximately 50-60%.1>#17:391 These values
comprise hypochlorous acid from all sources: the HOCI arising directly from
chlorine dioxide, but also that from chlorous acid self-decomposition or from
reactions between chlorous acid and aldehydes. Based on this information it
was assumed that step 2 produces mainly, but not entirely, hypochlorous acid
and the one through yield of CI(III) was set to be 67%. Assuming a 20 kg
active chlorine/ ADt charge of C1O, and 10% pulp consistency, the 67% value
corresponds to 8 mM concentration, which was used as the initial value for
[CI(IID)] in all simulations.

Investigating the reaction between hypochlorous acid and chlorous acid re-
quires specification of the initial hypochlorous acid and chloride ion concentra-
tion. Experimental studies have shown that the cumulative yield of hypochlor-
ous acid is around 50% of the initial C10, dose (pH 1.5-3.5).[*17-3 The initial
hypochlorous acid concentration was thus set to 6 mM. This setup does not
give a completely authentic reproduction of the reaction conditions, because
HOCI concentration in delignification is always at a low level (as explained
in the previous section). The assumptions are nonetheless considered adequate
for examining the overall reaction stoichiometry. Kinetic aspects of overall
reaction (2) are evaluated in the section “Total Chlorate Production.”

Chloride ion concentration is typically rather low in pulps entering CI1O,
delignification. A preceding hot acid stage using hydrochloric acid, or a suit-
able filtrate circulation arrangement, may result in a moderate chloride level.
Thus a series of chloride concentrations (implemented as NaCl additions) were
examined: [Cl ]p =1, 2, 5, and 10 mM.

The iron content in Canadian kraft pulps is reported to be around 20—
100 ppm.33! Similar values have been measured from Finnish O-delignified
birch kraft pulps.’* We chose to use a low-end value, 20 ppm, as the dry pulp
Fe content in the simulation. This value corresponds to approximately 0.02
mM in a 10% (consistency) pulp suspension. Iron is assumed to have a valence
III (Fe?t) in the initial state.
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RESULTS AND DISCUSSION

In the first three sections the kinetic and stoichiometric restrictions of each
individual chlorate-producing route are examined (in absence of all other re-
actions). In the last section the total amount and pH dependency of chlorate
formation is predicted by making the routes compete with each other as well
as with reactions assumed to affect CI(III) consumption or chlorate formation
in real delignification environment.

Chlorous Acid Self-Decomposition

Chlorous acid self-decomposition involves only one reactant and proceeds in a
single step. Thus the stoichiometry is obvious (1) and the examination focuses
on the reaction rate under typical delignification conditions. The simulated de-
composition rates and the associated chlorate formation are shown in Figure 3.
The chlorate curves at pH 3.5 and 4.0 coincide with the x-axis. The reaction
rate is insignificant at pH 3.0 or above, reaches a notable level at pH 2.5 and in-
creases steadily as the pH is further lowered. The pH dependence follows from
the reaction being second order with respect to chlorous acid, and the protolysis
equilibrium of HCIO, (5) having a dissociation constant in the vicinity of 1072
M (Table 1). Regardless of the accelerating effect of acidity, only about 70%
of the CI(IIT) has reacted in 1 hour at pH 1.5. Delignification experiments with
end pH 2.1 and 1.8 (T = 50°C, 10% consistency) have shown that CI(III) is
fully consumed from the liquor in less than 30 and 15 minutes, respectively.[!"!

100
[ —__Cimy 7
55 o |
g 80 [
GE 70 k pH15 PH“ P"'25 |-|3o
2w pH 3.5 8 4.0
8= \ X(’*"// 10
chlor \\
0
0 15 30 45 60

Time / min

Figure 3. The effect of pH on chlorous acid self-decomposition rate and the related
chlorate formation. T = 50°C, [CI(II)]ipia = 8 mM.
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This means that chlorate production via chlorous acid self-decomposition is
likely to be less than 10 percent of the available CI(III) even at pH below 2.

The Reaction Between Chlorous Acid/Chlorite and Hypochlorous
Acid/Chlorine

The simulated reactions were completed in a few seconds irrespective of the re-
action conditions. The stoichiometric examinations were hence made from the
final composition of the reaction solution. The final chlorine-containing prod-
ucts were chloride ion, chlorate ion, and hypochlorous acid. The hypochlorous
acid residue is somewhat peculiar, but is explained by the absence of organic
HOCI-consuming reactions (which are considered in a subsequent section).
The intermediately produced chlorine dioxide was fully consumed in reaction
(12). The product ratio (stoichiometry) depended on several factors: chloride
ion concentration, CI(IIT) concentration, and pH. The amount of chlorate in the
final solution varied between 8 and 23% of the initial C1(III) (Figure 4). Chlorate
production was reduced both by increasing chloride ion concentration and pH.
The effect of pH was, however, quite small after pH 2.5 (Figure 4). The effect
of chloride ions was remarkably strong: raising the chloride ion concentration
from 1 to 5 mM led to a roughly 30% reduction in chlorate formation.

The stoichiometric effects result from changes in the relative importance
of parallel reactions (8—10), and to a minor extent from changes in equilibrium

Br [NaCl]
\\-\
—_ 0 mhd
e
:g = 1 it
£ g \\‘ 2
L —_ mhi
“o_g 15
v & —
§ :':-‘ r T 5 mit
3 10~
o= 10 mM
5 T T T T
1.5 20 2.5 3.0 3.5 4.0

Figure 4. The effect of pH and chloride ion concentration on chlorate formation in the
overall reaction of HC1IO, and HOCI. Results taken from the final composition in the
solution (reactions completed). T = 50°C, [CI(IID) itz = 8 mM, [HOCl]iyiia = 6 mM,
reacted CI(III) = initial CI(III).
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(11). The primary stoichiometric effect of chloride ions comes from the chloride
ion catalysis in reactions (8) and (9). The rate of uncatalyzed reaction (8) is
small and the magnitude of catalysis in that reaction is smaller than in reaction
(9) (Table 2). Hence, chloride ions promote primarily the chlorine dioxide
producing reaction (9) and a reduction in chlorate production is observed.
As pH increases the protolysis equilibrium of chlorous acid (5) shifts toward
chlorite ion. Reactions (9) and (10) have a first order rate dependence on
chlorite ion and hence the increasing pH accelerates reactions (9) and (10) in
comparison to the chlorate forming reaction (8). The effect of pH is very small
above pH 3 because at this point CI(III) is already almost entirely in the form
of chlorite.

The yield of chlorate was also found to increase with a descending CI(III)
concentration. This might explain partially why the relative formation of chlo-
rate is consistently higher in the brightening D stages than in delignification:
ClO; charges, and hence also CI(II) concentrations, are considerably smaller
in the brightening stages than in delignification.!>48-%:12,16,19.52.53]

Chlorate Formation Through Radical Chemistry

The rate of Fe mediated CI(IIT) decomposition reduces with increasing pH al-
ready in the acidic region.[*>®! This results from the fact that Fe’* forms
various soluble and precipitated hydroxo species as well as polynuclear
complexes.*36! The formation of aqueous and solid hydroxo-species was
simulated to elucidate the effect of pH (Table 4). Indeed, the fraction of the
hydroxo-species increases dramatically with pH. At pH 3 almost all Fe*>* has
precipitated.

The rate of Fe mediated CI(III) decomposition and the related chlorate
formation are shown in Figure 5. The effect of pH is dramatic: the rate is
insignificant at pH 3.5 and 4.0 and still very slow at pH 3.0, but already at
pH 2.5 more than 95% of the initial CI(III) has reacted in 60 minutes. The
rate exhibits a maximum between pH 1.5-2.0. In the heavily acidic region

Table 4. The hydroxylation of Fe** at pH = 1.5-4.0. T = 50°C, [Fe(II)],,; = 20 uM

Fe(III) distribution/%

pH Fe’+ Fe(OH)** and Fe(OH); Fe(OH);(s)
1.5 56 44 —

2.0 29 71 —

2.5 3 24 73

3.0 0.1 0.9 99

3.5 <0.1 <0.1 100

4.0 <0.1 <0.1 100
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Figure 5. The effect of pH on Fe mediated CI(III) decomposition and the related
chlorate formation. Curves starting from 0% represent chlorate concentrations and
those starting from 100% represent CI(I1I) concentrations. T = 50°C, [CI(III) J;niias = 8
mM, [Fel,,, = 20 uM.

(pH < 1.5) the rate declines again as chlorite protonation increases (reaction
5) and slows down the reaction (13¢,). The rate hindrance due to chlorite
protonation is counterbalanced by an increasing fraction of free Fe’* ions
(Table 4), but the net effect is still suppressing. The rate decrease above pH
2 follows directly from Fe** hydroxylation (Table 4). Chlorate production is
negligible above pH 3, but at pH 2.5 or below the yield is around 25-35% of
available CI(III). The other stable chlorine-containing products, hypochlorous
acid and chloride ion, were produced in approximately 1:1 ratio irrespective of
the pH.

Total Chlorate Production in Delignification

Some 10-18% of the initial chlorine dioxide dose is typically converted to
chlorate in ClO, delignification at pH 1.5-2.5.[416:19:551 The chlorate yield
reduces after pH 2.5 and is a few percent at neutral pH.!"3:17-!% The rather broad
range of experimental findings at a fixed pH shows that chlorate formation is
a function of also other variables (for instance, pulp consistency, temperature).
The predicted chlorate formation is compared against experimental findings in
Figure 6. The prediction falls into the range of experimental findings. The pH
dependence is also in accordance. The coherence of the estimate implies that
radical generation through two-electron reduction of chlorine dioxide, excluded
from the model, is likely to have only a small importance.

The individual reaction route simulations suggest that the rate of chlorous
acid self-decomposition is too slow to compete against Fe mediated CI(III)
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Figure 6. Total chlorate production as a function of pH. The diagonal bars indicate the
range of experimentally observed chlorate formation.!* 613! Simulation conditions:
reaction time = 45 min, T = 50°C, [CI(IID) Jiyiia = 8 mM, [CI™ Jipia = 1 mM.

decomposition at any investigated pH (Figures 3 and 5). The importance of
the first route is hence expected to be small. This was confirmed by excluding
chlorous acid self-decomposition from one set of simulations. The difference
to the original simulation was insignificant (less than 1 percent). Hence, at pH
below 3 chlorate formation results entirely from Fe mediated CI(III) decompo-
sition and overall reaction (2). At pH > 3 only the latter route produces chlorate
(Figure 5). The simulations showed an increasing chlorite residue at pH 3 or
above (Figure 6).

It was also observed that reaction (23) had no practical importance. Ex-
cluding the reaction from the simulation changed the final concentrations less
than 0.1%. The effect was insignificant, even if the chloride ion concentration
was increased to 10 mM. The half-life of the reaction (at constant [CI7] = 10
mM and pH 1.5, T = 50°C) is approximately 31 hours. Obviously, reaction
(23) requires a much higher acidity, temperature, and/or a higher chloride ion
concentration to have importance.

The somewhat low total chlorate yield prediction at pH 3-4 may result
from the fact that, despite the acidic conditions in the final solution, the neutral
or mildly alkaline pulp entering delignification may still provide favorable
conditions for alkaline chlorine dioxide decomposition (4) at the very beginning
of the process.

The simulation examples and their coherence with experimental findings
bring forth several advantages of the used approach. The execution of sim-
ulations is not limited by existing laboratory, pilot scale, or mill equipment.
Laboratory experiments typically suffer from limitations in the number of
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experiments, sampling points, or analyzed components. Simulative examina-
tions are not oppressed by such constraints. The reaction routes and role of
fast-lived intermediates, whose concentrations are usually below the detection
limit of experimental methods, are brought accessible for investigation. Simu-
lations may also be used to guide and reduce the amount of experimental work
done in laboratory. The fundamentality of the approach enables simulations to
be extended outside the condition range in which the kinetic parameters are
determined. In future work the model may be augmented with comprehensive
descriptions of chlorine dioxide, hypochlorous acid, and chlorine-consuming
organic reactions. If successful, this would provide completely new possibili-
ties to assess and optimize the delignification process with respect to chemical
dosing, AOX formation, and chlorate formation.

CONCLUSIONS

Fe mediated CI(IIT) decomposition and the reaction between hypochlorous acid
and chlorous acid (or their equilibrium counterparts) are the major reaction
routes responsible for chlorate formation in ClO, delignification. Both reac-
tions contain steps that facilitate chlorine dioxide reformation, and complete
blocking of the overall reactions is not advisable. Process variable adjustments
may, however, be used to manage chlorate formation. Fe mediated CI(III) de-
composition yields chlorine dioxide in a ratio inferior to the reaction between
hypochlorous acid and chlorous acid. Thus, chlorine dioxide reformation via
the latter reaction should be favored. This is achieved by maintaining the delig-
nification end pH around 3-3.5. The pH should not be increased over 3.5 due
to an increasing chlorite residue. The stoichiometry of the reaction between
hypochlorous acid and chlorous acid may be directed toward low chlorate yield
by ensuring a moderate chloride ion concentration. High consistencies are also
to be favored due to the fact that dilute conditions promote chlorate formation.
This study demonstrates, in general, the opportunities of kinetic modeling: the
behavior of complex reaction systems may be examined in a fast and economic
manner.

NOMENCLATURE

A frequency factor (reaction dependent)

E, activation energy (J-mol ')

Gy Gibb’s energy of formation (J-mol™")

Hf heat of formation (J-mol™")

K equilibrium constant (reaction dependent)
k rate constant (reaction dependent)

R gas constant (8.3144 J.K~'-mol™")
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S° entropy (J-K~!'-mol™")

T temperature (K)
ABBREVIATIONS

[A] concentration of species A (M)

ADt  air dry ton of pulp
AOX adsorbable organic halogens

M

mol/dm?
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