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ABSTRACT

Chlorination of kraft black spruce pulp was studied in a fixed bed
reactor. Breakthrough curves of the reactant chlorine and the products
TOC, chloride and methanol were measured. The flow residence time distri-
bution was determined by performing a stimulus response tracer experiment
preceding chlorination of each pulp pad. The chlorine and methanol break-
through curves were well described by a parallel plug flow model and in-
stantaneous chlorine-lignin and first order chlorine—carbohydrates reac-
tions. The representation of the residence time distribution by plug flow
through segregated channels rather than by axial dispersed plug flow was
confirmed by the effect of operating variables on the residence time dis-
tribution and by comparison with theory and numerical predictions. The
good representation of the actual flow by the parallel plug flow model can
be explained by poor radial mixing and a relatively large scale of varia-
tion in radial velocity. The latter is a direct consequence of the large
aspect ratio of pulp fibers and their associated tendency to flocculate.
This also explains why the dispersion in pulp pads is larger than in beds
of regular shaped particles which have the same equivalent diameter as
pulp fibers.

Chlorine~lignin and methanol-lignin stoichiometries were determin-
ed as a function of operating conditions. The chlorine—lignin stoichiome-
try is a function of mean residence time and temperature, but not of
chlorine feed concentration. The values of the chlorine-lignin stoichiom-

etry are lower than found for corresponding batch chlorination of softwood
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pulps. The methanol—-lignin stoichiometry is not influenced by any of the
operating variables. The methanol concentration in the effluent can be
used as an indicator for the completion of the chlorine~lignin reaction.
Pulp properties such as lignin content, kappa number and viscosity were
measured at the end of an experiment. Maximum delignification in any
channel is obtained at chlorine breakthrough. Recycling of reconcentrated
spent filtrate did not hinder delignification rates. The reciprocal in-—-
trinsic viscosity is proportional to the chlorine charge on pulp. Higher
pulp viscosities are obtained at lower temperatures and mean residence
times and at higher chlorine feed concentrations for the same chlorine
charge on pulp. Viscosity protection agents like chlorine dioxide are

effective in dynamic chlorination.



RESIME

En nous servant d'un réacteur d lit compact&, nous avons &tudié le
processus de chloration des pites kraft faites d'é&pinette noire. Nous
avons mesuré les courves de rupture du chlore réagissant et des produits
de carbone organique total, de mémes que celles du chlorure et du méthan-
ol. La répartition du temps de résidence de 1'écoulement a &té calculée &
1'aide d'une expérience de décélement des réponses aux stimulus effectuée
avant la chloration de chaque matelas de pdte. Les courbes de rupture du
chlore et du mé&thanol ont &té fort bien tracées au moyen d'un modéle
d'écoulement id&al paralléle et des réactions instantanées chlore-lignine
et des réactions de premier ordre chlore-carbohydrates. La representation
de la répartition du temps de résidence par é&coulement idéal & chemine-
ments séparés plutbSt que par &coulement idéal i dispersement axial s'est
vue confirmée par les effets des variables d'exploitation sur la réparti-
tion du temps de résidence et par les comparaisons établies avec les
données théoriques et les prévisions numériques. La bonne représentation
de 1'écoulemlent effectif par le modéle d'écoulement 1d&al paralléle
s'explique par un mélange radial assez pauvre et une large plage de vari-
ation dans la vitesse radiale. Ce dernier facteur est la conséquence
directe du rapport d'allongement &levé des fibres de la pdte et de leur
tendance associée d la floculation. Cela explique @&galement pourquol 1la
dispersion dans les matelas de pdte est plus importante que dans les
couches de particules de forme réguliére qui ont un diam@tre &quivalent

aux fibres de la pite.

Nous avons pu &tablir que les stoechiométries de chlore-lignine et
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méthanol-lignine sont 1'une de fonctions de conditions d'expleitation. La
stoechiométrie chlore~lignine est une fonction du temps moyen de résidence
et de la température, mais non pas de la concentration du chlore de
chargement.

Les valeurs de stoechiométries chlore-lignine sont plus faibles
que dans le cas de la chloration correspondante en discontinu de pites de
bols résineux. La stoechiométrie méthanol-lignine n'est pas influencée
par les variables d'exploitation. La concentration de méthanol dans les
effluents peut servir d'indicateur de 1l'achévement de la réaction chlore-
lignin. Les propriétés des pites telles que la teneur en 1lignine,
1'indice kappa et la viscosité ont &té mesurées 3 la fin de l'expérience.
La délignification maximale dans n'importe quel type de cheminement se
produit au point de rupture du chlore. Le recyclage du filtrat résiduel
reconcentré n'a pas entravé le taux de délignification. La wviscosité
intrinséque réciproque est proportionnelle 4 la charge de chlore sur 1la
pdte. L'on obtient des pdtes de viscosités plus élevées d des tempéra-
tures et un temps moyen de ré&sidence plus bas et aussi 3 des concentra-
tions de chlore de chargement plus @&levées, tout en conservant la méme
charge de chlore sur la pite. Les agents de protection de la viscosité
tels que le dioxyde de chlore sont efficaces dans 1la chloration dynam-

ique.
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CHAPTER 1

GENERAL INTRODUCTION




1.1 Background and Objectives

The bleaching sequence which follows the pulping operation serves
to remove the remafning lignin from pulp. Removal of the residual lignin
leads to large increases in whiteness and brightness of the pulp. Chlor-
ination and extraction are usually the first steps in the bleaching
sequence and are responsible for removal of most of the residual lignin.
Subsequent stages in the bleaching sequence are primarily for brightening.
Chlorination normally consists of contacting the pulp suspension with
chlorine gas in a mixer in order to achieve uniform distribution and dis-
solution of chlorine in the pulp suspension. The pulp suspension then
flows through a chlorination tower having a mean residence time of 45
minutes to allow chlorination to go to completion. There is no relative
motion between the chlorine-water and pulp fibers.

In 1962 Rapson (1) introduced the concept of "displacement" or
"dynamic” bleaching whereby a bleaching solution was forced through a bed
of pulp fibers. Increesed bleaching rates were observed. Thisg type of
contacting is also used in pulp washing and displacement bleaching of
pulp. Reactants and products are transported to and from the fibers by
relative motion between the continuous phase and the fibers., In any other
mixing or continuous process, including the recent medium consistency
mixer (2), the relative motion between fibers and continuous phase {is
small compared to the absolute velocity of the fiber or fluid phases.
Since only the relative motion countributes to transport to and from
fibers, flow through a fiber bed is a very efficient contacting process in

terms of energy requirements. However more fundamental study is required
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in terms of residence time distribution and inter- and intra~fiber mass
transfer processes for better use and further development of contacting
devices or reactors employing flow through fiber mats. For example, the
most efficient use of wash water or chemicals and minimum production of
effluent volumes are achieved when the residence time distribution
approaches plug flow. Understanding which physical phenomena are respon—
aible for dispersion of the continuous phase might lead to the development
of new or improved contacting devices or reactors.

Ia the present study, dynamic chlorination was selected for the
study of the interaction between mass transfer and chemical reaction in
flow through fiber mats because of the relative ease of chemical analysis
and handling of chlorine and its reaction products. Bieakthrough curves
of chlorine, chloride, TOC and methanol are measured as a function of
residence time distribution, mean residence time, chlorine feed concentra-
tion, temperature, pulp consistency and viscosity protection agents. Pulp
properties such as kappa number, lignin content and viscosity were deter—
mined at the end of the experiment.

The shape of the breakthrough curves obtained during dynamic pulp
chlorination is determined by the flow residence time distribution, kinet-
ics of the different chlorine-pulp reactions and mass transfer resistances
external to and within the nulp fibers. In order to predict the break-
through curves from first principles and with the least number of adjust-
able parameters, the kinetics of the chlorine-pulp reactions must be
known, Therefore in the present study the kinetics of the chlorine-lignin
and chlorine-carbohydrates reactions are, respectively, obtained from 1lit-

erature or measured., Also, most importantly, the residence time distri-




bution for each pulp pad used for dynamic chlorination 1is determined
separately.

There is no concensus in the literature as to whether flow through
a pulp pad is governed by channelling flow (3) or by axial dispersion (4).
A detailed residence time distribution study is undertaken in the present
investigation to vesolve this question., The residence time distribution
is determined with step~up and step~-down stimulus-response experiments
with glucose and higher molecular weight dextrans as inert tracer., Based
on this study an appropriate flow model i1is chosen for theoretical analysis
and numerical modelling, The residence time distribution characteristics
for flow through pulp pads are also compared with general packed bed 1lit-
erature. The differences are attributed to the unique dimensions of soft-
wood pulp fibers of about 30 micron diameter and a length of about 3 mm.

Analysis of the experimental breakthrough curves also allows
determination of chemical characteristics for dynamic pulp chlorination,
These include TOC production and the chlorine-lignin and methanol-lignin
stoichiometries, as well as lignin content and carbohydrates degradation
of the chlorinated pulp. The influence of operating variables on these
characteristics are discussed in terms of the different reactions and
reaction kinetics.

1,2 Outline of Theslis

The overall objective of this thesis 1s to obtain a fundamental
understanding of the dynamic chlorination process. The results are pre-
sented in 8 chapters, Relevant literature on pulp bleaching and flow

through fixed beds are discussed in Chapter 2, The experimental apparatus
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and techniques employed are presented in Chapter 3. Chapter 4 includes
the effect of several operating variables on the residence time distribu-~
tion and elucidation of the governing mechanism for flow through a packed
bed of pulp £ibers. The chlorine~carbohydrates reaction kinetics are
presented in Chapter 5. The experimental breakthrough curves and pulp
properties are discussed in detail in Chapter 6. Predictions of the ex-
perimental breakthrough curves obtained with two flow models are given 1in

Chapter 7., Finally, Chapter 8 summarizes the contributions to knowledge

from this study.
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CHAPTER 2

LITERATURE REVIEW




2.1 Introduction

The major objective in bleaching of pulp 1is to make the pulp
whiter and brighter without significantly decreasing its strength. Colour
arises from light absorption by conjugated double bond systems present in
lignin and extractives. The colour of unbleached pulp varies with both
the pulping process and the wood species used. Kraft pulp is always darker
in colour than the original wood and has a brightness level of 20 to 30%.
Sulphite pulp 1is brighter at about 55 to 60% and is off-white in colour.
In all cases, however, chemical pulping introduces chromophoric groups in
lignin leading to darkening of the pulp.

The lignin content of unbleached kraft and sulfite pulps are rather
low, between 3 to 5%. These colour causing substances are easily and
economically removed by 1) delignification - dissolution of the lignin and
resinous components of the pulp 2) brightening - conversion of the remain-
ing lignin and resin 1into substances capable of light reflectance. An
effective bleaching agent must then be selective, only attacking lignin
and resin, must produce a stable white bright pulp and be 1inexpensive.
Chlorine has satisfied these requirements for many decades and 1is still
widely used today.

Pulp is conventionally bleached to the desired brightness in many
stages. A typical stage consists of 1) equipment to bring the stock to
the desired consistency 2) a mixer to blend fibers, steam and chemicals 3)
retention vessel to provide time for reiction and 4) a washer to separate

the treated fibers from the spent chemicals. As many as eight stages are
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sometimes used in a batch bleaching sequence, The CEDED (C=chlorination,
Emextraction, D=chlorine dioxide) sequence is very common. In addition to
the conventional batch bleaching process, other processes like gas phase
bleaching and displacement bleaching have also received attention. Many
displacement bleach plantc are in existence around the world today., 1In
these plants the entire bleaching sequence, with the exception of the
chlorination stage, 1s located in a single tower. Chlorination occurs in
medium consistency mixers or in conventional chlorination towers.

It was the objective of this work to 1investigate the displacement
or dynamic chlorination of kraft pulp in a fixed bed reactor system. The
relevant literature dealing with bleaching of pulp and with flow, trans-
port and reaction phenomena in packed beds will he reviewed in this chap-
ter,

2.2 Commercial pulp chlorination

2.2.1 Batch chlorination

Many combinations of chemicals have been used in the conventional
batch bleaching process over the years., The most common sequence, CEDED,
has been modified in many ways. Chlorine dioxide addition to the first
stage, typically 4 to 15% (1), leads to improved pulp strength and hence
allows higher operating temperatures. Addition of an oxygen stage before
the chlorination stage and also in the extraction stage, OCEoD, produces
pulp of high brightness (2,3). Hypochlorite and hydrogen peroxide ars
also used in some bleaching sequences.

Tie bleaching times of batch sequences are in the order of several
hours and large equipment sizes are needed for each stage since the pulp

consistency is about 3%, The water and energy consumption of these plants



are also enormous. The need to bleach pulp more rapidly and economically
has led to the development of displacement bleaching.

2.2.2 Displacement bleaching

Displacement or dynamic bleaching was first proposed by Rapson and
Anderson (4) and since then was investigated extensively leading to the
first commercial scale process in late 1975 at Temple-Eastex Inc. kraft
pulp mill in Evadale Texas. Since then many displacement bleach plants
have come on stream (1). DNisplacement bleaching differs from batch
bleaching in that initially there is relative motion between fibers and
solution. It is, however, similar to batch bleaching in the variability
of stages that make up a sequence, Three separate steps can be distin-
guished from one displacement bleaching stage as seen in Figure 2,1. An
initial dynamic period where the chemical {s displaced into the pulp
suspension, a static period where the fiber suspension travels up to the
following displacement zone and finally another dynamic period where the
liquid is displaced.

The chlorination stage 18 performed external to the tower since
complete chlorination cannot be achieved with displacement of a single
padvolume of solution. This is because of the nature of the chlorine-
lignin reaction and the limited solubility of chlorine in water. A signi-
ficant advantage of displacement bleaching over batch bleaching is that
there is no washing between stages., The capital and operating costs sav-
ings are significant and the bleaching times are in the order of minutes
(5). The reasons cited for this increased bleaching rate were an increase
in mass transfer rate of active chemicals to the fiber surface due to the

reduction in thickness of the water film surrounding the fibers and also
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Figure 2.1 Mechanism of displacement bleaching.
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to the continuous removal of reaction products around the fiber (4,6).
The location of the rate limiting step in chlorination has always been
controversial and will be addressed in a later section.

2.3 Experimental chlorination studies

2.3.1 Chlorination reactions

2.3.1.1 Chlorine—water reaction

Chlorine is not very soluble in water. At a partial pressure of 1
atmosphere and at 50°C the solubility is 4 g/l. Chlorine undergoes a
reversible hydrolysis 1in water to form hypochlorous and hydrochloric

aclds,

Cl, + H,0 + HOCL + it + c1- [2.1]

Hocl » Ht + ocCl~ [2.2]

Hydrochloric acid dissociates completely in water whereas hypochlorous
only dissociates at pH 7. The effect of pH on the composition of the
chlorine water system is profound (7) as seen in Figure 2.2, Chlorination
is conducted at pH 2 where 20% of the oxidizing power is in the form of
elemental chlorine and 807 as hypochlorous acid.

2.,3.1.2 Chlorine lignin reactions

Because of the difficulty 1in 1solating pure 1lignin from wood the
reaction mechanism between lignin and chlorine was inferred from lignin
model compound studies (8). These studies agree with the many documented
reports on pulp chlorination that de-lignification occurs initially by a

fast substitution reactfon followed by a much slower oxidation reaction.
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Figure 2.2 Effect of pH on composition of chlorine water, Giertz (7).
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The chlorine consumption within the first two minutes has been reported by
many authors to be between 60 to 807 of the total consumption, The sub~
stitution chlorination reaction results in aromatically attached chlorine
atoms on to the phenyl propane lignin monomer units. The number of chlor—
ine at:oms/C9 unit has been reported to be between 0.75 and 2.00 (9,10,
11). These substituted lignin monomers are alkall labile, Perhaps, the
oxidation of the methoxyl group of the phenyl propane unit to form methan—
ol (12,13,14) is the fastest of the oxidation reactions., Other oxidation
reactions result in ring opening and fragmentation and hence to increased
water solubility. The kinetics of the chlorine-lignin reactions will be
discussed subsequently.

2.3.1.3 Chlorine-carbohydrate reaction

Chlorine 1s not entirely selective In 1its reaction with lignin
during pulp chlorination. 1t also oxidises and de-polymerises the carbo-
hydrate fraction resulting in a loss in pulp strength and yield, It 1is
beleived that degradation occurs by a free radical mechanism. Chlorine
dioxide, a free radical scavenger, 1s applied in bleach plants to protect
the carbohydrate fraction.

In this study chlorination was generally carried out without a
viscosity protecting agent. Since modelling was a main part of this
study, the reaction kinetics between carbohydrates and chlorine had to be
known. Much of the present knowledge of the oxidation of carbohydrates by
chlorine has been obtained through model compound studies (15,16,17,18,
19,20). The oxidation is believed to be governed by both a free radical

and an ionic mechanisn (15,20) with the free radical mechanism predominate
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ing at pH 1 to 3. Due to the complexity of the reaction products and its
dependence on pH; a description of the kinetics is difficult. In spite of
these difficulties Fredricks et al (20) proposed an ionic reaction mechan-
ism that involves hydride or proton transfer and suggested a rate expres-
sion that was first order in substrate concentration and that also includ-
ed 012 and HOCl. The free radical mechanism was represented by a rate
expression first order in chlorine and was beleived to involve hydrogen
atom abstraction. However no values of rate constants or activation ener-
gles were presented.

The need to study the kinetics of the carbohydrate-chlorine reac-
tion 1s thus apparent. In the present work such a study was done on lig-

nin free samples of wood pulp.

2.3.2 Kinetic studies

The kinetics of the reaction between chlorine and ligrin has been
the subject of numerous studies. Chapnerkar (21) showed that 85% of the
bleaching action of chlorine water on kraft pulp was completed within five
minutes, the time of his first data point. He modelled the system by
assuming an instantaneous reaction followed by two reactions that were
first order in 1lignin. Russell (22) studied the chlorination of kraft
pulp meal in a tubular reactor, at reaction times of less than one minute,
in an effort to elucidate the initial phase of the reaction. His results

were described by the following rate expression:

-dL/dt = k' 1.2 [2.3]

k' =k £ [c] [2.4]
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where k' 1s the pseudo rate constant and reaction orders (a) were between
1.6 and 2.0. The pseudo rate constant was found to have a strong depen-
dence on chlorine concentration over the first 257 of delignificaton.
Karter (23) considered the initial 2.5 minutes of pulp fiber chlor-
ination in a tubular reactor system in terms of heterogeneous reaction
kinetics., The unreacted shrinking core model that considered either film
diffusion, internal diffusion or chemical reaction as the rate limiting
step was used to model the resulting kinetic data, The internal diffusion
model was found to describe the rate behaviour over the first 60 seconds
of chlorination when the effective non-Fickian diffusion coefficient (De)
was described in terms of the fiber radius (R), reference diffusion coef-

ficient (D), arbitrary fiber radius (r) and a reaction order (n) between 7

and 10,
D, =D (r/R)" . [2.5]

When applied to Russels tubular reactor data (22) chemical reaction was
found to be limiting at short times and internal diffusion at 1longer
times.

Koch (24) investigated the chlorination of kraft pulp pads in a
differential reactor. He reported that delignification rates increase at
higher flowrates and consequently a finite external mass transfer resis-
tance to chlorine exists,

Ackert (25) also investigated the chlorination of kraft pulp pads
in a differential reactor. He applied both homogeneous and heterogeneous

reaction kinetics to his experimental data, Three heterogeneous models
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that take various physical resistances into account gave poor fits. Of
the four homogeneous models considered, the two that incorporated series
or parallel reactions gave the best fits. The one chosen by Ackert was
the two parallel reactions model since this is more 1in accordance with

traditional pulp chlorination studies,

~dL /dt = £ k, [L,] [c] (2.6]
-dL, /de = £ k, [L,] [C] [2.7]
dL, /dt + dL,/dt = dL/dt [2.8]

Germgard and Karlsson (26) also studied the batch chlorination
kinetic: of pulp. Their rate expressions, however, have not been publisgh-
ed to date,

The most recent chlorination kinetics study was done by MacKinnon
(27). He also neglected physical effects and represented the chlorination
kinetics by two parallel non-linear reactions., Mackinnon suggested dif-

ferent stiochiometries (g chlorine/g lignin) for the "fast” and "slow"

reactions.
-dL, /dt = &, [1,1%[c]* [2.9]
-dL, /dt = k2[L2]g[c]h {2.10]

dLI/dt + dLZ/dt = dL/dt [2.11]



16

W+l +L, =L [2.12]

2.3.3 Rate limiting step

2.3.3.1 General

The rate 1limiting step 1in pulp chlorination could be physical or
chemical in nature, Physical 1limitations could be due to diffusion of
chlorine through the bulk phase and through the thin film surrounding the
fiber (external) or through the fiber wall to the reactant sites (intern-
al). The influence of outward diffusion of products 1s important for an
irreversibie heterogeneous reaction., Chemical reaction becomes limiting
at slow reaction rates. No consensus exists concerning the rate limiting
step as was shown in the previous section. However this has to be known
in order to properly model pulp chlorination. Consequently in the follow-
ing sections, these studies and others will be assessed in an attempt to
identify the controlling resistance,

2.3.3.2 External limitations

In coaventional chlorination the diffusion of chlorine gas through
the bulk could contribute to external mass transfer resistance if proper
nixing 1is lacking (28,29). 1In dynamic bieaching, contributions to the
external resistance could be due only to diffusion through the thin film
surrounding the fibers since chlorine 1s already in solution. Proponents
of to the external film resistance theory include Koch (24) and Rapson and
Andersen (4). Kochs' claim was refuted by Ackert (25) who used the same
experimental system and found no increase in reaction rate with increased
flowrates, Ackert further showed that the mass transfer rates were sever-

al orders of magnitude faster than the reaction rates, Rapson and
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Andersens’ assertion was based on the high bleaching rates obtained in
displacement bleaching. They contended that the thin film was constantly
being eroded leading to a reduction in film resistence and hence increase
in reaction rates. Mackinnon (27) presented a dimensional analysis to
quantify the significance of film resistance. Using typical conventiomnal
batch chlorination conditions, he showed that this film resistance could
be neglected after 10 seconds of reaction.

Much of the evidence in the literature supports neglecting film
resistance. Such a rate limiting step also cannot explain the transition
from fast to slow rates and the formation of a limiting CE Kappa number.
Furthermore, increased bleaching rates were not observed by Ackert (25)
when he increased the flowrste. The high bleaching rates obtained in
displacemen.. chlorination (4) could be due to another phenomenon 1like
rapid product removal from the immediate vicinity of the pulp fibers.
This will allow the chlorinated products to diffuse out faster from the
fibers and consequently the chlorine to react with unreacted lignin rather
than chlorinated products.

2.3.3.3 1Internal limitations

Many authors (21,22,23,30,31) contend that the rate limiting step
in pulp chlorination is the diffusion of chlorine through the fiber
wall. The barrier formed by the reaction products causes an increase in
the 1internal diffusion resistance and hence a reduction in the reaction
rates. The 1limiting CE Kappa number is due to chlorine never reaching
unreacted lignin beyond this barrier, This internal limitation theory was

rejected by Berry and Fleming (11) and Kuang et al (32) who showed the
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presence of chlorine in the unreacted CE lignin. Berry and Fleming (11)
further contended that if diffusion was rate limiting then extended chlor-
ination times should eliminate the limiting CE Kappa number. This was not
otserved. Mackinnon (27) presented a dimensional analysis using typical
conventional batch chlorination conditions and concluded that diffusion of
chlorine is not rate limiting after 10 seconds of reaction, Ackert (25)
obtained a poor fit to his data when he considered internal diffusion as
the rate limiting step.

2.3.3.4 Chemical limitations

Ackert (25) and Mackinnon (27) modelled pulp chlorination in terms
of homogeneous reaction kinetics. Berry and Fleming (11) concluded that
chemical reaction is rate limiting and substantiated this with a "blocking
group” theory. They contended that during pulp chlorination alkali labile
"blocking groups”, possibly chloroquinones and chlorocarboxylic acids, are
formed and these allow residual lignin to react very slowly with chlorine,
Removal of these groups with alkali restores the rapid chlorination rate.
The "blocking group” theory can explain the existance of a limiting CE
Kappa number. Recent work by Ni et al. (70) strongly supported the
"blocking group"” theory, They identified gualacyl monomer units with
three chlorine atoms substituted in the benzene nucleus as the so-called
"blocking groups”.

2,4 Modelling of packed beds

2.4.1 Introduction

For a description of the concentration of a reactant at the exit of
the reactor the reaction kinetics, the residence time distribution and the

degree of segregation has to be known., If the reaction are linear then
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knowledge of the residence time distribution is sufficient to predict the
reactor performance, For non-linear kinetics, flow models that closely
approximate the real flow have to be used (33).

Many types of models can be used to characterize non-ideal flow
patterns within process vessels. They can be broadly classified as
Fickian or non-Fickian, The Fickian or dispersion models draw on the
analogy between actual flow and diffusion and is well suited for packed
beds or tubular reactors. The non Fickian models, mixing cell and cross-
flow models (34,35), overcome some of the shortcomings of the dispersion
models but are more complicated. The solutions are, however, very similar
and consequently the simplicity of the dispersion model favors its selec-
tion. In the following sections, some of the vast literature in this area
will be reviewed both for the cases of non-chemical and chemical modifica-
tion of the fluid as it passes through the process vessel. The former 1is
addressed since part of this study also involved inert tracer studies.

2.4.2 Without reaction

The axial dispersion model is a simplification of the general dis-
persion model and assummes no radial variations in concentrations, con-
stant axial dispersion coefficient and constant mean velocity and has the

following form:

) (c/co)
oT

32 (c/co) a(c/co)

1
TP T axt . T X [2.13]

where P is the Peclet number based on the interstitial velocity.
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Solution of the above equation can be obtained with the Danckwerts'
(36) boundary conditions. An analytical solution to equation [2.13] 1is
available (37).

This one dimensfonal model was applied to laminar flow in a tubular
reactor (38) and was found to adequately describe the two dimensional flow
behaviour provided that the residence time of the system, H/u, was signi-
ficantly greater than radial diffusive transport times, 0.138a%2 /D (i.e. Pe
= 48DH/a?u > 6,65) where a is the the tube radius. When radial diffusion
occurs rapidly the concentration gradients at any cross section diminish
and the dispersion model which assumes a lumped concentration value at
each cross ~.:tion becomes physically more realistic. Extensions of this
dispersion equation to account for other physical phenomena by addition of
a source term are readily avallable in the 1literature. Sherman (39)
assumed a linear adsorption isotherm to account for adsorbed solute,
Pellet (40) accounted for both internal and external mass transfer resis-
tances and also a linear adsorption isotherm. Both of these studies were
conducted on beds of uniform cylindrical porous fibers. Rasmuson (41)
presented an exact solution that involved longitudinal dispersion, extern-
al and internal mass transfer resistances and linear adsorption.

Many studies have been concerned with the effec:a of experimental
variables on the longitudinai dispersion coefficient (42,43,44,45,46,47,
48) for uniformly shaped packing materials, Peclet numbers are correlated

with Reynolds and Schmidt numpers, Fewer studies are available on the
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mixing characteristics of pulp fiber beds. Rabergeau (49) modelled dis-
placement washing of a fiber bed with a pure plug flow model and accounted
for internal diffusion resistance. A poor fit was obtained in the initial
breakthrough region. Poirier (50) modell2d displacement washing for both
high and low 1initial pad 1liquor concentrations. The axial dispersion
model without source term was found to be adequate fcr high solute concen-—
trations. Inclusion of a sorption 1isotherm was needed at low solute con-—
centrations. The Peclet number increased with increasing pad height and
decreasing consistency. Increasing superficial velocities resulted in an
increase in Peclet number at low consistency and a decrease at high con-~-
sistency. Temperature changes on the Peciet number were found to be in-
significant by Poirier (50) and important by Lee (51).

The effect of operating variables on a fixed bed of pulp fibers
was also investigated in this work. Sugar solutions of glucose and dex-
trans were used as the displacing fluid, Operating variables were studied
on the same pad, unlike the other pulp fiber studies cited above, and
consequently variation in pulp pad formation were unimportant. Also these
sugars do not adsorb onto the pulp fibers (52).

2.,4.3 With reaction

The axial dispersion medel has been used extensively to represent
mixing effects in chemical reactors (53)., The suitability of this model
was discussed by many authors (54,55,56,57,58). Unlike the 1inert case
discussed above where the concentration driving force only comes from an
injected species at the tube entrance and 1s distributed with respect to

position and time, the reaction case also involves concentration differ-
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ences due to generation or consumption. Bischoff and Levenspiel (54)
showed qualitatively that the steady state axial dispersion model and
associated reaction term accurately represents a slow first order reaction
occuring in a long tube. This was verified numerically by Bischoff (55)
who compared the predictions of the axial dispersion model with the two
dimensional mass balance equation representing symmetric laminar flow and
first order reaction in a round tube. Wan and Ziegler (56) extended this
analysis and stated that in reactive systems a reaction time compared to a
radial diffusion time 1s needed to determine the suitability of the axial
dispersion model. They concluded that for both first and second order
reactions the conversion in a steady flow laminar reactor may be accurate-
ly simuiated with the axial dispersion model and a generalized vslue of
Taylors' (38) Peclet number. Consequently Taylors' definition of the
Peclet number for inert cases (Pe = 48DL/a%u) is replaced by (Pe = 48aX
with a« » 0,5) for the reactive case, where a is the ratlo of a reaction
rate to a radial diffusion rate. Thus if the radial diffusion rate 1is
greater than twice the reaction rate, the axial dispersion equation can be
used with confidence. Wissler (57) confirmed these findings.

Subramanian et al, (58) extended the testing of the axial disper-
sion equation for laminar flow and first order homogeneous kinetics in
tubular reactors by comparing exact solutions of the governing equations
to the uxial dispersion model solutions for both the steady state and
transient cases. Good agreement between exact and dispersion model solu-
tions were obtained for slow reactions at positions far from the reactors’

inlet for the transient case. The agreement became progressively worse
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for more rapid reactions.

Corrigan et al. (59) compared the predictions of the axial disper-
sion and plug flow models when applied to steady state packed bed reac-
tors, The effect of axial dispersion on first and second order reactions
were predicted from transient response with no reactions. They concluded
that for both first and second order reactions, at high conversion levels,
the predicted conversions of the axial dispersion model was significantly
different from that of the plug flow model. Both models represented the
experimental data very well at low conversion levels but the axial disper-
sion model was better at high conversion levels, Applicability of the
axial dispersion equation to represent the more flat velocity profile in
fixed bed reactor system 1is more readily obtainable than for tubular reac-
tors, The criterion of much faster radial diffusion rates, however, con-
tinue to apply.

Fan and Bailie (60) presented numerical solutions for the steady
state axial dispersion equation with a single reaction having orders other
than zero and first in fixed bed reactors. Burghardt and Zaleski (61)
presented approximate analytical solutions to the steady state axial dis-
persion equation having a general reaction kinetics for a single reaction
also in fixed bed reactors.

The analytical solution to the transient axial dispersion model
with linear rate term in fixed bed reactors was presented by Danckwerts
(62), Crank (63), Bird et al. (64), Lightfoot (65) and Vrentas et al,
(66). They proposed that solution of this problem could be derived from
the solution of the corresponding diffusion problem without chemical reac-

tion. A mcre practically useful solution to this problem, and that in-
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cluded Danckwerts' bouw.dary conditions, was presented by Deckwer and
Langemann (67) and Iyer ind Vasudeva (68). These solutions were very good
in the range of Peclet number 0.04 to 10 but gave physically unrealistic
values at Peclet number greater than 10.

Many studies applying the axial dispersion equation in fixed bed
chemical reactors have been restricted to the steady state cases with a
single reaction. The packings in these reactors are of regular shape,
Requirements of this work will entail numerical solution of the unsteady
state axial dispersion equation and three associated reactions, one of
which is relatively fast, for the case of a fixed bed reactor system made
up of pulp fibers of complicated geometry and characteristics. Because of
this fast reaction good predictions are not guaranteed since the bounds
of this one dimensional approximation of the two dimensional convection-
diffusion probiem may be violated.

2.4,4 Parameter estimation

The axial dispersion model 1is governed by a single parameter, the
Peclet number. Evaluation of this parameter can be done with several
methods: moments, weighted moments, fourier analysis, transfer function
fitting and time domain analysis (69),

The moments method is popular and quite simple. The axial disper—-
slon equation is solved in the Laplace domain and the moments of the equa-
tions are compared to the corresponding moments of the experimental re-
sponse curve to elucidate the parameters, The noments method has the
shortcoming that a large weight 1s placed on the tail ends of the response
curve, Since this 1s generally the least accurate portion of the curve,

errors can be quite severe especially if higher moments, fourth and fifth,
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are used. In cases where mass transfer resistances are negligible, the
tail of the response curve is short and the accuracy of the moments tech-
nique is very good. Such is the case with the sugar tracers in this work.
The second moment allows calculation of the Peclet number and is the high-
est moment used in this study.

2,5 Conclusions

The technique of displacement or dynamic bleaching 13 of commercial
importance and bleaching times are significantly shorter than conventional
batch bleaching methods., The chlorination stage, however, is still exter-
nal to the tower. Ackert's (25) investigation of displacement chlorina-
tion was limited to very thin pads and restricted to kappa number and
residual chlorine measurements at the end of the reaction period. More
detailed experimental and theoretical analysis 1s needed for a proper
understanding of this method of chlorination. Such knowledge will also
assist in a better understanding of the other stages of displacement
bleaching. Review of the literature indicates that many studies on the
reaction between chlorine and pulp have been done. It seems that the
reaction kinetics can best be represented by ignoring physical resistances

and considering only homogeneous reaction kinetics. The rate expressions
proposed by Ackert (25) and Mackinnon (27) are applied in this study.

The axial dispersion mode! has been used extensively to model tubu-
lar and packed bed reactors. These studies were mainly restricted to the
steady state case and with a single rate equation. Applicability of the
axial dispersion model with a single very fast rate equation (54, 55, 56,
57, 58) were less successful. Modelling of the chlorine breakthrough

curve is attempted with the axial dispersion model: physical resistances
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are neglected and kinetics governing the reactions between chlorine and
pulp included. The suitability of the axial dispersion model cannot be
guaranteed though because of the rapid chlorine- lignin reaction. Model-
ling of the inert sugar tracer, however, is amenable to the axial disper-

sion model and parameter estimation by the moments technique is used.
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3.1 Introduction

In dynamic pulp chlorination, a chlorine-water solution is con-
stantly being forced through a pad of pulp fibers. The chlorine in the
displacing fluid reacts preferentially with 1lignin in the pulp. Some of
the resulting chlorolignin is water soluble and is removed from the pad
to- gether with spent solution. Due to this constant flow of fresh chlor—
ine water solution, a lignin reaction front is formed. The pulp pad pre-
ceding this front is depleted in lignin and chlorine consumption here is
due to both the residual lignin and carbohydrates. Beyond the reaction
front is unreacted pulp. This front moves away from the inlet of the pad
at a gspeed determined by the superficial velocity and concentration of
the chlorine water solution, temperature and pulp pad consistency.

The shape of the reaction front i{s governed by the flow distribu-
tion through the pad. For plug flow, the reaction front 1is flat. Real
gsystems are characterized by varying degrees of mixing and this results
in a reaction zone that is correspondingly diffuse. Chlorine appears at
the exit when any part of the reaction front has travelled through the
cenplete length of the pad. With time, the entire reaction front would
have reached the pad exit and chlorine consumption by the pulp pad would
be due only to residual lignin and carbohydrates. Measurement of the
chlorine concentration at the exit of the pad at different time- <ives
rise to a breakthrough curve (BTC). The area above this BTC represents
the amount of chlorine consumed. In addition to residual chlorine, chlor—
ide, methanol and total organic carbon (TOC) in the effluent stream area

are also measured.
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The purpose of this experimental study was to investigate the
chlorination of pulp in a fixed bed reactor system with the chlorine water
solution being the mobile phase., The resulting experimental data would
form a base for testing a suitable model describing the relevant physical
and chemical phenomenon of the process. The variables investigated were
flow rate, chlorine concentration and temperature of chlorine water solu-
tion, pad height and reaction time. The consistency of the pulp pad and
effect of recycle c¢f spent chlorination liquor were also studied.

As mentioned above, chlorine reacts with both lignin and carbohy-
drates. Thus in order to adequately model the system, the kinetics of the
reaction between chlorine and lignin and chlorine and carbohydrates has to
be known, Many authors (1,2,3,4,5,6) have studied the chlorine-lignin
reactions and several rate expressions are available in the literature.
The chlorine-carbohydrates reaction has, however, received less attention
and no rate expression is currently available, ©Elucidation of the kinet-
ics of this reaction was then included in the experimental program of this
study.,

The changes in the flow characteristics of the chlorine water
solution during its passage through the pulp pad also has to be known so
as to faciflitate modelling of the dynamic chlorination process. Stimulus
response experiments were performed with suitable inert tracers (glucose
and dextran) to obtain a description of the mixing characteristics of the
fixed bed system,

The experimental facility, techniques and procedures used to study

the dynamic chlorination of kraft pulp 1is described in the subsequent
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sections. The chemical and physical properties of the black spruce kraft
pulp used in this experimental study are given in Appendix 3-1,

3.2 Experimental facility

The stainless steel reactor system used to study the dynamic
chlorination of kraft pulp is illustrated in Figure 3.1, A pulp pad is
formed in the hollow cylindrical region, 7.5 cm diameter and 20 em high,
and held between a stationary lower plate and a moveabie upper piston.
The plate and piston are each perforated by 16 holes, of 3.5 mm diameter,
and situated evenly on the periphery of a 6.5 cm diameter circle.

The lower plate is connected to an exit line and this facilitates
the flow of effluent out of the reactor system. The dead volume between
the bottom of the pulp pad a2nd the end of the exit line is approximately
20 cm3. The upper moveable piston serves tc fix the height of the pulp
pad and, in addition, allows solution to enter into the reactor systenm,
Also attached to the piston is a bleed line that serves as another exit
line of the reactor system. This is of value in pad formaticn and at the
beginning and end of an experimental run and will be addressed subsequent-
ly. Attached to both the lower plate and the piston are 200 mesh screens
that serves to minimize the loss of fines or fibers from the pulp pad.

The bleed and outlet lines of the reactor are equipped with solen-
0ld valves that are connected to a common two way switch., These two lines
are both never open or closed at the same time, Consequently when the
bleed line i3 closed the outlet line is open and solution can flow through
the pulp pad. The other option that closes the outlet line and opens the
bleed line allows the piston to be filled with solution and prevents flow
through the pulp pad. Hence, the exact start of the contact time between

the solution (chlorine or inert tracer) and pulp pad is very well defined.
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Figure 3.1 Schematic of reactor,
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This arrangement reduces the dead volume at the top of the pulp pad to
effectively zero. The puls pad temperature was controlled by a heating
Jacket to the required temperature, This heating was supplemented with
heating tapes at higher temperatures. The temperatures of the Jjacket,
pulp pad and solution were monitored by thermocouples.

A schematic of the reactor and auxillary equipment 1is shown 1in
Figure 3.2. Chlorine water is made and stored in a large (50 cm * 50 cm *
50 cm) tank. This 1s essential in order to keep the change in static
pressure head of the chlorine water during an experiment to a minimum and
consequently minimize variations in inlet chlorine concentration and flow-
rate. The chlorine water is pumped by a peristaltic pump (Masterflex R-
7523) to a three neck flask that is immersed in a constant temperature
bath, The air in the flask is removed through a “leed line. The chlorine
water solution is then directed through a two way valve, Vl’ leading
efither back to the tank or towards the reactor. Another two way valve,
V2, allows either <chlorine water or wash water to flow to the reactor,
The wash water 1is pumped by another head of the same peristaltic pump
through a two way valve, V3, that gives the option of recycle back to the
wash water tank or leads to valve V2. Just before the reactor is another
two way valve, V4. One port of this valve allows sampling of the chlorine
water solution just before it enters the reactor while the other port
leads to the piston of the reactor. The wash water line is used for pulp
washing after chlorination and for the stimulus response experiments with
glucose and dextran before chlorination. The water for the heating jacket
is pumped by another peristaltic pump (Masterflex R-7553) through coils

immersed in a heating bath and finally to the reactor., The reactor and

all lines leading to the reactor are well insulated.
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Schematic of experimental facility.
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3.3 Experimental procedures

Several preliminary and preparative steps are necessary prior to
the actual dynamic chlorination process. In this section the preliminar-
{es like chlorine water and sample tray preparations as well as the pulp
pad formation techniques are discussed. Finally the experimental proce-
dures for a typical run are outlined.

3.3.1 Preliminary preparations

3.3.1.1 Chlorine water preparation

Preparation of chlorine water to the desired concentration was
done the day prior to the experiment. A schematic of the system is shown
in Figure 3.3. Chlorine gas i{s continuously bubbled through a dispersion
tube located about one Inch from the bottom of the tamk. Mixing of the
gas through the liquid bulk was facilitated with a mechanical stirrer. A
mechanical seal around the rod of the stirrer prevented escape of chlorine
gas. A purge system was connected to the tank and all displaced air was
bubbled through a caustic solution to remove entrailned chlorine gas.
Samples were taken from an outlet port of the tank at regular intervals
and analysed for chlorine concentration.

3.3.1.2 Sample tray preparation

The effluent stream 1s analysed for chlorine, chloride, total
organic carbon and lignin and in some cases for methanol during a dynamic
chlorination experiment, Chlorination is traditionally characterized by a
fast reaction between chlorine and lignin, within the first few minutes of
chlorination, follwed by a much slower chlorine consumption by both

residual lignin and carbohydrates. Consequently the highest concentration
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Figure 3.3 Preparation of chlorine water.
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of total organic carbon, lignin and pgenerated chloride will be in the
first few padvolumes of effluent leaving the reactor. The chlorine con-
centration during this time span i{s very low. The sampling techniques
were then structured to suit these conditions. Samplings were done con-
tinuwously over the time span encompassing the first few displaced pad-
volumes with the time span and the sample collection times determined from
operating conditions like pulp pad consistency and height and the superfi-
cial velocity of the chlorine water solution. Generally the sample col-
lection times for individual samples ranged from 5 to 20 seconds. During
this initial continuous sampling period chlorine samples were collected
after two sets of samples were collected for the other analyses., Subse-
quently the sampling rates became equal and the time between sample col-
lection was extended, Sample trays were prepared to satisfy these needs.
In addition suitable reagents were added to the sample bottles. A mixture
of acid and potassium 1odide solution of known volume was added to the
chlorine sample bottles to determine all residual chlorine. The chloride
concentration was determined from another semple., The residual chlorine
was converted to chloride after reaction with a known volume and strength
of sodium metabisulfite in the sample bottles, Samples for total organic
carbon and lignin analysis were collected in empty bottles. The technique
of analyses will be discussed in a subsequent section. Sampling during
inert tracer experiments were done continuously at sample collection times
dependent on the pad heighc and superficial velocity. The sugar solutions

were kept overnight to allow the solutions to stabilize before starting an

experiment,
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3.3.2 Pulp pad preparation

Extreme care is necessary to form a pulp pad that will allow a
displacing fluid to exhibit a flow distribution that 1is close to plug
flow, Such a flow distribution assures uniform distribution of the dis-
placing fluid over the pulp, The presence of channelling and other non-
ideal flow behaviour results in unbleached regions in the pulp pad 1f the
displacing fluid is chlorine water., It 1s known that no two pulp pads can
be made the same because of the geometry and characteristics of the pulp
fibers. The best that can be done from an experimental standpoint 1s to
exercise care and to quantify the flow characteristics of the resulting
pad. After repeated trials a technique was developed that resulted in
pads that exhibited fairly sharp residence time distributions. The resi-
dence time distribution was quantified by stimulus-response experiments on
each pad.

A softwood kraft pulp was used in all chlorination experiments.
The uweight of pulp needed to form a pulp pad of a certain consistency
depends on the nad height and cross-sectional area of the reactor and

could be calculated from the following equation.

A*H
(l/pf -1) + 1()0/Cp

where H is the pad height, A the cross—sectional area (45.05 cm?), X the
mass of 0.D. pulp required, p. the density of fibers (1.5 g/cm3), and Cp

the consistency of pulp pad, g pulp/ 100 g pulp suspension.




42

The pulp was disintegrated for about two minutes with a high speed
stirrer and then de-aerated for about 40 to 45 minutes S0 as to remove the
treoped air bubbles., The pulp water suspension was then diluted to about
0.5%2 consistency and poured carefully into the reactor that was modified
as shown 1in Figure 3,4, The function of the added section was to allow
complete addition of the pulp water slurry. The water was allowed to
drain through the exit line of the reactor at an accelerated rate due to
the applied vacuum. Drainage was continued until the level of the slurry
was Just above the desired final pad height., The added section was then
removed and the piston was placed into the cylindrical section and slowly
depressed to the final preset height, During this operation the bleed
line from the plunger was opened to allow removal of excess water while
the exit line from the lower plate was closed. The plunger was then bolt-
ed on to the body of the reactor.

3.3.3 Experimental method

After completion of the preliminaries, the heaters were turned (n
and all flow lines to and from the reactor installed. The peristaltic
punp was calibrated by passing water through the "chlorine 1line"” and
through the pulp pad. Glucose and dextran T-2000 tracer tests were con-
ducted at the same flowrate to be used in chlorination. The pulp pad was
thoroughly washed with water after each tracer test to prevent solution
carryover. Mixing cup samples were collected at the exit of the reactor
over the duration of both tests. Samples of the original solution were
taken both at the beginning and at the end of the tracer experiment, The
analytical technique used to determine the sugar concentration in these

samples will be discussed subsequently,
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Figure 3.4 Preparation of pulp pad.
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The system was then allowed to reach the desired operating temper-
ature, Chlorine water solution was continuously recycled back to the tank
during this time interval so that both the temperature and the concentra-
tion will be stable, The wash water flow was also directed back to the
wash water tamk, After temperature stability was achieved the solenoid
valve at the exit line of the bottom plate of the reactor was closed and
the bleed line of the piston opened. Chlorine water was then directed
towards the reactor and allowed to circulate through the piston and out
through the bleed line. Chlorination was allowed to commence by closing
the bleed line and opening the exit line of the bottom plate. Samples
were collected at the exit of the reactor at pre-determined times through-
out the chlorination period. The inlet chlorine water was also regularly
sampled. At the end of the chlorination period the chlorine water solu-
tion was directed back to the tank and the wash water was directed to the
reactor. The pulp pad was thoroughly washed and the chlorination rer-tion
terminated, ‘'ne pulp pad was then removed from the reactor and a portion

of 1t was caustic extracted under the following conditions:

consistency = 10%

charge = 3% on pulp
time = one hour
temperature = 70°C

Handsheets were made from both the chlorinated-washed pulp and the chlor-
inated-washed—-extracted pulp.

3.4 Analytical techniques

3.4.1 Sugar analyslis

The samples collected during the tracer tests were analysed by
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polarimetry. The rotation exhibited by these optically active samples
depended only on concentration since the temperature, wavelength and path
length were kept constant during all analyses, The ratio of the sample
rotation to the rotation of the initial solution 1is then a dimensionless
measure of the exit concentration. A plot of this fraction as a function
of time give rise to a breakthrough curve for the sugar tracer,

The polarimeter used (model # AUTOPOL 111-589-10) was purchased
from RUDOLPH RESEARCH in New Jersey, The precision was 0,001 degrees, the
wavelength 589 nm and the bandwith 10 nm. A 10 cm sample tube (model #
14-8,5-100-6,0) was found to be adequate. All measurements were done at
room temperature. The main components of the polarimeter are the light
source, polarizer, sample tube, analyzer and a measuring device. The
output from a high intensity halogen cycle tungsten light source is fo-
cussed into a 6 mm diameter beam of unpolarized white 1light and passes
through a Glan— Thompson polarizer and then to the sample tube., After
transmission through the sample chamber the linear rotated polarized light
passes through a rotatable analyser prism and then to a photomultiplier
tube. The analyser 1is driven through an angle equal to the sample rota-
tion and polarimetric balance 1is re—-established i.,e, the analyser and
polarizer transmission axes are precisely perpendicular, This rotation 1s
digitally displayed,

3.4.2 Chloride analysis

Hydrochloric acid 1s generated from both substitution and oxida=-
tion reactions during chlorination. In addition, chloride trom residual
chlorine is also present in sclution in an amount depending on the equili-

brium reaction between chlorine and water. Addition of sodium metabisul-
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phite converts all residual chlorine in the sample to chloride. Hence
determination of the total chloride and residual chlorine concentration
will allow calculatlon of the amount of chloride produced by reactions.

The chloride concentration was measured by a flow injection anal-
yser (model FIAstar 5020) in conjunction with a spectrophotometer (model
FIAstar 5023) that consists of a detector controller (model #5023) and
spectrophotometer optical unit (model # 5023-011). Flow injection analy-
gis is based on introduction of a defined volume of sample into a carrier
strean. This results in a sample plug bracketed by the carrler. The
sample stream is merged with - reagent stream in a chemifold to obtain a
chemical reaction between the sample and the reagent. More than one re-
agent stream can be mixed with the sample plug. The sample becomes pro-
gressively dispersed as the stream moves towards the detector. The degree
of dispersion of the sample can be controlled by varying a number of fac~
tors such as sample volume, length and diameter of mixing coils and flow
rates, When the sample stream reaches the detector, nelither chemical
reaction nor the dispersion process has reached a steady state. Since
experimental conditions are held identical for both samples and standards,
the samples can be evaluated against appropriate standards injected in the
same manner, A schematic of the system {s shown in Figure 3.5. The re-
agent used for chloride determination contained mercury thiocynate, iron
(111) nitrate, nitric acid, methanol and water in fixed proportions. The
chloride ions in the sample or standard reacts with this reagent to form a
red thiocynate complex that is detected at a wavelength of 470 nm by the
spectrophotometer.

3.4.3 Chlorine analysis

A continuous method to monitor the concentration of chlorine was
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Figure 3.5 Flow Injector Analyzer (FIA) systenm.
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worked out with the flow 1injection apparatus described above. Samples
were aspirated from the exit line of the reactor after preset time fnter-
vals and mixed first with acid then potassium 1odide in the chemifolds.
The resulting iodine concentration was detected at a wavelength of 400 nm
and converted to chlorine concentration from a predetermined calibration
curve, This method was attractive in that the effluent samples were never
exposed to air, but it was used sparingly in this work because of the long
times that were needed to carefully and accurately prepare standards. A
batch process was adopted whereby samples were collected in an acid-
potassium iodide solution. This sampling technique was found to be very
reliable., The resulting iodine solution was titrated against sodium thio-
sulphate solution of known strength,

3.4,4 Total organic carbon analysis

Total organic carbon (TOC) in the effluent arises from both re-
acted solubilized 1lignin and degraded carbohydrates. In the initial
stages of chlorination the major fraction of this TOC 1is due to degraded
lignin, Determination of the TOC concentrations was carried out with a
Technicon AutoAnalyser System, A schematic of the system is shown in
Figure 3.6, The basic components of the system are a peristaltic sampling
pump, chemistry modules for reactant addition, spectrophotometer and a
strip chart recorder. The method outlined by Trinh and Crotogino (7) was
followed. Samples were analysed for both total carbon and inorganic
carbon. Total carbon was analysed by mixing the sample with potassium
persulphate and a phosphate buffer and exposing it to ultra-violet radia-
tion. The carbon dioxide generated was dialyzed into a phenolphthalein

indicator solution and the colour intensity decrease was detected by a
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Figure 3.6 Technicon AutoAnalyzer system.
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spectrophotometer. Determination of inorganic carbon was carried out in
the same way, however only phosphoric acid was added and the ultra-violet
radlation was omitted. Only inorganic carbon in the sample is converted
to carbon dioxide for analysis, The total organic carbon was found by
difference,

3.4.5 Other analyses

3.4,5,1 Kappa number

Kappa number determinations were carried out according to TAPPI
standard methods, test G 18, Micro kappa numbers were done as outlined by
Berzins (8) and des=ribed in TAPPI useful methods 246.

3.4,5,2 U.V, and Klason lignin

These absolute lignin determinations were carried out as specified
by TAPPI standard test G.9.

3.4.5.3 Pulp viscosity

Pulp viscosity determinations were carried out as specified by
TAPPI G.24,

3.4,5.4 Chloride content

Known weights of oven dried pulp were wrapped in filter paper and
combusted in a Schrdniger combustion flask containing 10 ml of a 0,1 molar
KOH solution to absorb combustion gases. The chloride content of the
solution was analysed with the Flow Injection Ansalyser. Blanks done
exactly as described above, but without pulp, allowed the chloride re-
sults to be suitably corrected.

3.4,5.5 Methanol

Methanol concentration in the effluent samples was determined with

a Gas Chromatograph (model # HP 5890A) equipped with a packed column
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(chromosorb # 102). The following operating conditions gave very good
separation of the methanol peak:

sample volume = 0.4 ml

oven temperature = 140°C

detector temperature = 200°C

injection temperature = 150°C,

3.5 Safety precautions

Prolonged exposure to low concentrations (1 ppm) of chlorine
causes nose, throat and eye irritatifons. Exposure to higher concentra-

tions can be fatal. Extreme care was taken at all times in handling both

chlorine gas and water,
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4,1 Introduction

Flow through a packed bed of pulp fibers 1s used in industrial
applications such as pulp washing and displacement bleaching of pulp., In
these processes the reactants and products are transported to and from the
fibers by the relative motion between the continuous phase and the fibers.
In any other mixing or contacting device used for pulp processing, includ-
ing the recent medium consistency mixer, the relative motion between the
fibers and continusous phase 1is small compared to the absolute velocity of
the fibers and fluid phases. Since only the relative motion contributes
to the transport to and from the fibers, flow through a fiber bed is the
mogt efficient contacting process in terms of energy requirement. A fun-
damental study is required of the residence time distrfbution and inter-
and intra-fiber mass transier processes in fiber beds for better use and
further development of such contacting devices or reactors. Most effici-
ent use of wash water or chemicals, and minimum production of effluent
volumes 1s achieved when the residence time distribution approaches plug
flow. This provides the economic incertive to understznd which physical
phenomena are responsible for the dispersion of the continuous phase.

Relevant literature dealing with the residence time distribution
for flow through pulp fiber beds are the pulp washing studies. However,
in none of these studies by Lee (1,16), Grdhs (2), Gren and Strom (3), and
Poirier (4) was the flow residence time distribution measured separately.
Since these investigators used a new pulp pad for each experiment when
studying the effect of operating variables, the pulp pad structure and
thus the residence time distribution, i{s san unknown parameter in their

washing results. This might explain the opposing trends found by Gren and
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Strom (3) and Grdhs (2) for the effect of superficial velocity, while no
effect was observed by Lee (1), Similarly, Lee (1) found a marked in-
crease in washing efficiency with temperature, compared to no effect mea-
sured by Poirier (4)., The excellent washing studies of Shermar (5) and
Pellett (6) on non~porous Nacron fibers and perous viscose fibers do not
suffer from this deficiency. They showed that axial dispersion gave a
good description of the flow behavior for the two types of fiber beds.
The inter- and intra-fiber mass transfer resistances in the porous fiber
beds could be neglected for small diameter fibers (< 30 pym) and low mole~
cular weight solutes, For larger diameter viscose fibers (» 60 pm)
Pellett (6) used a solute to which viscose fibers were essentially imperm~
eable. Sherman's data alsn confirm the importance of fiber bed formation
since experiments on duplicate Dacron beds gave axial dispersion coeffici-
ents which differed by a factor 3. Pellett (6) and Sherman (5) also
pointed out that the axial dispersion coefficient i{s up to 100 times larg-
er than for beds of spherical particles of the same size as the fiber
diameter. TFor the range of fiber length to diameter ratio of 50-400 thelr
data show that the axial dispersion effect is determined not by the fiber
diameter but by the fiber lenmgth.

Finally, although the residence time distribution in pulp beds {is
well represented by the axial dispersion model, as was recently shown by
Poirier(4), Lee (16) reported that the actual flow is better described by
"fingering" rather than by longitudinal dispersion., The residence time
distributions in the present study were obtained by employing non—adsorb-
ing sugars of different molecular size as tracers in step-up and step-down

experiments.,
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The 1inttial goal of the present study was to characterize the flow
in a fiber bed before performing a dynamic chlorination experiment on the
same pad (Chapter 6)., However, on further analysisg, the study was extend-
ed to resolve the contradiction between actual "fingering" flow and the
ugse of the axial dispersed plug flow model for ite description. Also, the
fiber bed system was further analyzed to characterize the phenomena which
are responsible for the high dispersion in fiber beds compared to more
conventional beds. By using the same pulp pad as was done by Sherman (5)
and Pellett (6) for viscose beds, the deficiency of a variable bed struc-
ture in the earlier pulp washing studies was eliminated, ¥inally, follow-
ing the solute exclusion-technique developed by Stone and Scallan (7), it
was possible with the use of different tracers to determine the pore
structure of the wood pulp fibers under dynamic conditions.

4.2 Experimental and data reducticus techniques

4,2.1 Fxperimental

The same reactor as employed for the dynanic pulp chloriuation
experiments (Chapter 6) was used in the present study. A schematic of the
stainless steel reactor aand auxillary equipment 1is shown in Figure 4.1. A
detailed description of the equipment and pulp pad formation techniques
is given in Chapter 3.

The residence time distribution of fluid flowing through the pulp
pad was determined with the stimulus-response technique. Optically active
tracers such as glucose and dextrans of varying molecular weights and
hence varying molecular size were used. A step change in the input tracer

concentration was generated by simultaneously opening and closing the
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¢t hematic of experimental facility.
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solenoid valves In respectively the exit and bleed lines. As a result,
the tracer solution flowing through the plunger was suddenly introduced at
the top of the pulp pad. "Mixing cup” samples were collected at the exit
of the reactor over regular time intervals., These samples along with
several taken from the inlet were later analyzed with a polarimeter.
The optical rotztion is directly proportional to the weight concentration
of the sugars in solution.

Never dried kraft Black Spruce pulp (kappa number 29.5) was used
in 8ll experiments. The pulp properties are given in Appendix 3-1. The
range of experimental parameters investigated are summarized in Table
4,1,

4,2,2 Data reducticn techniques

4,2,2.1 Experimental breakthrough curves

The effluent concentration, C, was normalized by the inlet concen—
tration, Co’ and plotted as a function of sample time, t. Because of the
“mixing cup" sampling technique, the sample time is taken to be the aver-
age time over the sampling interval, The sample time, t, 18 corrected hy
subtracting the "dead time”, td' resulting from the 20 cm3 volume, Vc,
between the bottom of the pad and the sampling point. The time td is
equal to Vc/Qv where Qv is the flow rate,

The flow rate Qv is equal to uaeaA, where u, is the velocity based
on the accessible liquid volume in the pad, A i1s the cross-sectional area
of the pulp pad and € represents the volume fraction of the bed acces-
sible to the tracer. The value of Ea is larger for glucose than dextran

T-2000 because contrary to dextran T-2000 the smaller glucose molecule can

—— |
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TABLE 4.1

Range of operating condit{ions

Parameter

level

Pad height, H
Sup. vel,, u,
Temperature, T
Glucose conc,

Dextran conc.

pH

2, 4 and 6 cm

0.020, 0.041 and 0,082 cm/s
20, 35 and 48°C

10, 30 and 50 g/1

2 and 15 g/1

2,61, 6,50 and 11,20
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enter into the porous structire of the fiber wall. The larger accessihle
volume leads to later breakthrough for glucose, This can be seen from
Figure 4.2 which shows typlical breakthrough curves for glucose and dextran
T-2000 for the same pulp pad and cperating conditions. The corrected
time, tes is non-dimensionalized by the mean residence time Er = H/ua as
Tc=tcua/H. Plots of dimensionless concentration, C/Co, versus corrected
dimensionless time, Tc’ for the tracer curves of Figure 4.2 are presented
in Figure 4.3, The mean residence time, Er’ and thus also u, and €a for

each tracer experiment is obtained from the relationship:

w
] (- c/c ) dT, = 1.0 [4.1]
o
€a for the glucose and dextran T-2000 breakthrough curves in Figure 4.0

are, respectively, 0.93 and 0.77.

4.2,2.2 Parameter estimation

As discussed in Chapter 2, various models have been proposed to
characterize the flow in vessels. Levensplel (9) states that one parame-
ter models adequately represent flow in packed beds and tubular reactors.
Poirier (4) has shown that the axial dispersed plug flow model gives a
good description of the removal of solute during displacement washing of a
pulp pad for high initial solute concentrations when desorption from the
fiber wall can be neglected. Under these conditions the solute behaved
like an inert tracer. Since the experimental system of Poirier (4) was
essentially the same as the present, the axfal dispersed plug flow model

was adopted to represent the residence time di{stributions.
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Typical glucose and dextran T-2000 breakthrough curves.
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Figure 4.3:
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Typical non-dimensional glucose and dextran T-2000 break-

through curves.
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Besides the standard assumptions associated with the axial dis-
persed plug flow model (9), the following conditions are added to account
for the porous nature of the fibers:

- Flow inside the fibers can be neglected with respect to flow

outside the fibers.

- The tracer concentrations in the fluid phase inside and outside

the fibers are the same.

- The axial dispersion coefficient is based on the fluid external

to the fibers,
The first two conditions, as well as the absence of adsorption of the
tracer on the fiber wall, will be further analyzed later in this chapter.

For this modified flow model a tracer mass balance over an incremerntal

slice of the pulp pad gives (see Appendix 4-1)

a(c/co)
aT

2(c/c) a(c/c)
1 o o
=P T’ T T [4.2]

The single paramuter in this model is the Peclet number, P = uiH/DL’ where
uy is the interstitial velocity based on the bed volume fraction external
to the fibers, 1t should be noticed that T and P are based on different

velocities, respectively u and u,.

The initial and Danckwerts type boundary conditions (10) for a

"step-up” change in inlet-concentration are:

C/Co =0 for 0<X<1l atT=0 {4.3)

a(c/co)
ax

1

C/C =1+32 at X =0 for T >0 {4.4]
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o
-
and
a(c/c )
—=—=0atX=1for T >0 [4.5]
oX
An asymptotic solution of the above equations can he obtained from Brenner
(11). The expression for the exit concentration is
0.5,7 mns
C/Co = [0.5 erfe[(Pe/T) *"(1-7T)}] +
[(4 PeT/m)0*>[3+20e(14T) ] expl-Pe(1-T)2/T]]
- [[0.5 + 2Pe(3+4T) + 4Pe?(14T)2] *
exp (4Pe) erf[(Pe/T)O'5 (1471} [4.6]
where Pe = P/4,
The Peclet number is obtained from the experimental breakthrough curve by
means of the moment technique, The n':h moment is defined as
= _ n
uy £ (1 -c/c )t de [4.7]
The normalized first moment is related to the Peclet number of the axial
dispersed plug flow model as:
S SR SN D SPPR 5 [4.8]
MG ETITR W .
The zeroth moment, o is equal to the mean residence time, Er’ by defini~
i tion. A computer code to calculate the zeroth and first moments and sub~-

¥

sequently the mean residence time, porosity € and the Peclet number 1is

given in Appendix 4-2,
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The accuracy of the moment technique and the ability of the axial
dispersion model to reproduce the residence time distribution was tested
by comparing the breakthrough curves with equation [4.6]. Excellent
agreement is obtained between the experimental glucose and calculated
breakthrough curves as can be seen in Figure 4.4a., A similar comparison
for dextran T~2000 tracer is shown in Figure 4.4b. The axial dispersion
model does not represent the dextran T-2000 breakthrough curve as well.
The extended tail of the dextran curve results in a too low calculated
Peclet number. Proper representation of the dextran breakthrough curve by
the axial dispersion model can be obtained by addition of a source term,
as was done by Poirier (4), to account for the slow tramnsport of dextran
T-2000 from pulp fibres. This will be further discussed later in this
chapter,

The glucose Peclet number derived by the moments technique can be
used for accurate description of the residence time distribution in a pulp
pad. The difference between ihe glucose and dextran T-2000 Peclet numbers
gives an indication of the tailing which can be expected for large size
mo.ecules,

4,3 Reproducibility

The accuracy of the experimental techniques was tested by conduct-
ing duplicate tracer tests. Pulp pad formation effects are eliminated by
using the same pulp pad. Duplicate glucose tracer tests are shown in
Figure 4.5. The excellent agreement between the breakthrough curves 1s
evident. The calculated Peclet numbers were 43,9 and 43 while the corre-
sponding porosity €, vas 0.934 in both cases. Duplicate dextran tracer

tests are shown in Figure 4.6, Again, very good agreement between the
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Figure 4.4a:
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Comparison of experimental and modelled glucose break-

through curves,
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Figure 4.4b: Comparison of experimental and modelled dextran T-2000 break=-

through curves,
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Figure 4.5
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Duplicate glucose breakthrough curves.
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Figure 4.6:
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Duplicate dextran T-2000 breakthrough curves.
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runs is evident. The Peclet number in these cases were 30,7 and 32.3 and
the corresponding porosities, €q 0.767 and 0.769 respectively,

4.4 Tracer characterization

4.4,1 Introduction

As shown by Stone and Scallan (7) the pore structure of fibers in
the wet state can be decermined "y the solute - exclusion technique.
Non-ionic solutes such as glucose and dextrans of different molacular
weights are used to establish the pore volume distribution in the fiber
wall, The inaccessible pore volume increases with molecular size of the
tracer. At very high mciecular weights, the solute 1is completely excluded
from the pore structure of the fibre wall and has access only to the cen-
tral cavity of the fibre, the lumen. Shown in Flgure 4.7 is the cumula-
tive pore volume distribution obtained with this technique for an nun-
bleached kraft pulp similar to that used in the present study. The
figure, reproduced from Scallan (7), shows that a amall molecule 1like
glucose has access to essentially the complete water-filled pore structure
of the fibre wall while a large molecule like dextran T-2000 is completely
excluded. The large molecules enter the lumen via the pit openings which
connect the lumen with the fluid external to the fibers. There are pit
openings much larger than the molecular size of the largest sugars as can
be inferred from the fact that TiO2 particles of 200 nm in dfameter can
enter the lumen via the pits (13), The water inaccessible to the high
molecular weight sugars 1s equivalent to the water contained by the fibers
at the so-called fiber saturation point. All previous studies with these
sugars, including the removal of water from fibers under compressive load-

ing (8), were done under static conditions.
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Figure 4.7:
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Cumulative pore volume, cm3 /g, versus molecular dlameter;

from Stone and Scallan (7).
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In order to make a selection and establish the suitability of the
sugars as inert tracers for dynamic RTD studies on a packed bed of pulp
fibhers, a series of characterization tests were performed. The variables
were molecular size, concentration of the sugars and the pH of the tracer
solution. All tracer characterization tests discussed in this section
were conducted on the same pulp pad., This is important since it is 1impos-—
gible to form two pulp pads with the same packing structure and hence flow

characteristics.

4,4,.2 Molecwlar size of tracer

The tracers used to establish the influence of molecular size of
the tracer on the residence time distribution curves are listed in Table
4.2, The molecular sizes of the sugars are obtained from Stome and
Scallan (7) who calculated the hydrodynamic diameters from the diffusion
coefficients and the Stokes-Einstein relationship. Grotte (15) has re-
viewed evidence to show that predominantly linear dextran molecules behave
in solution as hydrodynamic spheres.

All runs were done at 20°C, a superficial velocity based on the
empty reactor, u_, of 0.082 cm/s, a bed height, H, of 6.1 cm and a consis~-
tency, Cp, of 10.7%2. A plot of dimensionless exit concentration, C/Co,
versus uncorrected sampling time, t, 1is shown in Figure 4.8 for the five
different tracers. It can readily be observed that with glucose, the
smallest tracer molecule, a much larger mean residence time 1is obtained
than with the dextrans, The mean residence times of dextran T-2000 and
dextran T-500 are identical and slightly smaller than that of dextran
T=-40, Dextran T-10, the smallest of the dextran molecules studied, has a

mean residence time that is larger than any of the dextrans studied but
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TABLE 4.2

Molecular weights and diameters of sugar tracers.

Tracer Molecular weight Molecular diameter, A
glucose 180 8

dextran T-1C 10,000 51

dextran T-40 40,000 90

dextran T-500 500,000 270

dextran T-2000 2 % 106 560

@ dextrans obtained from Pharmacia Inc.
@ range of molecular diameters within a dextran fraction {s

very small,




Figure 4.8: Influence of type of tracer on breakthrough curves.,
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smaller than that of glucose.

The Peclet numbers and accessible porosities, €, calculated from
these RTD's are listed in Table 4.3, The total porosity, €es represents
the volume occupied by the lumen, the inter fiber regions and the fluid
volume in the cell wall. It is obtained from the oven dried weight of
pulp, 29.3 g, the pad volume, 44.05%.1 cm3, and the density of the non-

porous fibre wall, (1.5 g/cm3 (independent of wood species or degree of

pulping (12)) as

€, = [44,05%6,1 - 29,3/1.50)/[44.05%6.1] = 0.927 [4.9]

The 1inaccessible water volume per gram of oven dried fibre wall is calcu-
lated as (et - ea)(44.05*6.1)/29,3. Listed in Table 4.4 is the inacces-
sible volume calculated for the different tracers. Also reported are the
inaccessible volumes determined with the static solute exclusion technique
(12) measured on the same pulp. The good agreement between the two types
of experiments shows that the dynamic characterization of the pulp pad is

accurate and that very slow transients are absent.

The present data are compared with inaccessible volumes measured
by Stone and Scallan (12) for unbleached kraft Black Spruce pulp of two
different yields in Figure 4.9, The intermediate inaccessible volumes ob-
tained in this work s in agreement with the corresponding intermediate
yield of 48.9 % for the present pulp. The data also shows that the pres-
ent pulp has a fibre saturation point of about 1,46 cm3/g.

4,4,3 Concentration

The effect of tracer concentration on the breakthrough curves was
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TABLE 4.3

Peclet number and porosities obtalined with different tracers.

Tracer Peclet No. porosity
P €
a
glucose 82,9 0.933
dextren T-10 33.0 0.840
dextran T-40 34.8 0.784
dextran T-500 28,2 0,768
dextran T-2000 31.4 0,767
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TABLE 4.4
Inaccessible volumes obtained with different tracers.

Comparison of static and dynamic tests.

Tracer Inaccessible volume, cm3/g pulp
Dynamic Static
dextran T-10 0.82 0.84
dextran T-40 1,37 1.32
dextran T-500 1.46 1.47
dextran T-2000 1.46 1.45
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Figure 4.9: Inaccessible volumes obtained with different tracers — com-

parison with Stone and Scallan (12).
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studied for glucose and dextran T-2000. One pulp pad was used for glucose
and another for dextran T=2000. The glucose concentrations were 10, 30
and 50 g/1 while the dextran T-2000 concentrations were a factor 5 lower.
Identical breakthrough curves are obtained for glucose as can be seen in
Figure 4,10a, The non-dimensional dextran T-=2000 breakthrough curves
shown in Figure 4.10b are almost identical. These results confirm that
sugar adsorption on the pulp filbers can be neglected.

The remaining glucose and dextran tracer experiments were conduct-
ed at a concentration level of 10 g/l and 2 g/1 respectively.

4.4.4 pH

Breakthrough curves were obtained under acid, neutral and alkaline
conditions. The plots of C/Co versus t for a pH of 2,61, 6,50 and 11,20
are shown in Figure 4.,11. The breakthrough curves at pH 6,50 and 2.61 are
identical, The importance of this result is that the tracer tests per—
formed under neutral conditions can be used to characterize the flow in
subsequent pulp chlorination experiments done at a pH of about 2.1 (Chap-
ters 6 and 7). The upper region of the breakthrough curve at alkaline
conditions is different from those at the two lower pH levels, The values
at C/Co greater than unity are thought to be caused by degradation and/or
dissolution of cartohydrates in the fibers since fiber fragments were
visually evident 1in the effluent samples., All further tracer tests were
conducted under neutral conditions.

4,5 Influence of pad formation and operating conditions

4.5.1 Pad formation

The extreme difficulty in forming pulp pads of identical packing

characteristics 1is apparent when Peclet numbers for di{fferent pulp pads
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Effect of glucose concentration on breakthrough curves.
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Figure 4.10b:
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Effect of dextran T-2000 concentration on breakthrough

curves.
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Figure 4.11: Effect of pH on glucose breakthrough curves.
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but identical operating conditions are compared.

Shown in Figures 4.12 and 4.13 are the various Peclet numbers
obtained for glucose and dextran T-2000 respectively as a function of
superficial velocity. The scatter in the Peclet numbers obtained from the
glucose and dextran T-2000 tracer tests emphasize the need to use the same
pulp pad when studying the influence of any operating variable. The rela-
tively high Peclet numbers in Figures 4,12 and 4,13 are indicative of the
good pad formation technique employed.

4,5,2 Superficial velocity

The effect of superficial velocity was studied on the same pulp
pad. The close match between the dimensionless breakthrough curves for
glucose in Figure 4,14 shows that the Peclet number is independent of the
superficial velocity or that the axial dispersion coefficient is propor-
tional to the interstitial velocity. Similar results are shown in Figure
4,15 for dextran T-2000, These results are in agreement with vhose of
Sherman (5) and Pellett (6) who also found that the axial dispersion coef-
ficient was prrportional to the interstitial velocity for a bed of porous
viscose fibers. However for displacement washing of a packed bed of wood
pulp fibers Lee (1), Grahs (2) and Gren and Strom (3) found no or a small
influence of superficial velocity on the displacement efficiency of the
solute in the pulp pad. Poirier (2) found that the Peclet number increas-
ed with increasing velocity at low consistencies (3%2) and that the reverse
trend occurred at high consistencies (15Z). As noted earlier, a different
pulp pad was used for each experiment in the pulp washing studies.

These results therefore confirm that pulp pad formation 1is an
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Effect of pad formation on glucose breakthrough curves.
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Figure 4.13:
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Effect of pad formation on dextran T-2000 breakthrough

curves,
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| Figure 4.14: Effect of superficial velocity on glucose breakthrough

curves.
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Figure 4.15: Effect of superficial velocity on dextran T-2000 break-

through curves.
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unknown variable in all pulp washing studies, and that the effect of oper-
ating variables on the flow through unconsolidated fiber beds should be
performed without changing the packing.

Another important conclusion from the present results is that the
intra- and inter-fiber mass transfer resistances can either be neglected
or that these resistances vary proportional to the superficial velocity.
If this was not the case, smaller Peclet numbers would be obtained =at
higher velocities. Negligible intra—~ and inter-fiber mass tranafer resis-
tances are in agreement with the assumption of local equilibrium in the
fiber bed used for the derivation of equation 4.2. Local equilibrium was
also found by Sherman (5) and Poirier (4) for washing of, respectively, 16
and 30 ym diameter viscose fiber beds and for sodium from beds of un~-
bleached kraft softwood fibers. The mass transfer resistances could not
be neglected when viscose fibers of 60 or 122 um or a slow difusing tracer
were used. However, it is interesting to note that Poirier (4) also did
not need a source term in the axial dispersed plug flow model for good
representation of the removal of slow diffusing soluble lignin fragments
from a bed of kraft softwood fibers.

4.5.3 Pad height

For obvi-us reasons, the effect of pad height cannot be studied
without cheaging the packing of the pulp pad. Therefore, a statistical
analysis was made for the Peclet numbers of a large number of tracer ex-
periments conducted at three pad heights (2, 4 and 6 cm).

The mean and standard deviation of the Peclet numbers for both the
glucose and dextran experiments are shown in Table 4.5, The standard

deviation of the glucose Peclet numbers is larger than the corresponding
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TABLE 4.5

Mean and standard deviations of Peclet numbers

at different pad heishts

Pad height Glucose Dextran
cm
2 X = 35.7 X = 15.1
8 = 16.9 s = 4,5
4 X = 34.9 X = 22,1
s =11,8 s = 5,3
6 X = 38.5 X = 25.3
8 = 13,3 g = 10,3
@ X : mean value
@ s : standard deviation
@ C_ :10.7%
@ T :20°
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dextran Peclet numbers. The glucose Peclet numbers show no significant
trend with increasing bed height, The dextran Peclet numbers show an
increasing trend with increasing pad hefght, This trend was checked at
the 95% probability level by testing the null hypothesis that there 18 no
difference between the mean values of the Peclet number at any two pad
heights, The analysis showed that the mean Peclet number at pad heights
of 4 and 6 cm were significantly higher than at 2 cm. The difference
between the mean values at pad heights 4 and 6 cm, however, was found to
be 1insignificant at the 957% probability level, The dextran T-2000 data
are in agreement with Poirier (4) who also measured an increase in the
Peclet number at 107% consistency when the bed height was increased from
2.5 to 5.0 cm, A small decrease was, however, obtained from 5.0 to 8.5
cm. Gren and Strom (3) found that the washing efficiency increased with
bed height.

It should be noted that the axial dispersion studies by Pellet
(6) on viscose fibers showed that DL/ue1 is independent of bed height when
bed height 1is changed by compression of the original bed.

4.5.4 Temperature

The effect of temperature on the glucose residence time distribu-
tion curves for the same pulp pad was investigated at 20, 35 and 48°C,
The displacing tracer solution and pulp pad were maintained at the same
temperature, The close agreement between the three dimensionless break-
through curves in Figure 4.16 show that the temperature has no significant
effect on the glucose Peclet number. This result shows that the tempera-
ture dependent diffusion of glucose into the fibers 1s not a rate deter—

mining step in the displacement process, and supports the local equili-




Figure 4.16: Effect of temperature on glucose breakthrough curves.
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brium assumption.

Poirier (4) reported no effect of temperature on the washing effi-
ciency of sodium or lignin of 107 consistency pulp pads in the range of 60
to 90°C. The data of Lee (1), however, show a significant increase in the
displacement washing efficiencies for 107 consistency pulp pads when the
temperature was increased from 20 to 55°C.

4,5.5 Mobility ratio

Lee (1) reported that trace quantities of a high molecular weight
polymer added to the wash liquor resulted in Improved displacement pulp
wagshing efficlencies. This was attributed to a decrease in the mobility
of the wash liquor relative to the displaced liquor and hence a decrease
in the growth of “"fingers"” at the interface of the two fluids. The mobil-
ity is defined as the ratio of the permeability and fluid viscosity, k/n,

where k is obtained from Darcy's law so that

k/n = Qv/(Ap/H) [4.10]

where Ap and Qv are respectively the pressure drop over the bed and the
liquid flowrate. Bringham, Reed and Dew (17) reported that even a slight-
ly lower mobility of the wash liquor relative to that of the displacing
liquor (mobility ratio of 0.998) resulted in the suppression of "finger-
fng”. Increased "fingering" was reported at mobility ratios greater than
1,002,

The effect of mobility ratio was invectigated in the present study
by displacing the water in the pad by a tracer solution (step-up BTC) and

then displacing the tracer solution by wash water (step-down BTC),
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Glucose solutions of 10 and 50 g/1 and dextran T-2000 solution of 2 and 15
g/l were used. Since the same pulp pad was used for all four pairs of
step~up and step~down experiments, the permeability is unchanged and the
mobility ratio becomes a ratio of the viscosity of the displaced to wash
liquor, nd/nw. The viscosities and mobility ratios for the step-up and
step~down experiments are listed in Table 4.6.

The step-up and step~down tracer curves can easily be compared
when the step-up breskthrough curve is plotted as C/Co versus Tc and the
step-down as (1—C/Co) versus T . This is shown in Figure 4,17 for the S0
g/l glucose experiments. The Peclet number for the step—up experiment (P
= 26,0) is larger than for the step-down test (P = 21,3) although the
increase is smaller than reported for other systems (16,17) where the
mobility ratio was varied. The difference between the Peclet numbers 1is
not very significant for 10 g/l glucose with P of 22,0 and 20.0 for
respectively the step-up and step-down experiments.

The differences between the corresponding breakthrough curves
increased substantially for 15 g/1 dextran T-2000 shown in Figure 4,18,
with the Peclet number of the step~down and step—up BTC beling respectively
7.5 and 21,4, The Peclet number of the 2 g/1 dextran T-2000 experiments
are in between those of the 15 g/1 dextran T-2000 results.

The Peclet number from these experiments are plotted versus mohil-
ity ratio in Figure 4,19, The decreasing trend of Peclet number with
increasing mobility ratio is readily apparent for dextran T-2000. A simi-
lar trend over a narrower range of mobility ratio can be seen for the
glucose tracer. It 1s interesting to note also that the dextran T-2000

Peclet numbers are lower than for glucose, even with a favourahle mobility
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TABLE 4.6
Viscogities and moblility ratios of glucose and dextran tracers

at different concentrations

Tracer Conc, n Mobility ratio

g/l cP Step-up Step-down
glucose 0 1.002 1.000 1.000
glucose 10 1.021 0.981 1.019
glucose 50 1.145 0.875 1.143
dextran T-2000 2 1.060 0,945 1.058
dextran T-2000 15 2,450 0.409 2.445




Figure 4.17:
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Effect of mobility ratio on glucose breakthrough curves,
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Figure 4.18: Effect of mobility ratio on dextran T-2000 breakthrough

curves.,
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Figure 4.19: Influence of mobility ratio on Peclet number.
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ratio.

4,6 General discussion

The glucose BTC's were adequately described by the axial dispersed
plug flow model and the assumption of local equilibrium between the inter-
and i{ntrafiber voids, The assumption of local equilibrium was supported
by the insensitivity of the Peclet number to large variations in flowrate
and temperature, Furthermore, the finding that the Peclet number (or
ui/DL at constant H) 1is not dependent on the flowrate is also in agreement
with axial dispersion theory (15).

However, there 1s strong evidence that the actual flow behavior is
not governed by axial dispersion, even though the RTD is well represented
by the axial dispersed plug flow model. For example, the Peclet numhsr
obtained with glucose was found to be independent of the pad height in
contradiction with the axial dispersion model which requires the Peclet
number to vary proportionally to the pad height, The pulp washing experi-
ments of Poirier (4) show the same behavior. The result that the Peclet
numbers obtained with high concentrations of dextran T-2000 are higher for
a step-up than a step—-down experiment is also in disagreement with the
axial dispersed plug flow model,

The two previcus results which are in disagreement with the dis-
persion model can be explained by chanelling. As shown in section 4.5.5
the differences in Peclet number with the step-up and step-down tests with
dextran T-2000 were related to the different mobility ratios. A mobility
ratio lower than one suppresses "fingering” and thus increases the Peclet
number, while the opposite occurs at mobility ratios greater than one.

Also the proportional increase in dispersion (DL/ui) with bed height H (or
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P independent of H) in section 4.5.3 1s in agreement with a linmear growth
of the fluctuations in the displacement front profile with bed height,
Further evidence that the actual flow through the pulp pad is better
represented by chanelling rather than axial dispersion 1is:

- The presence of well bleached and dark regions at an axial cross-
section when a dynamic chlorination experiment 1is broken off early (Chap-
ter 6).

- The chlorine breakthrough curves are much better modelled by parallel
plug flow through multiple channels than axial dispersion (Chapter 7).

In all cases it was found that the Peclet number obtained with
dextran T-2000 was smaller than with glucose as tracer. Also the dextran
T-2000 step-up BTC's showed in general more tailing than predicted by the
axial dispersed plug flow model. This suggests that the slower diffusion
of the large dextran T-2000 molecule out of the lumen might be responsible
for these phenomena. However 1t was also shown that the dextran T-2000
BTC's were essentially independent of flowrate (section 4.5.2) in contra-
diction with a diffusion limited process. Recause of these apparent
Inconsistencles the transport processes on the fiber scale were analysed
in more detall.

A water swollen, delignified softwood fiber can be visualized as a
long hollow round tube. The cell wall is porous and has 1larger holes
called pits which provide a direct path for tracers to enter the central
cavity or lumen., The lumen diameter of a black spruce fiber is about 18.4
microns and the swollen fiber wall thickness {s about 4.2 microns giving a
total diameter of 26.8 microns (see Appendix 4-3)., The unsteady diffusion

of tracer into a fiber can be approximated by diffusion into an infinite
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wvater filled cylinder with a modified cylinder radius. When there is no
external mass transfer resistance and the cylinder is initially free of

tracer then the unsteady diffusion into the fiber is 95% complete when
Dto.95/r2 = 0.45 (4.11]

where r 1s the modified cylinder radius and D the molecular diffusion

coefficient of the tracer. The modified cylinder radius is defined as
r=r, + ((De /D )0'5)(1' -r,) [4.12]
i w e o 1 *

where r, and r, are the inner and outer flber wall radius and De and €
respectively, the effective diffusion coefficlent and porosity in the
fiber wall., The effective diffusion coefficient can be estimated as EwD/‘t
where 1 1s the tortuosity. With € = 0.687 (Appendix 4~3), 1 =2.5 and D
= 0.6%*10-9 m/s for glucuse at 20°C, one obtains D, = 0.17%10™% m/s, r =

* -6 =
15,8%10 m and t0.95 0.19 8, The ratio of diffusion time t0'95 to the

mean residence time Er is:

to.”/t]r = 0,45r2 /ot = 0.45r2ua/DH (4.13]

Even for the highest flowrate of 216 cm3/min and bed height of 6 cm (or Er

= 68.3 5), the ratiot /Er is more than two orders of magnitude smaller

0.95

than 1 for glucose.

From the above analysis 1t 1s clear that the assumption of local
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equilibrum i{s easily achieved for glucose even at the highest flourates
and lowest temperatures, Repeating the same analysis for dextran T-2000
with D » 0,008%107° m2/s one obtains t0.95/2r = 0.21. However, since
dextran T-2000 has only access to the lumen via the pit openings which
occupy about 1.1% (18) of the external surface of the fiber, the assump-
tion of pure radial diffusion in the lumen is not valid anymore. There-
fore the value of to.gslzr could be many times larger than calculated
above, This could explain the tailing found for the dextran BTC's but
not the insensitivity of the tailing to the wide range of flowrates shown
in Figure 4,15, Because of this inadequacy of the diffusional mechanism
for dextran T-2000, an order of magnitude analysis was undertaken to
estimate whether flow or diffusion of dextran T-2000 through the pit open-
ings 18 the dominant transport mechanism.

From Poiseuille's equation it may be shown (22) that the equiva-

lent diffusivity in a pit pore is
D =P R2/(8n) [4.14
p dp !

where Rp is the radius of a pit pore opening, 1*107® m, and Pd is the
pressure drop through & pit pore opening, The pressure drop measured
across a 6 cm high and 10,7%Z consistency pulp pad at different flowrates
is shown in Figure 4,20, The pressure drop across a 6 cm pad at a flow-
rate of 216 cm3/min (uo = 0,082 cm/s) 1s about 1.2*10% Pa, The pressure
drop across a horizontal fiber of 26.8 ym diameter is then estimated to be
5 Pa, If two pit pores are assumned to be on oppositz sides of the hori-

zontal fiber then the pressure drop across one pit, Pd’ is 2.5 Pa. The
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Figure 4,20: Pressure drop at different flowrates.
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equivalent diffusivity is then 3.1 x 10710 m2/s, This 1s 2 times smaller
and 39 times larger than the diffusion coefficients of, respectively,
glucose and dextran T-2000. This 1indicates that flow rather than diffu-
gion is the dominant mechanism for the transport of dextran T-2000 through
the pit openings into the lumen. Since both the velocity through the pits
and the interstitial fiber bed velocity vary linearly with the pressure
gradient over the bed, the intra- and inter-fiber transport of dextran
T-2000 are proportional to each other. This would explain why the tailing
with dextran T-2000 1s not a function of flowrate, However tailing will
still be present because the flowrate through the pits 1is very small com-
pared to the flowrate through the external fiber volds since the average
radius of the external voids is one order of magnitude larger than the pit
pores and the flowrate is proportional to radius“.

To confirm the importance of the size and number of pit openings
on the tailing of the dextran T-2000 breakthrough curves, two otter kraft
wood fiber types were tested. The wood types were Western Red Cedar and
Douglas Fir characterised respectively by larger and smaller pit openings
than Black Spruce, The Peclet numbers should then be closer to that of
glucose for the Western Red Cedar pulp pad and farther for the Douglas Fir
pulp pad. Such results are obtained as shown in Table 4.7.

The effect of superficial velocity on the residence time distribu-
tion in packed beds of regularly shaped packings was studied by many re-
searchers. Levensplel and Bischoff (15) presented a comprehensive review
and showed that for liquid systems the experimental axial dispersion coef-

ficient can be represented by a Peclet number, based on particle diameter,
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TABLE 4,7
Peclet number versus superficlal velocity: Western red cedar

and Douglas fir pulps

Pulp type Tracer U cm/s P
WRC glucose 0.082 29.6
WRC dextran T-2000 0.082 24,1
WRC dextran T-2000 0.041 27.9
WRC dextran T-2000 0.020 25.5
Defir glucose 0.082 37.7
Defir dextran T-2000 0.082 20,2
Drfir dextran T-2000 0.041 25,7
Defir dextran T-2000 0.020 25.3

Conditions: H =6 cm, T = 20°C, Cp = 10.77%.
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of about 2 in the laminar flow region for 0.1 Ree - uode/n 50, where
d, is the effective diameter (see later). At even lower flowrates, the
axial dispersion coefficient becomes independent of the superficial velo-
city and is equal to the molecular diffusion coefficient divided by the
tortuosity (19). The tortuosity accounts for the longer paths f{n packed
beds. Different authors have obtained different values of the tortuosity
at low velocities. Suzuki and Smith (23) obtained values of 1.03 and
1.27, respectively, for fine porous particles and non-porous glass beads,
while Edwards and Richardson (24) obtained a value of 1.27, This behavior
was recently verified by Chen and Fan (20) for gas flow through a long (50
cm) and narrow (0.4 cm) bed of 15 um mean diameter carbon fibers. However
there is also evidence by Kehinde et al. (21) that at low velocities and
very small particle sizes, the non-homogenities in the bed packing lead to
channelling and call 1into question the validity of the axial dispersed
plug flow model. There is virtually no literature on liquid phase axial
dispersion in unconsolidated packed beds at very low Reynolds number (Ree
0.1) except for the few studies on viscose and softwood pulp fiber beds.
The glucose axial dispersion coefficients from this study are compared to
the fiber bed studies and the data of Bischoff and Levenspiel (15) 1in
Figures 4,21 and 4.22, The Reynolds number, Ree, is based on the equiva-
lent diameter, de’ calculated from pressure drop measurements (Appendix
4-4), The equivalent fiber diameter for the present softwood pulp fiber
bed at 10.7% consistency 1s calculated as 26,5 microns. This 18 close to
the mean fiber diameter. The equivalent diameter for the other studies on

fiber beds is taken to be the fiber diameter since no pressure drop data

were reported,




Figure 4,21:
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Comparison of glucose axial dispersion results of this study

with those of other studies: based on equivalent diameter.
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Figure 4,22:
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Comparison of glucose axial dispersion results of this study

with those of other studies based on fiber or particle

length,
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The last two figures show that DL/uide for fiber beds is 1-2
orders of magnitude larger than for beds of regular shaped particles.
Also the 1iber length rather than the fiber diameter is a more appropriate
characteristic dimension to unify the Peclet numbers of different types of
fibers. Before further discussing these results, an order of magnitude
analysis will be presented to show that the unique geometric characteris-
tics of fibers favour the formation of channelling flow.

Particles with a large length/diameter ratio such as wood pulp
fibers have a tendency to flocculate, Kerekes et al, (25). It is likely
that flocs of fibers are formed in the present experiments after stirring
and during subsequent sedimentation of the fiber suspension. The flocs
represent a fiber network of higher mass concentration in the pulp suspen-
sion, The size of flocs 1is approximately two times the fiber length
(Kerekes et al, (25)) or with the present length/diameter ratio of about
100, approximately 200 times the fiber diameter. It is also likely that
the fiber mass concentration is higher in the middle of these flocs than
near the edges, A pulp pad can then be visualized as a packed bed of
axially compacted flocs. As a result, the inter-fiber porosity will fluc-
tuate in the transverse direction with a periodicity of about 200 fiber
diameters or about 6 mm. The governing condition for channelling flow {is
that the extent of transverse mixing is small compared to the periodicity
in the transverse direction of the axial velocity fluctuations. The
transverse mixing depth at the exit of the fiber bed, GD’ definnd as the

distance where the concentration i1s reduced by a factor 10 is given by

GD = 1.35\/DRtr = 1,35 /D eaH7u° {4.15]

R




108

where DR is the radial dispersion coefficient, For a typical experiment
with the present equipment, T = 20°C, u, = 0.082 cm/s, €a ™ 0.93, H = 6 cm
and D = 3.11%1079 m? /s (Appendix 4-5), one obtains 6y, = 0.6 mm. This is
one order of magnitude smaller than the size of the transverse periodicity
in axfal velocity fluctuations., The analysis shows that transverse mixing
is too small to smooth the concentration gradients formed as a result of
the axial velocity distribution in the transverse plane. This condition
13 equivalent to "channelling"” flow. Similarly the analysi{s shows that
the axial dispersed plug flow model is {invalid because the model assumes
no gradients in the transverss2 direction at each axial position,

In a packed bed of particles with a length/diameter ratio close to
1, the radial dispersion is also determined by convective mechanisms. As
a result the radial Peclet number is approximately 10 (Doraiswamy and
Sharma (26)) and the radial diffusion coefficient i1s 0.1 deui' For typi-
cal packed beds, the bed height H is of the order 100 de so that a trans-
verse penetration depth of a few particle diameters 1s obtained. Since
the axial veloclity is also expected to fluctuate on a scale of one or a
few particle diameters, the transverse gradients will be relatively small
in a typlcal packed bed,

With the above analysis, it is easier to explain the difference in
Figure 4.2]1 between fiber beds and regular packed beds. For example, if
D /fud =~ 2 for fiber beds, then P = (u,d /D, )e(H/d ) would be 0(103),
which 1is essentially equivalent to plug flow. It has just been shown,
however, that flow through a fiber bed 1is best represented by segregated
flow through a series of channels of different {inter-fiber porosity.

Liquid flow through fiber beds 1is described by the Kozeny equation

(Robertson and Mason (27))
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E3
1 AP [4.16]

u_ = v4 = i
o 5.55 nSv(l ci) H

where €y is the inter—fiber void fraction, Sv the external fiber surface
area per unit volume (m? /m3), and AP the pressure drop over the bed. The
form of equation 4.16 is such that small variations 1in ey lead to rather
large differences in u . For example a change of ey from 0,55 to 0,60
gives an increase of u, of 647 (note that e, = 0.565 for the present fibher
beds at 10.7% consistency). Therefore significant fluctuations are ex-
pected as a result of the inevitable variation in €y in the pulp pad and

u de/DL for fiber beds must Le considerably smaller than for regular pack-

i
ed beds. At present there is no theory to predict a priori the value of
uide/DL for fiber beds. Considering the sensitivity of uide/DL to the pad
formation technique, the development of a good predictive theory based on
network structure principles will be difficult.

The results in Figure 4.22 show that the fiber length rather than
the fiber diameter is better at unifying the Peclet number from beds of
different fiber types. The data of Chen and Fan (20) could not be added
to Figure 4.22 because fiber lengths were not given. The stronger depen-
dence on fiber length rather than on fiber d{ameter was earlier noted by
Sherman (5) who found that 15 um and 120 ym viscose fibers, both 6.35 mm

loag, gave the same value of DL/ui' The data of Pellet (6) also show that

D, /u, increases almost linearly with increasing fiver length and is inde-

L 1
pendent of the fiber diameter. As mentioned earlier, the fiber density in
the compressed flocs in the pulp pad decreases from the center of a floc

to its edges. Since the size of the flocs is proportionsl to the fiber
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length one would also expect that the fiber density variation is larger
for longer fibers. Therefore it also seems plausible that the variations
in inter-fiber porosity and thus superficial velocities via equation 4.16
are larger for longer fibers. This would explain the increase in disper-
sion with increasing fiber length measured by Pellet (6) and the fact that
DL/uilf 1s better than DL/uide in unifying the dispersion data of fiber
beds. The 1increase in dispersion with fiber length might also partly
explain (besides other factors 1ike foam formation) why softwood pulps (1f
« 3mm) require more washwater than hardwood pulps (1f ~1 mm) in drum
washers,
4,7 Conclusions

The RTD of flow through a pad of pulp fibers can be adequately
characterized with glucose as inert tracer. Although these RTD's are well
represented by the axifal dispersed plug flow model, the actual flow phe-
nomenon is channelling flow. The different flow types for fiber and pack-
ed beds of regular particles is attributed to the large aspect ratio of
fibers and their tendency to form flocs. Theoretical considerations dem-
onstrated that the size of these flocs are of sufficient size that trans-
verse velocitv fluctuations cannot be eliminated by radial mixing This
explains the existance of channelling flow in fiber beds, Further evi-
dence of channelling flow 1is the significant diff.rence in the step—up and
step-down RTD's for the same pulp pad when dextran T—-2000 at a high con-
centration is used as tracer, and the independence of Peclet number on pad
height. It was also shown that the transport of glucose Into fibers is
governed by diffusion while transport of dextran T-2000 {s governed by

flow. The intra-fiber pore distribution was also characterized for the
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first time with a "dynamic” version of the solute-exclusive technique,
The results are very similar to those obtained with the "static" tech-

nique.
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CHAPTER 5

KINETICS OF CARBOHYDRATES-CHLORINE REACTION




5.1 Introduction

In dynamic chlorination, chlorine water is forced through a pad of
pulp fibers. In the pulp pad chlorine reacts with lignin and carbohy-
drates. Due to th:z: dominant and fast reaction with lignin, a chlorine
concentration front is formed that moves through the pad at a speed gov-
erned by operating variables and pulp lignin content., Chlorine appears at
the exit of the reactor when any part of the front reaches the end of the
pad. A measurement of the chlorine concentration at the exit of the reac-
tor as a function of time is called a breakthrough curve (BTC). The area
above this curve represents the consumption of chlorine by both lignian and
carbohydrates.

The reaction of chlorine with carbohydrates is much slower than
with lignin, However the consumption of chlorine by carbohydrates can be
significant {n dynamic chlorination because of the high chlorine concen—-
tration in the pulp pad before the lignin reaction front and the low con—
centration of dissolved lignin which acts as free radical scavenger.
Therefore the kinetics of thc chlorine-carbohydrate reaction must be known
for analysis of the BTC

A review of the literature presented in Chapter 2 showed that no
kinetic expression is available for the carbohydrate fraction in bleached
or unbleached pulp. All previous chlorine-carbohydrate kinetic studies
were conducted on either model compounds or cellulose powder (1,2,3,4).
Only in the study by Fredricks et al. (1) was a rate expression presented.
They conclude that chlorination proceeds by both an 1onic and a free radi-

cal mechanism. The ifonic reaction kinetics at 50°C for a pH of 1-4 was

represented by
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- d[c12]/dt = 10~3 [Me] (1.69 [c12} + 0.0324 [HOC1) +

12.0 [HOC1]2) {5.1]

where [Me] 1is the concentration of the model compound methyl D-—gluco-
pyranoside. It shows that the rate of disappearance of chlorine is first
order in the model carbohydrate concentration and proportional to a com-
plex combination of the chlorine species in solution. All concentrations
are in moles/l and t is the time in seconds. It was proposed that rhe
jonic reaction mechanisr involved hydride or proton transfer reactlions as
shown in Figure 5.1. The free radical mechanism was proposed to occur via
hydrogen abstraction by a free radical as shown in Figure 5.2 for pH less
than 4. Thus the proposed mechanism for carbohydrate oxidation by aqueous

chlorine after formation of the free radical X is
RH + X + R + HX [5.2]
R* +XCl + RCL + X [5.3]

followed by the hydrolysis of RCl whereby HC1 1s formed. The free radical
x’ represents Cl., 0H® or C10 . No initiation reaction was suggested by
Fredricks et al. (1) because the usual formation of a radical

RH + XC1 + R* + X + HC1 [5.4]

is incompatible with the experimental result that the reaction is indepen-

dent of the carbohydrate concentration (1),
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Figure 5.1 Mechanism for the ionic oxidation at glycosidic bonds with

chlorine, Fredricks et al. (1).
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Figure 5.2 Mechanism for hydrogen abstraction at a glycosidic bond,

Fredricks et al. (1)
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Over the pH range of 1 to 3, where there is a drastic change in
C12 to HOCl concentration ratio, the free radical component of the rate of
disappearance of chlorine was found to be proportional to the total chlor-

ine concentration, i.e,
dlc1,1/de = k_[c1,] [5.5]

The reaction constant kc calculated from the data of Fredricks et al, (1)
1s about 2,2%1075 g”1 at 50°C. The influence of temperature for both the
fonic and radical reaction was not Iinvestigated. An 1interesting conse-
quence of the two rate expressions 1s that the radical reaction increases
in importance at low carbohydrate concentrations. In another paper,
Fredricks et al. (3) report on the influence of inhibitors on the cellu-
lose degradation by chlorine. The data showed a decrease in the chlorine
consumption at pH 1-3 of one order of magnitude when chlorine dioxide, a
free radical scavenger, 1is added to a suspension of cellulose powder.
Therefore it 1s suggested (2) that the radical reaction predominates over
the 1onic reaction in the chlorination of cellulose,

In the present study most experiments were performed with a chlor-
ite delignified pulp. The chlorite treatment removes almost all remaining
lignin from unbleached kraft pulp without significant degradation of the
carbohydrate fraction. The chlorination experiments with chlorite treated
pulp allowed investigation of the chlorine-carbohydrate reaction without

interference from the chlorine-lignin reaction.
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5.2 Experimental

The kinetics of the chlorine-carbohydrate reaction was studied in
the same experimental system as used for dynamic chlorination of unbleach-
ed kraft pulp, A detailed description of the equipment was presented in
Chapter 3.

Chlorimne breakthrough curves (C/Co vs Tc) were obtained for vari-
ous combinations of initial chlorine concentrations (0.55, 1,10 and 2,20
g/l : * 0,04%), temperature (19, 35 and 50°C : % 1°C) and superficial
velocity (0.020, 0,041, 0.082, 0.123 and 0.164 cm/s). 1In all cases the
pad height of chlorite treated pulp was 6 cm and the consistency, Cp, was
10.7%.

Before the start of each chlorination experinment, & glucose tracer
test was conducted to characterize the flow through the pulp pad. The
residence time distribution obtalned from the tracer test could he des-
cribed by the axial dispersed plug flow model with the Peclet number de-
termined by the moments technique. The computer code to obtain the Peclet
number from the BTC is given in Appendix (4-2),

The chlorination effluent was analyzed for residual chlorine ccn-
centration, C, and total organic carbon (TOC). The non~dimensional efflu-
ent concentration, C/Co’ wasg plotted versus non-dimensional time, Tc =
t/-t:.r, with the mean residence time, Er’ obtained from the preceding tracer
experiment, A listing of all the runs along with operating conditions,

Peclet number, maximum and final dimensionless chlorine concentrations are

given in Table 5.1.
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TABLE 5.1

Experimental conditions and analysis of chlorine BTC

fun lg?l (c:?s) gc P (c/c)),  (C/Cyl¢
C1 0.55 0.020 19 78.9 0.94 0.90
Cl4  0.54 0.082 20 23.8 0.99 0.99
cl2  0.57 0.020 35 116.5 0.74 0.55
c2 0.55 0.041 35 34,6 0.87 0.76
c3 0.55 0.041 35 68.2 0.86 0.73
Cl0  0.55 0.082 35 27.6 0.94 0.93
cll  0.55 0.164 35 31.6 0.97 0.96
c4 0.55 0.082 49 27.6 0.81 0.50
cl3  0.56 0.164 49 39.5 0.90 0.82
c9 1.08 0.041 19 64,2 0.96 0.96
cé 1.10 0.020 35 63.2 0.78 0.60
c7 1.06 0.041 34 59.3 0,87 0.82
c5 1.10 0.082 34 20,7 0.95 0.95
c8 1.06 0.164 35 26.7 0.95 0.95
cl6  2.20 0.041 34 34.6 0.87 0.85
Cl5  2.25 0.082 35 31.6 0.95 0.94
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5.3 Characterization of breakthrough curves

Two typical dimensionless chlorine breakthrough curves are shown
in Figure 5.3. During displacement of the water in the pulp pad by chlor-
ine water, the non-dimensional chlorine concentration at the reactor out-
let increases from zero to a maximum value less than one due to the con-
sumption of chlorine by carbohydrates. Subsequently, C/Co remains con~
stant for high superficial velocity (uo = 0,164 cn/8) or decreases after
reaching a maximum for the low velocity (uo = 0.020 cm/s) experiment. The
former experiment corresponds to a steady chlorine consumption while in
the latter the consumption increases with time, A comnstant C/Co after
complete breakthrough was obtained for superficial velocities of 0,082
cm/s or at a temperature of 35°C or lower., At room temperature, a con-
stant value C/Co was obtained at a superficial velocity of 0,041 cm/s.
Lower superficial velocities and/or higher temperatures resulted in a
gradual decrease of C/Co after complete breakthrough.

The corresponding total organic carbon breakthrough curves are
shown in Figure 5.4, After an initial sharp pesk, the low superficial
velocity shows a gradual increase in TOC with time, while the TOC stabil-
izes at a constant value in the high velocity run, The initial TOC peak
i1s caused by reaction of chlorine with a small amount of lignin present in
the chlorite treated pulp as will be shown later, The TOC behavior is in
agreement with the Increased or constant consumption of chlorine after
breakthrough in Figure 5.3 after resgpectively the slow and fast superfici-
al velocity experiments. An increased consumption of chlorine by carbohy-
drates leads to the formation of more degradation products and hence more

total organic carbon in the effluent stream, This effect was more pro-
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Figure 5.3 Characterization of chlorine breakthrough curves,
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Figure 5.4 Characterization of total organic carbon breakthrough curves.
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nounced at the lowest superficial velocity and highest temperature as can
be seen in Figure 5.5 for the chlorine breakthrough curve and in Figure
5.6 for the corresponding total organic carbon breakthrough curve. 1t can
also be noted that the ounset of the gradual TOC increase coincided with
the beginning of the maximum in the chlorine breakthrough curve.

The increasing reactivity between chlorine and carbohydrates,
under conditions which favor excessive degradation of carbohydrates, can
be explained by the increased chlorine consumption by the 1increasing
number of reducing end groups formed by scission of the cellulose chains.
This will be further elaborated on in section 5.6.

5.4 Dats reduction techniques

Since the exit chlorine concentration after the initial transient
is not always constant, the reaction kinetics were determined using the
maximum value of C/Co, 1.e. (C/Co)m. Because (C/Co)m occurs immediately
after the initial transient, the derived rate expressions are representa-
tive of the initial reaction between chlorine and carbohydrates, i.e. when
degradation of the carbohydrates is still modest. In all cases, (C/Co)m
was corrected for a small chlorine loss due to reaction of chlorine with
the walls and piping. This loss was determined by measuring C/Co at the
outlet of the reactor in the absence of a pulp pad. A listing of the
average values of C/Co and standard deviation for different experimental
conditions 1s given in Table 5.2. It shows that the experimental set-up
and techniques lead to a decrease in C/C0 of about 0.0l independent of
operating conditions. This decrease 1is accounted for to obtain the chlor-

ine consumption by carbohydrates only,




Figure 5.5 Chlorine breakthrough curves at high temperature and low

superficlal velocity.
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Figure 5.6 Total organic carbon breakthrough curves at high temperature

and low superficial velocity.
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TABLE 5,2

Determination of chlorine losses in experimental set-up

without pulp

u, T [c,] c/c, c/c,
(cm/8) °C (g/1) Mean Std.Dev.
0,082 19 1,550 0.989 0.0062
0.041 35 0.970 0.991 0.0070
0.041 50 1,200 0.987 0.0071
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Assuming plug flow and first order reaction kinetics in chlorine,
the relation between the exit chlorine concentration and mean residence

time, Er =H/ua, for steady state conditions is given by Levenspiel (5) as
kctr = ln(COIC) {5.6]

with kc being the first order reaction constant. Since the changes in
exit chlorine concercration after the initial transient are relatively
small, the assumption of pseudo steady state 1{s valid in this region of
the breakthrough curve.

The assumption of plug flow 1is also good for the present analysis
because the residence time distribution in the pulp pad was characterized
by large Peclet numbers, uiH/DL’ ranging from 20.7 to 116.5.

From the slope of 1n(Co/C) versus Er the reaction constant, kc’
can be determined, For first order reaction kinetics, a single straight
line fit should be obtained irdependent of the inlet chlorine concentra-
tion.

5.5 JTnitial carbohydrates-chlorine kinetics

5.5.1 Influence of pulp types

The chlorination of carbohydrates was studied with two types of
pulp to establish the influence of degree of degradation on the reaction
kinetics. The majority of experiments were done with unbleached kraft
pulp that was subsequently treated with chlorite to remove the residual
lignin, The remaining experiments were done with fully bleached CEDED
kraft pulp. The carbohydrates in the fully bleached kraft pulp are more

degraded than in the chlorite treated kraft pulp.
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The chlorine breakthrough curves obtained with the two pulps for
the same operating conditions are compared in Figure 5.7. The break-
through curve of the chlorite treated pulp is shifted slightly to the
right of the fully bleached pulp. The associated extra consumption of
chlorine can be attributed to reaction with a small amount of lignin still
remaining after chlorite treatment. This 1is confirmed in Figure 5.8 by
the sharp initial total organic carbon peak caused by the lignin degrada-
tion products whan chlorinating chlorite treated pulp.

Further inspection of Figure 5.7 shows (C/Co)m of both pulps are
very similar. The consumption of chlorine by the fully bleached pulp was
however slightly greater than that of the chlorite treated pulp at longer
t imes. This {increased chlorine consumption corresponds with a higher
total organic carbon in the fully bleached pulp effluent as can be seen
from Figure 5.8.

A possible reason for the 1increased chlorine consumption with
fully bleached pulp is that the level of reducing end groups is higher
than for chlorite pulp as a result of more severe cellulose chain scission
with the former pulp. However, the similar values of (C/Co)m obtained for
both pulp types under identical operating conditions show that the degree
of cellulose degradation associated with conventional pulp bleaching does
not significantly influence the kinetics of the initial chlorine-carbohy-
drates reaction. Therefore (C/Co)m obtained with both pulp types will be
used in the kinetic analysis.

5.5.2 Influence of chlorine concentration

Continuous chlorination experiments were done for all combinations

of two chlorine concentrations (0.55 and 1,10 g/1 : * 0.04%Z) and four
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Figure 5.7 Comparison of chlorine breakthrough curves from chlorite
treated and fully bleached pulp under similar operating condi-

tions.
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Figure 5.8 Comparison of total organic carbon breakthrough curves from
chlorite treated and fully bleached pulp under similar operat-

ing conditions.
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superficial velocities (uo = 0,020, 0.041, 0,082 and 0.164 cm/s). In
addition, two experiments were done at the high chlorine concentration of
2.20 g/1 and superficial velocities 0.041 and 0.082 cm/s. The temperature
was maintained at 35°C in all cases.

First order kinetics in chlorine was tested by plotting 1n(C0/C)m
versus mean residence time, H/ua, as shown in Figure 5.,9. The data points

were fitted to the following linear regression equation:
1nlc /C] = 0.001214 t. [5.7]

The good single straight line fit to the data obtained for differ-
ent values of Co proves that the chlorine-carbohydrates reaction is first
order in chlorine, with the rate constant, kc, being 0.001214 s™! at 35°C.

5.5.3 Influence of temperature

The dependence of the initial chlorination rate on temperature was
investigated by performing additional experiments at 19 and 50°C. Shown
in Figure 5.10 13 a graph similar to Figure 5.9 for the three temperature
levels. The rate constants obtained from linear regression at the three
temperature levels studied are shown in Table 5,3. The activation energy
was determined by an Arrhenius plot of 1n (kc) versus 1n{1/T) as shown in
Figure 5.11. From the slope of a straight line fitted through the data
points an activation energy of 57 kJ/mole was obtained.

Thus the rate expression for the initial chlorine-carbohydrates

reaction can be represented as:

- d[c12]/dt = (5.948%106)eexp(- 57,136/RT). [CL2] [5.8]




Figure 5.9

Influence of residence time and chlorine concentration on

initial chlorine-carbohydrates reaction.
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Figure 5.10 Dependence of the first order chlorine-carb~hydrates reaction

on temperature.
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TABLE 5.3

Influence of temperature on rate constant of

init{al chlorine carbohydrate reaction

k

c
(°c) (s71)
19 0.000314
35 0.001214
50 0.003130
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Figure 5.11 Arrhenius dependence of the first order chlorine—carhohydrates

reaction,
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with R = 8,324 J/mole and t and T expressed in seconds and degrees Kelvin,
respectively.

5.6 General discussion

It was shown that the kinetics of the initial reaction between
chlorine and bleached pulp are first order in chlorine. A review of the
literature showed no previously published studies between chlorine and
bleached pulp, Fredricks et al., (1), however, also proposed a first order
reaction kinetics for the radical reaction between chlorine and a model
ceilulose compound. This radical reaction ivas shown (2) to be the domin-
ant chlorination reaction for cellulose powder. Therefore it 1s likely
that the initial reactior between chlorine and fully bleached pulp also
proceeds via a free radical mechanism,

The chlorine consumption by fully bleached pulp increases consid-
erably after this initial period when the mean residence time and reaction
temperature are high. This behavior could be explaines by assuming that
two reactions between chlorine and carbohydrates occur., The dominant
reaction during the initial perlod is chain scisslon of the polysaccharide
polymers due to attack on glycosidic bonds by chlorine, The dominant
reaction during the final period is between chlorine and the reducing end
of the polysaccharide chains. 1Initially the degree of polymerization of
the polysaccharide chains is very large so that the number of reducing
ends 1is very small compared to the number of glycosidic bonds. As a
result the reaction between chlorine and the reducing ends car initlally
be neglected, However after considerable carbohydrate degradation thls
reaction eventually becomes more important than the chain scission reac-

tion. This explains the substantial increase in chlorine consumption in
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the final period under conditions which favor excessive degradation of the
carbohydrates. The proposed reactions could also explain the increase in
TOC (Figure 5.4) in the final period when the mean residence time and
temperature are relatively high., Under these conditions the carbohydrates
are severely degraded so that carbohydrate chaines of a relatively small
degree of polymerization become soluble and are detected in TOC. Finally,
the chain scission reaction can explain that the rate of chlorine consump-
tion by carbohydrates under relatively mild conditions remains constant
over the entire chlorination experiment. 1In this case the number of gly-
cosidic bonds 1is approximately constant because the degree of polymeriza-
tion remains 1lsrge, even through the degree of polymerization might be
reduced considerably over the course of the reaction, This mechanism
forms the basis for analysis in Chapter 6 of the pulp viscosity data ob~
tained after continuous chlorination of kraft pulp.

The initfal chlorine—-carbohydrates reaction kinetics will be used
for analysis and prediction of the breakthrough curves obtained during
dynamic chlorination of kraft pulp in Chapters 6 and 7, respectively, The
present kinetics cannot be used for ragular batch chlorination of kraft
pulp because of the presence in the batch process of dissolved lignin,
which acts as a free radical scavenger. This also explains why carbohy~-
drate degradation in continuous chlorination of kraft pulp is much more
severe than in batch chlorination.

5.6 Conclusions

1. The kinetics of the initial reactfon between chlorine and

carbohydrates in dynamic chlorination are first order in chlorine, The

activation energy of the reaction is 57k J/mol., It is likely that the
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dominant reaction during the initial period is chain scission due to
attack on glycosidic bonds by chlorine and proceeds via a free radical
mechanism.

2. When the residence time and reaction temperature are high in
dynamic chlorination, the rate of reaction of chlorine with carbohydrates
{ncreases considerably after the initial perfod. It is suggested that the
increased chlorine consumption is due to the increasing importance of a
proposed reaction between chlorine and the reducing end of polysaccharide

chains.
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CHAPTER 6

DYNAMIC CHLORINATION OF KRAFT PULP:

EXPERIMENTAL RESULTS.
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6.1 Introduction

The bleaching sequence which follows the pulping operation serves
to remove the remaining lignin from the pulp. Removal of the residual
lignin leads to large 1increases in whiteness and brightness of the pulp.
Chlorination is usually the first step in the bleaching sequence and 1is
responsible for removal of most of the residual lignin. The subsequent
stages in the bleaching sequence are primarily for brightening. The first
step in chlorination normally consist of contacting the pulp suspension
with chlorine gas in a mixer in order to achieve dissolution in and uni-
form distribution of chlorine within the pulp suspension., The pulp sus-
pension then flows through a chlorination tower with mean residence time
of 45 minutes to allow the chlorination process to be completed. There 1s
no relative motion between the chlorine-water and the pulp fibers.

In 1962 Rapson (1) introduced the concept of "displacement" or
*dynamic” bleaching whereby a bleaching solution was forced through a
fixed bed of pulp fibers. Increased bleaching rates were observed. Sub-
sequent studies primarily by Kamyr and Gullichsen (2) led to the develop-
ment of a compact bleach plant with a medium consistency chlorination step
followed by displacement extraction and bleaching steps. In medium con-
sistency chlorination, a 11-14% consistency pulp suspension is mixed with
chlorine and some chlorine dioxide in a medium consistency mixer external
to a single or two bleaching tower(s). The contact time between chlorine
and the pulp suspension is generally 3-7 minutes, Gullichsen (3). The
following displacement steps i.e, caustic extraction and chlorine dioxide
treatments are performed in one displacement blmach tower. Displacement

of one chemical by the next eliminates the intermediate washing stage that
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is characteristic of conventional bleaching.

A fundamental chemical reaction engineering study of dynamic
bleaching has never been reported, The few studies in the literature
(2,4) were limited to important practical aspects like pulp preperties,
chemical consumption and contact time. However a breakthrough curve of
bleaching chemical has never been published except in a numerical study by
Baldus and Edwards (5). An understanding of the bleaching chemical break-—
through curve in terms of bleaching reaction kinetics, fluid flow and
transport processes might lead to improved operation and design of the
present processes. Also determination of the still controversial location
of the rate determining steps (Pugliese and McDonough (6), Berry and
Fleming (7), Anderson and Rapson (1) Russel (8), Koch (9) and Ackert (4))
may result in identification of more efficient bleaching reactors or se—
gquences,

In the present study, dynamic chlorination rather than dynamic
bleaching with chlorine dioxide 1s investigated because of the relative
ease of chemical analysis and handling of chlorine and 1ts reaction
products. A chlorine-water solution was forced through a packed bed of
kraft Black Spruce fibers, Breakthrough curves of chlorine, total {inor-
ganic chloride (chlorine plus chloride), TOC and methanol are measured as
a function of mean residence time, residence time distribution (RTD) of
the flow, chlorine feed concentration, temperature, pulp consistency and
addition of viscosity protection agents. Pulp properties such as kappa
number, lignin content and viscosity were determined at the end of an
experiment. The results are analysed in terms of residence time distribu-

tion measured for each pulp pad (Chapter 4), and kinetics and stoichiome-
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try of the chlorine-lignin and chlorine carbohydrates (Chapter 5) reac-
tions.

The effect of varying experimental conditions will be presented
separately for the chlorine, total inorganic chloride, TOC and methanol
breakthrough curves and for the pulp properties. This order allows unin-
terrupted development of the theories and discussion of the results for
each of the four variables.

6.2 Experimental and data reduction techniques

6.2.1 Experimental

The dynamic chlorination reactor is shown in Figure 6.1. A pulp
pad is formed between the stationary lower plate and the adjustable upper
plunger of the reactor. Chlorine water is forced through the pulp pad at
pre~determined flowrates, concentration and temperatures, In all cases
step—up stimulus response experiments with glucose as inert tracer preced-
ed the actual chlorination runs to determine the RTD for each pulp pad.

Samples were collected throughout the chlorination experiment at
the exit of the reactor and analysed for chlorine, total {inorganic chlor-
ide, TOC, and in some cases lignin, carbohydrates and methanol, Hand-
sheets were made of the chlorinated and subsequently thoroughly water
washed (or CW) pulp. A portion of the handsheets was analysed for its
Klason and UV lignin cont2nt and in some cases for chloride content. The
remalnder of the CW pulp handsheets was extracted with sodium hydroxide
and the resulting CWE pulp analysed for UV and Klason lignin content,
kappa number, viscosity and chloride content. A detailed description of
the complete experimental facility and experimental procedures can be

found in chapter 3.
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Figure 6.1 Schematic of chlorination reactor.
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The kappa number and viscosity of the unbleached BRlack Spruce
kraft pulp used in this study were 29.5 and 38 mPa.s respectively. A com-
plete summary of the properties of the pulp is given in Appendix 3-1,

6.2.2 DNata reduction

The residence time distribution (RTD) of each pulp pad was well
characterised by the average residence time, ;t, and the Peclet number, P,
of the axial dispersed plug flow model (11). The moment technique used to
determine these flow parameters is described in detail in Chapter 4.

The chlorine, total inorganic chloride and TOC concentration ver-
sus time for a typical experiment are shown 1in Figure 6.2. The time t is
the time at the midpoint of the sampling interval while t:c is defined as t
minus the "dead time" resulting from the volume, Vc, of 20 cm?® between the
bottom of the pulp pad and the sampling point. The average residence time
is defined as

t, = H/u = He /u [6.1]
where u and u  are, respcctively, the superficial velocities based on the
accessible 1liquid volume and the total empty volume of the reactor. The
accessible bed porosity, €q is obtained from -Er using equation 6.1,
Implicit in the calculation of €q is the asgsumption that chlorine and
glucose have access to the same inter and intra fiber pore volume. Evi-
dence for the latter assumption is given in Chapters 4 and 7. 1In Chapter
4 1t is shown by the solute-exclusion technique that glucose has access to
the total intra-fiber pore volume. In Chapter 7 {t 1s shown that the
chlorine breakthrough curve for fully bleached pulp 1s well predicted when

chlorine has access to the same pore volume as glucose. Finally, it
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Figure 6.2 Chlorine, total inorganic chloride and TOC breakthrough curves

of a typical experiment.
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should be noticed that the hydrodynamic diameters of chlorine and glucose
are of the same order, 2.9 and 6,5 A, respectively, (Appendix 6-1).

The concentrations in Figure 6.2 are non-~dimensionalized by the
inlet chlorine concentration, Co’ and plotted versus dimensionless time Tc
- tc/Er = tcua/H in Figure 6.3, The C/Co values of the total inorganic
chloride breakthrough curve are greater than 1 due to the presence of
excess chloride in the feed. A more general form of the dimensionless
breakthrough curves is obtained when '1‘c is replaced by the ratio of grams
of chlorine emerging from the bed per gram of lignin initially present in
the bed, or (Tc—l )Coea/(Lon), where L  is the initial lignin content (g/g
pulp) and Ce 1s the pulp concentration (g pulp/liter suspension). The
corrected dimensionless time 1s reduced by 1 since changes at the inlet
are only felt at the exit of the reactor after displacement of water ini-
tially present 1in the pulp pad. This correction may result in break-
through at negative values of (Tc-l )Cos:a /LOCf when the dispersion is high
and the chlorine feed concentration is large. The data in Figure 6.3 is
plotted against (Tc-l )Coea/(Lon) in Figure 6.4,

Additional data reduction procedures will be presented separately
for each type of breakthrough curve later in this chapter. For example
the calculation method for the chlorine~lignin stoichiometric ratio, SLO,
the fraction of chlorine in the lignin-chlorine reaction used for substi-
tution, S, and the methanol-lignin stoichiometric ratio, R, will be out-
lined when discussing, respectively, the chlorine, total inorganic chlor-
ide and methanol breakthrough curves. In all cases these calculations are

based on representation of the pulp pad by a series of parallel plug flow
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Figure 6.3 Dimensionless chlorine, total inorganic chloride and TOC

breakthrough curves of a typlcal experiment.
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channels (chapter 4).

6.3 Overall mass balances

6.3.1 Chlorine

During a chlorination experiment, the chlorine concentration in
the effluent stream increases while the chloride concentration decreases.
In addition some chlorine 1s chemically bound to lignin remaining in the
pulp and to water soluble lignin fragments removed during chlorination.
The weight percent of chlorine 1in the CW pulp was determined by the
Schoniger combustion flask method. The chloride removed with the water
soluble lignin was calculated from the TOC removed assuming a Cl/C9 ratio
of 1.0. Finally, the total i{norganic chloride (sum of chlorine and chlor-
ide) in the inter and intra fiber voids 1in the pulr pad was calculated
agssuming a linear variation in total inorganic chloride concentration
between the inlet and exit of the bed.

The sum of the weight of chlorine in the various forms discussed
above were compared to the total amount of inorganic chloride fed to the
reactor, The difference between these values were generally less than
5%.

6.3.2 Lignin

The 1lignin mass balance can be checked by comparing the lignin in
the unbleached pulp with the lignin remaining in the CW pulp and dissolved
in the bleach effluent, The lignin content in the CW pulp was determined
as UV and Klason 1lignin by standard methods. Soluble 1lignin in wash
liquor after pulping has been quantitatively determined by colorimetry
with a Technicon AutoAnalyser (11), Attempts to use this technique for

the present bleaching liquor were not successful due to difficulties in
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finding a reliable calibration standard., Therefore the lignin content in
the effluent stream was determined indirectly from the TOC measurements,
The TNC consists of solubilized fragments and degradation products of the
chlorine-lignin and chlorine-carbohydrates reactions, The contribution of
the carbohydrates fraction to the TOC 1is very small for chlorination ex-~
periments at room temperature and short residence times, as will be shown
later., For these operating conditions the carbohydrates contribution can

be neglected and TOC can be converted to lignin concentration in mg/l as

lignin = [TOC/J] [6.2]

where J is the weight fraction of carbon in the original kraft 1lignin.

According to Kempf and Dence (16) the structural formula of milled Kraft

lignin 1is:

¢ (0cH,) (€0)4.13 [6.3]

8.86 '8.06 °2.88 50.05 370.96

The fraction J calculated from the above formula was 0.615, With this
indirect method the closure of the lignin balance is shown in Table 6,1
for a w4ide range of experimental conditions. The lower exit lignin con~-
tent could be attributed to the J value being too high f.e. if J is assum-
ed to be 0.5 the lignin balance will be much closer.

6.4 Reproducibility

The reproducibility was checked for a number of duplicate experi-
ments, Differences in Peclet number are inevitable since each experiment

required the formation of a new pulp pad. To minimize the influence of
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Lignin mass balance

H,cm uo,cm/s T,°C Co,gll Cp,% in,mg out,mg % diff,
2 0.041 35 0.55 10.7 460 426 -7.4
4 0.041 35 0.55 10.7 918 982 +6.9
6 0.082 35 0.55 10.7 1378 1070 -22.4
4 0.082 35 1.10 10,7 918 875 +4,7
2 0.082 35 1.10 10.7 465 350 -24,7
6 0.082 17 1,10 10.7 1390 1154 -=17.0
6 0.082 17 0.55 10.7 1385 1144 -17.4

- b
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pad formation on reproducibility, a pair ot duplicate experiments was
selected with similar RTD's as can be seen in Figure 6.5.

The chlorine, total inorganic chloride and TOC breakthrough curves
for the duplicate experiments are shown in Figures 6.6, 6,7 and 6.8 re-
spectively. The CW and CWE pulp properties for the two experiments sare
listed in Table 6.2, The close agreement between the breakthrough curves
and pulp properties demonstrate the good reproducibility of the experimen-
tal techniques and procedures.

6.5 Results and Discussion

6.5.1 Chlorine breakthrough curves

6.5.1.1 Effect of mean residence time

The mean residence time, -t'r = H/ua, was varied from 23 to 279
seconds by changing the pad height, H, from 2, 4 to 6 cm and the superfi-
cial velocity, u from 0.020, 0.041 to 0,082 em/s. Shown in Figure 6.9
are typical real time chlorine breakthrough curves for variable Er of 23,
45 and 93 seconds at fixed pad height of 2 c¢cm, T = 35°C and c, = 1.10 g/1.
The accessible pad porosity, £, vas 0.93 for all three experiments. As
expected chlorine breakthrough occurs earlier for smaller Er' Also higher
mean residence times result in lower dimenslionless chlorine concentrations
at complete breakthrough, Cm/C0° These Cm/Co values are in good agreement
with the chlorine-carbohydrates kinetics given by equation 5.8 as can be
seen from the broken lines in the top right hand corner of Figure 6.9.
This is further confirmed in Table 6.3 where Cm/Co is compared with C/Co
calculated with equation 5.8 for a wide range of mean residence times.
The good agreement establishes that all reactive lignin is consumed at

complete breakthrough or that further reaction between remaining 1lignin
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Figure 6.5 Duplicate glucose breakthrough curves.
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Figure 6.6 Duplicate chlorine breakthrough curves.
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Duplicate TOC breakthrough curves.
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Duplicate total inorganic chloride breakthrough curves.
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TABLE 6.2

Pulp properties of duplicate experiments

expt. CW pulp CWE pulp
Lignin Klason Lignin Klason Kappa
Lignin Lignin
A % % %
1 1.15 1.91 0,49 0.34 2,90
2 1,02 1.80 0,46 0.37 3.49
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Figure 6.9 Effect of mean residence time, Er’ on chlorine breakthrough

curves; variable u0 at fixed H,



Dimensionless Cl, conc., C/C,

4

1.0

O
©

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

C.0

Time, min

OOOdbO.QO “““““““““““““
- O o?® ! N i
°
I O H
O
-0 |
! ° o |
- o = ot =23 s ]
——-0 1 =45s
- N —-—=-o t =93 s i
H =2 cm
¢
- Co = 1.10 g/l ]
0 0 T=37T
- Ce = 111 g/l R
O f 9
°
- . i
&glm 1 1 1 1 1 1
0 N 10 15 20 23 30 35 40




oy

160

TABLE 6.3
Comparison of Cm/Co with C/Co calculated from kinetics of the reaction

between chlorine and carbohydrates (equation 5.8)

c, T , Er (c /c)expt.  (C/C_)theor.

(g/1) (°c) (%) (s)

0.55 35 107 93 0.90 0.89
0.55 35 10,7 45 0.93 0.95
0.55 35 10,7 23 0.96 0.97
0.55 35 10,7 186 0.82 0.80
0.55 35 10,7 90 0.91 0.90
0.55 35 10,7 46 0.92 0.95
0.55 35 10,7 279 0.73 0.71
0.55 35 10,7 136 0.86 0.85
0.55 35 10,7 68 0.91 0.92
1,10 35 10,7 93 0.91 0.89
1.10 35 10,7 45 0.95 0.95
1.10 35 10,7 23 0.97 0.97
1.10 35 10.7 186 0.84 0.80
1,10 35 10,7 90 0.92 0.90
1.10 35 10,7 46 0.96 0.95
1.10 35 10,7 279 0.72 0.71
1,10 35 10,7 136 0.85 0.85
1.10 35 10.7 68 0.93 0.92
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and chlorine is slow compared to the chlorine~carbohydrates reaction.

The chlorine breakthrough curves of Figure 6.9 are reduced to
dimensfonless plots in Figure 6,10, Although the differences between the
three breakthrough curves are now much smaller, the experiments with the
larger average residence times are still slightly shifted to the right.
This can be partly explained by the relative larger consumption of chlor-
ine by carbohydrates at higher Er'

For the effect of mean residence time on the consumption of chlor-
ine by lignin alone the results must be corrected for the chlorine-carbo-
hydrates reaction., This was done by representing the pulp pad by a series
of parallel plug flow channels, with the distribution of the total flow
over the channels given by the RTD obtained from a glucose tracer experi-
ment, Strong evidence for this representation was presented in Chapter 4,
Also it 1s assumed that the reaction between chlorine and lignin 1s in-
stantaneous while the chlorine-carbohydrate reactions are described by the
kinetics given in Chapter 5.

The reason for selecting an instantaneous reaction 13 that the
initial reaction rate between chlorine and lignin 1s very high. For exam-
ple at room temperature and otherwise commercial bleaching conditions
about 70% of the chlorine 1s consumed in 12 seconds (Liebergott et al
(12)), while at higher temperatures 90-98% of the reaction occurs within
30 seconds (Singh (13)). Since these times ate small compared to the
present chlorine breakthrough times which are in the order of several
minutes the assumption of an instantaneous reaction between chlorine and
lignin seems reasonable. It 1Is noteworthy that this assumption was also

successfully used by Patterson and Kerekes (14) to predict the progression
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Figure 6,10 Effect of mean residence time Er on generalized chlorine

breakthrough curves, variable uo at fixed H.
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of the chlorine front in a stationary pulp suspensgion,

With these assumptions a sharp reaction front exists in each chan—
nel, The chlorine concentration upstream of a front is solely determined
by the chlorinc~carbohydrates reaction kinetics. Similarly the chlorine
concentration at the exit of a channel is either zero or determined by the
chlorine-carbohydrates reaction kinetlcs depending on whether or not the
front has reached the exit of the channel, With these conditions the net

inflow (inflow minus outflow) of chlorine to the bed can be represented by

(Appendix 6-2):

F(trc) - kctr
AHe C |T_ - £ (T, = T,) e dF [6.4]
with
t SL L. C k t t
Tb=.:.tl=__.o__2.-_f_.(e cr_ 1 +:£. [6.431
t ek Ct t
r acor r

and F(trc) is the value of the step-up response function (F-curve) at e

obtained from

c € re
aco

SLoLon kctrc
t '-—-T(—'C—— e - + t [6.4b]
In equation [6.4], dF represents the fraction of flow with a residence
t ime detween tr and tr + dtr' Tb and tb are, respectively, the non-dimen-
sional and dimensional breakthrough time for fluid in a channel with a

residence time of tr. SLo and kc are, respectively, the chlorine-
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lignin apparent stofichiometric ratio (g 012/g init{al 1lignin) and the
chlorine~carbohydrates reaction constant, The net inflow of chlorine

obtained experimentally is:

T
Cc
u e8A£ (co - C) dT | [6.5]

a
By equating [6.4] and [6.5], and using F(tr) obtained from the preceeding
tracer experiment, it is possible to determine the only unknown parameter
SLO as a function of tc. This was done for the three experiments shown in
Figure 6.10,

The SLo values presented in Figure 6.11 increase with [('1‘c -
l)Coea]/[LOCf] unt!l a constant value is reached at complete chlorine
breakthrough. This trend was observed irrespective of mean residence
time. The increase in SL0 could be attributed to additional chlorine
consumption by reacted lignin in the growing zone upstream of the reaction
front. This explanation is 1in contradiction with the assumption of an
instantaneous chlorine-lignin reaction. However the result of this as-
sumption, the movement of a sharp lignin and chlorine reaction front, is
still valid because these non—linear kinetics lead to a "constant pattern”
behavior of the reaction front (Chapter 7). Thus in the parallel plug
flow model, chlorine consuned by lignin at the reaction front and upstream
of the front is represented by an instantaneous reaction between chlorine
and 11gnin at the reaction front only.

The rate of chlorine consumption at the reaction front increases
almost proportionally with the chlorine feed rate, independent of the

location of the front. On the other hand, the rate of consumption by
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Figure 6.11 Effect of mean residence time, Zr’ on SLo calculated over the

duration of the experiment,
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reacted lignin upstream of the front is much less dependent on the chlor—-
ine feed rate but 1increases with further downstream position of the
front. As a result the relative contribution to SLo by lignin upstream of
the reaction front should decrease with increasing chlorine feed rate.
This 1s confirmed In Figure 6.11 which shows that SLo decreases with de-
creasing mean residence time (or increasing chlorine feed rate) at each
value of [(T, - 1)C_e |/ [L C.]. A value of SL_ of 0.70-0.75 g C1,/g
lignin obtained by extrapolation to [(T = l)Coea]/[LOCf] = 0 could be
considered to represent the contribution of the fast chlorine-lignin reac-
tion only. This is equivalent to the consumption of 2 chlorine molecules
per monomer unit (M = 196) of the kraft lignin polymer. 1In comparison, a
chlorine charge of 1.50 g Clzlg lignin (or a so—-called charge factor of
0.22% C12/ kappa unit) 1s customary in industrial practice.

The apparent stolchiometry SLo is almost independent of (Tc - l)C0
ea/(LOCf) after complete chlorine breakthrough, or when (Tc - l)Coea)/
LOCf) > 3., This is expected since SLo is derived from the integrated BTC
(equation 6.3), and very little chlorine is consumed by lignin after com—
plete chlorine breakthrough, as evidenced by the agreement between measur-
ed and predicted Cm/Co in Table 6.3. SLo after complete breakthrough 1s
shown in Figure 6,12 as a function of Er obtained by varying both H and
u . The results show that SLo increases with Er irrespective of whether H
or u  was changed, This means that the relative contribution to SLo of
lignin at the front and upstream of the front remains the same when u and
H are changed proportionally. In other words, since the contribution to
SLO due to lignin at the reaction front increases almost linearly with

u the contribution to SLO of lignin upstream of the front must increase
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Figure 6.12 Effect of mean residence time, Er’ on average SLo°
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almost linearly with increasing H.

6.5.1.2 Effect of residence time distribution

To establish the Influence of the RTD on the breakthrough curves,
experiments were performed on a well formed and a poorly formed pad at
otherwise the same operating conditions, The glucose tracer curves for
the two cases are shown in Figure 6.13, The poorly formed pad i{s charac-
terised by early appearance of the tracer at the exit and gradually in-
creasing conceutrations at longer times similar to the RTD for a CSTR. 1In
contrast, the well formed pad displays a behaviour close to plug flow.
The Peclet number, P, for the well formed and poorly formed pads are 31
and 2,3, respectively,

The chlorine breakthrough curves of the well formed and the poorly
formed pads are shown in Figure 6.14. Except for a lower fina?l C/Co level
due to reaction between chlorine and carbohydrates, the shape of the
chlorine breakthrough curves are similar to the corresponding RTND's. This
suggests that the flow behaviour determines the characteristics of the
ct'orine breakthrough curve and that the chlorine-pulp reactions merely
act as a scaling factor. The previously described modal of a series of
parallel plug flow elements with a single instantaneous reaction and no
inter element mass exchange has these characteristics,

In chapter 7 {t will be shown that for P >> 1 and/or kctr'<< 1
this model requires that the chlorine breakthrough curve is identical to
the RTD when the time axis of the former i{s divided by Tc and the vertical
axis by Cm/Co. For P>>1, the slope of the RTD at C/Co = 0,5 can he ap-

proximated (Kramers and Westerterp (15)) as
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Figure 6,13 RTD's of poorly and well formed pad obtained with glucose

tracer tests,
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Figure 6.14 Chlorine breakthrough curves of poorly and well formed pads.
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[y

d(c/c )
(‘1‘1‘7‘3‘ = 0.5 (p/n)0° [6.6]
c C/C° = 0,5

Thus i{f the parallel plug flow model is appropriate for dynamic bleaching,
the normalized slope of the chlorine breakthrough curve at C/Cm = 0.5 1s

related to P of the RTD as

da(c/c ) c
G = ("r — e 2= 0.5 (9% = 02820
¢ ¢ Jc/c, = 0.5 "m

[6.7]

Higher order effects due to the chlorine-carbohydrate reaction on equation
6.7 can he neglected when P >> 1 and/or kctr<< 1 (chapter 7).

It 1{is interesting to compare equation 6,7 with the theoretical
solution for the axial dispersed plug flow model combined with a single
instantaneous reaction. 1In Appendix (6-3) it 1is derived that this model

leads to the expression

da(c/c)) T
(Tc -—-ﬁl-) = 0,5p _—b— 1- —:_l-— - 0.1534
¢ c/co = 0,5 (Tb- 1) sa(Tb -1)
[6.8]

where T, 1s the average non-dimensional breakthrough time. When P and ib

b
are much larger than 1, equation 6.8 can be approximated by

( d(C/Co)
T & ——— = 0,5P [6.9]
¢ 4T, )c/co = 0.5
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The applicability of the two models was tested by comparing the normalised
slope of the chlorine breakthrough curve, G, with equations 6.9 and 6.7,
respectively, valid for axial dispersed plug flow with instantaneous reac-
tion and parallel plug flow with instantaneous reaction. Shown in Figure
6.15 is the normalised slope, G, as a function of Peclet number, P, mea-
sured by the preceeding glucose tracer test for the two experiments of
Figure 6.13. Also 1ncluded in this figure are values obtained at the
various mean residence times discussed in the previous section. It can be
seen that the equation G = 0,5P drastically over predicts the experimental
data and represents a too high dependence on P. 0On the contrary (n Figure
6.16 equation G = 0.282(P)0'5 for parallel plug flow agrees quite well
with the measured normalised slopes for the different experiments. The
good agreement confirms that for the operating conditions of Figure 6,13,
"fingering"” flow determines the RTD and that the chlorine consumption by
lignin simply leads to a uniform retardation of the chlorine front. The
somewhat lower values for G than predicted by equation 6.7 are probabiy
due to the slow chlorine consumption by 1lignin upstream of the reaction
fronts. This will lead to "talling” after breakthrough for each channel.

6.5.1.3 Effect of chlorine concentration

The effect of wvarying chlorine concentration on the chlorine
breakthrough curves was investigated at three levels - 0,55, 1,10 and 2.20
g/l. Dimensionless plots of C/Co versus Tc at a pad height and consisten-
cy of 6 cm and 10.7%, respectively, and a reaction temperature of 35°C are
shown in Figure 6.17. Complete breakthrough is achieved at much smaller
values of Tc with increasing chlorine concentration. This is expected as

the rate of chlorine supply 1increases proportionally with {Increasing
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Figure 6.15 Applicahility of axial dispersion model to represent chlorine

breakthrough curves.
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Figure 6,16 Applicability of parallel plug model to represent chlorine

breakthrough curves.
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Effect of chlorine concentration on dimensionless chlorine

breakthrough curves,
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chlorine concentration., The influence of the rate of supply of chlorine
on the breakthrough curves can be eliminated by plotting against the norm-
alized variable (Tc—l)Coea/LOCf. In this manner the three curves of Fig-
ure 6.17 essentially collapses to a single curve as shown in Figure 6.18,
The value of C/Co after complete hreakthrough is independent of the inlet
concentration since the carbchydrates-chlorine reactlion 1is first order in
chlorine and the mean residence time is the same for the three experi-
ments, It also follows from the close agreement between the three break-
through curves in Figure 6.18 that the consumption of chlorine per initial
welght of lignin, SLO, is independent of Co' This is confirmed when SLo
1s calculated as a function of the three chlorine concentrations for the
duration of the experiments as shown in Figure 6.19., Similar to Figure
6.11, SL0 increases as breakthrough progresses and eventually reaches a
plateau level. The small differences in SL0 before complete breacthrough
are related to P. As expected, SLo is slightly higher before complete
breakthrough for higher P, and the plateau level 1is reached at a smaller
value of (Tc - 1)Coea/[Lon]. The effect of chlorine concentration on SL
after complete breakthrough shown 1in Tigure 6.20 further confirms the
independence of the chlorine-lignin stoichiometry on chlorine concentra-
tion.

The steepness of the chlorine breakthrough curves 1is shown 1in
Figure 6,21 where the normalised slope G is plotted against 0.282(P)0’5
with chlorine concentration as parameter. Reproduced in Figure 6,21 are
all the data presented in Figure 6.16 obtained at C0 = 1,10 g/1 and vari-
able mean residence times Er' The unique linear relationship between the

5

steepness of the breakthrough curve and PO' , Independent of Co and
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Effect of chlorine concentration on generalized chlorine

breakthrough curves.
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Figure 6.19 Effect of chlorine concentration on SLo verus (Tc -1)C°ea/

[Locf].
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Figure 6.20 Effect of chlorine concentration on SLo at complete break-

through,
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Figure 6,21 Applicability of parallel plug flow model to represent chlor-

ine breakthrough curves: effect of chlorine concentration.
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and Er’ further confirms that the actual flow is best described by paral-
lel plug flow.

6.5.1.4 Effect of temperatura

The effect of temperature on dynamic pulp chlorination was inves-
tigated at three levels: 19, 35 and 50°C. The effect of temperature will
be demonstrated for C_ = 2.20 g/1, H = 6 cm, u, = 0.082 cm/s and Cp =
10.7%Z The chlorine breakthrough curves sare presented in Figure 6.22., The
curves are shifted to the right at higher temperatures. As will be shown
subsequently, this increased consumption of chlorine is caused both by
reactions with lignin and carbohydrates. The increased chlorine consump-
tion by carbohydrates at higher temperatures {s indicated by the decreas-
ing value of Cm/Co calculated theoretically with equation 5.8 and repre-
sernted by the lines in the top right hand corner of Figure 6.22., The
earlier breakthrough at 50°C compared to 35°C in Figure 6,22 can be attri-
buted to the lower Peclet number, 28.8 compared to 37.9, respectively,

The variation of SLo during the three experiments is seen 1in Fig-
ure 6,23. Again the SLo values increase until a plateau value is reached.
Following the phenomenological description presented earlier, the extrapo-
lation of SL0 to (Tc - 1)Coea/[Lon] = 0 suggests that the chlorine-1lignin
stoichiometry of the fast reaction at the front increases strongly with
increasing temperature. The stoichiometry for the slow reaction upstream
of the front, characterized by the difference between the plateau value of
SLo and SLoextrapolated to (Tc -l)Coea = 0, also increases with increasing
temperature. Previously it was shown that SLO at (TC~1)Coea/LOCé = 4,0,
i.e. at complete breskthrough, was only a function of Er and not Co.

Therefore all experimental values of SLO at 10,77 consistency are plotted
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Figure 6.22 Effect of temperature on generalized chlorine breakthrough

curves.
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Figure 6.23 Effect of temperature on SLo versus (Tc - 1)Coea/[L°Cf].




2.5

1 1 1
e
—
- ® TN
O
v e
N o —
N @] i
)
" © o
- \ _v——
< 5
mo\ O
fo
O o
= ooo(—)of\!o': .
2B G N S - ©
o
nonon b 1N
O O &« - \
- =~ T O JO o
O e o
@)
i .
o
! 1 ) C).
o n
. O

L

uby 6,20 B °75 "ya01S 4D

[T~ 1 Coeal /LGl



184

in Figure 6.24 with the temp:rature as parameter, This figure summarises
the chlorine consumption by lignin at complete breakthrough of the present
29,5 kappa number kraft pulp for the two important operating variables T

and tr.

Similarly, as was shown for varying mean residence times and vary-
ing chlorine concentrations, the normalised slope G of the chlorine break—
through curve plotted versus the square root of the Peclet aumber is
independent of temperature. This is shown 1n Flgure 6,25 where the pres-
ent experiments at 19°C and 50°C are within the scatter of all previously
reported values at 35°C., It also shows that the decrease in the slope of
the non-dimensional breakthrough curve at higher temperatures, due to
the higher chlorine consumption, is accounted for in G by multiplying the
slope by Tc at C/Cm = 0.5,

6.5.1.5 Effect of consistency

The effect of pulp pad counsistency was 1investigated at three
levels — 8.0, 10.7 and 12.8% corresponding to pulp concentrations cf 83,
111 and 133 g/1, respectively. The dimensionless chlorine conceatration
versus Tc breakthrough curves for H = 6 cm, CO =1,10 g/1, u, - 0.082 cm/s
and T = 35°C are shown 1n Figure 6.26. The curves are shifted to the
right at higher consistenclies because more lignin 1s contained within the
same bed volume. The difference between these breakthrough curves are
smaller in the generalized plots of Figure 6,27, The earlier than expect-
ed breakthrough of chlorine at 10.7% consistency can be attrihuted to its
lower Peclet number of 23 compared to 66 and 55 for the 8 and 10.7% con-

sistency experiments.

The normalised slope G of the chlorine breakthrough curves 1s




Figure 6,24 Effect of temperature on SLo at complete breakthrough.




/) 1 i | H 1

200 225 250 275 300

50 75 100 125 150 175
Mean residence

23

1.5

)
M

uuby 6,20 6

— o)) ™

IS "yoloys €| ||BJaAQ

O
L
o

S

dme, i

|/
L




2

186

Figure 6.25 Applicability of paraliel plug flow model to represent

chlorine breakthrough curves: effect of temperature,
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Effect of consistency on dimensionless chlorine breakthrough

curves.
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Effect of consistency on generalized chlorine breakthrough

curves,
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plotted versus the square of the Peclet number in Figure 6.28. The close
agreement of the results at consistencies 8 and 12,87 with the general
trend shows that the normalised slope is not a function of counsistency,
nor ot any of the other operating variables, but strictly determined by
the Peclet number.

6.5.1.6 Effect of recycle

The effect of recycling the chlorination effluent was investigated
in a series of two experiments, The effluent from an experiment conducted
on a6 cm pulp pad, a reaction temperature of 19°C, a superficial velocity
of 0.164 cm/s and a concentration of 2,10 g/l was contacted with chlorine
gas to a concentration of 1.10 g/1. Chlorination was then carried out
with this undiluted spent liquor on a 2 cm pad at 35°C and at a superfici-
al velocity of 0.041 em/s. Since the volume of this chlorine water con-
taining spent 1liquor was small only a chlorine application of 0.068 g
chlorine/ g pulp was possible.

The resulting dimensionless chlorine breakthrough curve 1s compar-
ed in Figure 6,29 with an experiment conducted under similar operatiag
conditions but with fresh chlorine water. The Peclet numbers in both
experiments were, 52 and 57, respectively, so that the flow conditions can
be considered sinilar. The close agreement in Figure 6.29 shows that the
dissolved organics present in the recycled liquor have negligible effect
on the chlorine breakthrough curve,.

6.5.2 Total organic carbon breakthrough curves

6.5.2.,1 Efect of mean residence time

The mean residence time, Er = H/ua, was varied from 23 to 279

seconds by changing the pad height, H, from 2, 4 to 6 cm and the superfi-
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Figure 6.28 Applicability of parallel plug flow model to represent

chlorine breakthrough curves: effect of consistency.
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Effect of recycle on chlorine breakthrough curves,

-
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cial velocity, u from 0.020, 0.041 &nd 0.082 cm/s. Shown in Figure 6,30
are total organic carbon breakthrough curves for variable superficial
velocities at a fixed pad height of 2 c¢cm or for Er of 23, 45 and 93
seconds at T = 35°C and Co = 1,10 g/1. The TOC curves for variable bed
heights at a fixed superficial velocity of 0.082 ecm/s or for Et of 23, 45
and 68 seconds at T = 35°C and Co = 1,10 g/1 are shown in Figure 6,3l.
The accessible pad porosity was 0.93 in all cases. Both figures show that
the TOC concentration 1ncreases with Er at the same value of (Tc-l)Co
ea/LOCf, although the increases are larger when the Increase in Er is
caused by an iIncrease in H rather than a decrease in U, A small amount

of TOC is measured for (Tc-l)Coea/LoC < 0, because of TOC produced in bed

f
sections with residence times less than Er'

The contribution of all sections of the bed to the TOC concentra—
tion at the exit results in a rapid increase in TOC/CO for (Tc-l)Coea/Lon
>0 in Figures 6.30 and 6.31. TOC/Co reaches a maximum, TOCm/CO, at or
shortly after breakthrough of chlorine as can be seen in the typical ex-
periment shown in Figure 6.4 (the experiment in Figure 6.4 is the same as
one of the experiment in Figure 6.30). Subsequently a gradual decrease in
TOC/Cois observed until (in most cases) a low value, TOCf/Co, 18 reached
asymptotically approximately at the same time when complete chlorine
breakthrough is obtained at (Tc-l)Coea/LoCf ~ 4, The latter can be con-
firmed in Pigure 6.4. The close agreement between the times which charac-
terise the chlorine and TOC breakthrough curves implies that most of the
TOC is generated at the sharp lignin reaction front. However since the
effect of Er on TOC production 1s more pronounced when H rather than uo is

changed and because the TOC producticn remains finite at complete chlorine
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Figure 6,30 Effect of mean residence time, Er’ on generalized TOC

breakthrough curves; variable uo at fixed H.
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Figure 6.31 Effect of mean residence time, tr’ on generalized TOC

breakthrough curves; variable H at fixed uo.
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break through, a smaller fraction of TOC must be formed by another process
than fast reaction between lignin and chlorine. This aspect will be fur-
ther addressed later in this section. The TOC curves can further be char-
acterized by the maximum TOC, TOCm, the final TOC, TOCf, and the total
amount of TOC removed during chlorination, TOCr (g/g pulp). Therefore the
effect of residence time on the TOC curves will now be discussed in terms
of these three parameters.

Previously 1t was shown that the chlorine-carbohydrates reaction
is the dominant reaction responsible for the chlorine consumption after
complete chlorine breakthrough., From equation 5,8 it follows that a four
fold increase of Er from 23 to 93 s at 35°C leads to an increase in chlor-
ine consumption by a factor of 3.9. Also, it can be seen from Figure 6.9
and Table 6.3 that these conditions result in an experimental increase in
chlorine consumption of approximately a factor 3, Therefore 1f the TOC
after complete chlorine breakthrough is mainly produced by the carbohy-
drates reaction one would expect a significant iIncrease in TOC with in-
creasing Er in Figure 6.30 when (Tc -1) Coea/LOCf ~ 3.4-4,0, Since only
a small increase is observed it seems unlikely that most of the TOC emerg-
ing from the pad after complete chiorine breakthrough originates from
carbohydrates,

The cumulative TOC removed per weight of pulp, TOCr/(HACf), of the
experiments of Figure 6.30 and 6.31 are listed in Table 6.4, Also given
in Tatle 6.4 is the TOCr/(HACf) calculated from the decrease in UV +
Klason lignin on a chlorine free basis between initial and CW pulp assum-
ing that the ratio J = C/CHxOy for lignin is G.615 g/g and that the CW

lignin contains 15.8 % by weight of chlorine (Kempf and Dence (16)).
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TABLE 6.4

Characteristic parameters of TOC breakthrough curves;

effect of mean residence time, tr

H u, tr P TOCm TOCf TOCr 1- C UvV+K1l. TOCr
lignin
Co Co HACf Co in CW HACf
pulp Calc.
(cm) (em/s) (s8) (g/g) (glg) (glg) (g/gpulp) (g/gpulp)
2 .02 93 52 ,106 .03 .0113 .09 .0309 .0132
2 .041 45 60 .097 .025 0112 .05 L0271 0151
2 .082 23 81 .087 .023 .010 .03 .0316 .0128
4 .082 45 50 .106 .025 .0099 .04 0316 .0128
6 .082 68 55 ,137 - .0135 .07 .0239 0124

Other conditions: CO =1,10 g/1; T = 35°C; Ce = 111 g/1
A = 44,05 cn?; Klason + UV lignin content of

original pulp = 0.0475 g/g 0.D. pulp




Comparison of the two columns in Table 6.4 shows that most of the TOC is
accounted for by the decrease in lignin content of the pulp. This sug-
gests that most of the TOC produced after complete breakthrough originates
from lignin. The higher calculated TOCr/HACf values could be due to the
estimated J ratio being too high. For example, a J value of 0.5 would
lead to better agreement between TOCr and lignin removed from the pulp,
Further confirmation was obtained by comparing TOCf from pulp pads made of
fully bleached (i.e. lignin free) pulp and from unbleached pulps. The
much higher TOCf obtained from unbleached pulp in Table 6.5 shows that the
largest fraction of TOCf originates from already reacted lignin,

The production of TOC from lignin after complete chlorine break~
through could be explained by hydrolysis of chlorinated 1lignin or by
transport limitations of soluble lignin fragments from the fibers. How-
ever the latter mechanism seems unlikely since TOCf is not a function of
Er (Table 6.4) and increases with inlet chlorine conceantration as will be
shown later, Since essentially all the consumed chlorine 1is accounted
for by the carbohydrates reaction, the effect of chlorine {n the proposed
hydrolysis can only be catalytic In nature., A hydrolysis mechanism was
also invoked by Berry and Fleming (17) to account for lignin removal dur-
ing hot water treatment of pulp.

A plot of TOCm/Co versus Er at different pad heights in Figure 6.32
demonstrates that TOCm/C0 increases with pad height and except for H = 2
cm 1s hardly influenced by Er' This behaviour can be explained by the
model proposed earlier when discussing the chlorine breakthrough curves.
In this model chlorine reacts rapidly with lignin at the front while up-

stream of the front chlorinated lignin reacts further with chlorine at a
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TABLE 6.5

TOCf of unbleached and fully bleached pulp

Co H uo T Cf TOCf TOCf
unbleached fully bleached

(g/1) (cm) (em/s) (°c) (g/1) ppm ppm

1.10 6 .082 34 111 40 13

1.10 6 .164 36 111 30 12

1.10 6 .082 17 111 28 12
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Figure 6.32 Effect of mean residence time, Er’ on TOCm/Co.
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slow rate. Similarly TOC is also produced at the front and by further
reaction (chlorination/hydrolysis) of chlorinated lignin upstream of the
front., The TOC concentration generated at the front 1is proportional to
the c¢'v.orine concentration at the front, independent of Er' The produc-
tion of TOC upstream of the front 1s, perhaps, already at a maximum at
large Er' Thus for the same bed height, TOC“1 will only be a function of
t_ when the degradation reactions before the reaction front are slow and
determine the overall release of TOC., This might explain the increase in
TOCm/C0 with Er in Figure 6.31 for H = 2 ecm when Er < 50 8. For Er >
50 s, TOCm/Co is relatively insensitive to Er for all bed heights. 'I‘OCm
increases with bed height because the thickness of the chlorinated layer
before the reaction front increases,

An impo. tant conclusfon which can be drawn from Figure 6.32 1is
that the TOC contribution In the effluent can be reduced by employing
shallow beds and residence times less than 50 s.

6.5.2.2 Effect of residence time distribution

The effect of residence time distribution on the chlorine break-
through curves was discussed in sectlon 6.5.1.2. The corresponding total
organic carbon breakthrough curves for the poorly and well formed pads of
Figure 6.14 are shown in Figure 6.33. The measurement of a significant
TOC concentration at negative (Tc-l )Cosa/Lon for the poorly formed pad
confirme the existence of short circuiting flow., The smaller cumulative
amount of TOC removed from the poorly formed pad is caused by the reduced
quantitv of pulp contacted by chlorine., The flat TOC breakthrough curve

of the poorly formed pad can &lso be explained by the non-uniform flow
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Figure 6,33 TOC breakthrough curves of poorly formed and well formed

pads.
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distribution which leads to quick breakthrough in certain regions and slow
penetration of chlorine in other regions of the pulp pad. The maximum in
the TOC curve for the well formed pad occurs when all sections in the pulp
pad contribute TOC as a result of the "instantaneous” chlorine-liguin
reaction and the degradation of chlorinated lignin before the reaction
front,

6.5.2.3 Effect of chlorine concentration

The effect of varying chlorine concentration on the TOC break-
through curves was investigated at three levels; Co = 0.55, 1,10 and 2,20
g/1. Dimensionless plots of TOC versus Tc at H = 6 cm, Cp = 10,7% and T =
35°C are shown in Figure 6.34. The larger chlorine supply rates at higher
chlorine concentrations lead to the appearance of the TOC peaks at smaller
values of 'I‘c. The maximum TOC increases with increasing Co because the
amount of TOC formed by the "instantaneous"” reaction between lignin and
chlorine 1is proportional to the chlorine concentration at the reaction
front., When the TOC breakthrough curves are replotted as TOC/CO versus

(Tc-l)Coea/LOC in Figure 6.35, the magnitude of the maximunm, TOCm/Co’

f
shows the opposite trend of Figure 6,34, presumably because the TOC con-
tribution from chlorinated lignin before the front does not increase pro-
portionally with Co' This is further shown in Figure 6.36 where TOCrn
shows a somewhat smaller than proportional increase with Co at three pad
heights for the same mean residence times,

Table 6.6 shows that the cumulative total organic carbon removed,

TOCr, decreases when the chlorine concentration increases above 1.10 g/1

at a given chlorine application on pulp, This trend could be explained by
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Effect of chlorine concentration on TOC breakthrough curves.
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Figure 6.35 Effect of chlorine concentration on generalized TOC

breakthrough curves.
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Figure 6.36 Effect of chlorine concentration on TOCm.
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TABLE 6.6

Effect of chlorine concentration on cumulative TOC removal

H T Ce u C, (Tc—l )C e /Lo Ce TOC,
(em) (°c) (g/1) (cm/s) (g/1) (g/g) (mg)
6 35 111 0.082 0.55 1,84 221
6 35 111  0.0682 1.10 1.84 227
6 35 111 0.082 2.20 1.84 128
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the fact that less lignin 1is solubilized and removed by hydrolysis sat
higher chlorine concentration due to the shorter reaction times., 1t 1is
interesting to note from Table 6.6 that the cumulative TOC removal at 0,55
and 1,10 g/1 are essentially the same.

6.5.2,4 Effect of temperature

The TOC breakthrough curves corresponding to the chlorine break-
through curves of Figure 6,22 are shown in Figure 6.37. The 1increase in
cumulative TOC removed at higher temperatures is apparent. The increased
TOCr can be explained by increased hydrolysis of chlorinated lignin at
higher temperatures, An Iincrease in the extent of oxidatlon reactions at
higher temperatures has been mentioned in a number of reported chlorina-
tion studies. This would increase the so0lubility of chlorinated lignin,
Increased TOC from the chlorine— carbohydrates reaction is also expected
at higher temperatures. The contribution of the latter reaction at 50°C
is difficult to quantify since Increasing TOC/C0 is obtained when chlorine
water is passed through pulp pads of fully bleached pulps. The increased
TOC removal at higher temperatures is supported by lower CW Klason lignin
content., This will be addressed in a later section.

Figure 6.38 show plots of TOCm versus temperature at different
fixed chlorine water concentrations and at a fixed mean residence time of
68 seconds. The increased TOCm at higher temperatures is expected from
the above discussions.

6.5.2.5 Effect of consistency

The effect of pulp pad consistency was investigated at three
levels; 8.0, 10.7 and 12.8%., The effect of consistency on the chlorine
breakthrough curves was previously presented in Figure 6.27. The corre~-

sponding TOC breakthrough curves, TOC/C, versus (T.-1)Cyea/LoCe, are shown




Figure 6.37
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Ef fect of temperature on generalized TOC breakthrough curves.
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Figure 6.38 Effect of temperature on TOCm.
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in Figure 6,.39. The almost 1identical normalised TOC curves show that the
amount of TOC removed per initial weight of lignin 1is independent of pulp
pad consistency. This 1s surprising since more chlorolignin 1s present
before the reaction f{front at higher consistencles, This situation 1is
gsimilar to thicker beds at the same consistency and mean residence
time, and thus a higher TOCm and TOCr is expected for higher consisten-
c128, The possible reason for the independency of TO,“ and TOCr on con-
gistency might be the decrease in Peclet number with increasing consisten-
cy for the experiments in Figure 6,39, A decrease in Peclet number de-
creases TOCm and TOCr which may compensate the expected opposing effect of
increasing consistency.

6.5.3 Total inorganic chloride breakthrough curves

6.5.3.1 Effect of mean residence time

The total inorganic chloride breakthrough curves for a 2 cm thick
bed at mean resldence times of 23, 45 and 93 seconds are shown in Figure
6.40. These breakthrough curves corresponds to the chlorine and TOC
breakthrough curves 1in, respectively, Figure 6,10 and 6.30. The effect of

t, produced by varying the bed height H at constant ug is shown in Figure
6.41. The total inorganic chloride (TIC1) breakthrough curves correspond
to the TOC breakthrough curves in Figures 6.31., Comparison of the TIC1
breakthrough curves with the corresponding total organic carbon break-
through curves shows that chloride appears at the exit simultaneously with
TOC. Also the chloride concentration reaches a constant value just after
the TOC maximum. Comparison with the corresponding chlorine breakthrough

curves shows that the coustant TIC1l concentrations are reached much earli-

er than complete chlorine breakthrough., TIn all cases the plateaun TIC1l
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Figure 6.39 Effect of consistency on generalized TOC breakthrough curves.
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Figure 6.40 Effect of mean residence time, Er’ on total imorganic chlor-

F ijde breakthrough curves; variable uo at fixed H,
|
|
F
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concentration is greater than the Inlet TIClL from molecular chlorine,
This excess amount is due to additional chloride {n the chlorine water
tank due to previous degradation of chlorine molecules.

Chenging the mean residence time by changing the flowrate of
chlorine water at a fixed pad height does not appear to have much {influ-
ence on the chloride breakthrough curves (Figure 6.40). There is however
some difference when the mean residence times are changed by varying the
pad height as shown in Figure 6.41. More TICl appears to be produced at
higher pad heights., If substitution and oxidation of lignin only occured
at the "instantaneous” reaction front one would expect the TICl1L BTC to
reach a plateau at the same time as the chlorine BTC. Inorganic chloride
from the chlorine-carbohydrates reaction also reaches a maximum when
chlorine breakthrough 1s complete. Therefore the present TICl BTC sug-
gests that a significant amount of chloride 1s also produced by further
oxidation of chlorinated lignin between the inlet and reaction front which
compensates for the chlorine Incorporated in lignin by substitution at the
front,

The substitution and oxidation of 1lignin can be represented by

respectively the following overall reactions
L+cCl, — L-C1 + HCl [6.10]
and

L + c12 — oxidised L + 2HCl [6.11]
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Figure 6.41 Effect of mean residence time, ;r’ cn total inorganic chlor-

ide breakthrough curves; variable H at fixed u,e
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Based on these two reactions one can define substitution as a fraction of

chlorination, S, as

2[(C12 consumed by 1lignin)-(C1~ produced by lignin)]
(Cl2 consumed by lignin)

[6.12]

The substitution fraction, S, therefore also accounts for HCl producing
reactions with chlorolignin before the reaction front as if these occur at
the front.

S can be calculated with the parallel plug flow model. The total

fnorganic chloride concentration at the exit of a single channel, [C17] ,

ce

is given by:

[c1"] =0vwhen t <t [6.13]
ce r

or

s,
2(K(t - ¢ ) +1)

[cr‘lce = [01-]f +C - [6.14]

where [Cl"]f is the excess free chloride concentration in the feed and K =
eaCokc/(SLoLon)
or

[c1”] = [c17]

ce £ + co [6.15]
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when t > tb > q r
The total 1inorganic chloride concentration at the exit of the bed,
[Cl"]ce gr 18 obtained by summing up the contributions from all channels

as

1
[c1']ce,t -£ [01'1ce dF [6.16]

With the use of equations 6.13 to 6.16 and SLo determined from the corre-
sponding chlorine BTC, S can be found by trial and error at different
reaction times. 1In this way the chloride BTC's can be transformed into S
as a function of time. Because the latter curves give more insight {nto
the phenomena occuring Iin the bed, all further total inorganic chloride
BTC's will be presented as S versus (Tc-l)Cosa/(Lon). The complete de-
rivation of equations 6.13 to 6.16 are given in Appendix (6-4)., It should
be noted that because HC1l is also produced upstrean of the reaction front,
negative values for S are expected as longer reaction times.

Different mean residence time at constant pad height shows no
consistent influence on S in Figure 6.42, This 18 in agreement with the
observation made when discussing the TOC BTC's, that the oxidation/hydrol-
ysis reactions upstream of the reaction front are not a function of Er at
constant H unless -tr is very small. The fraction of substitution is,
however, distinctly lower at higher Er caused by increasing pad height at
the same superficial velocity ag shown in Figure 6.43, This again i3
consistent with the result that more TOC is generated with thicker pulp

pads. Thicker pads result in contact of correspondingly larger volumes of
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Figure 6,42 Effect of mean residence time, Er’ on S; variable u, at fixed

“n
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Figure 6.43 Effect of mean residence time, Er’ on S; variable H at fixed
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chlorine water with reacted lignin upstream of the reaction fromt. Thus
the 1inorganic chloride contribution upstream of the front increases and
consequently substitution as fraction ¢f lignin chlorination decreases.

6.5.3.2 Effect of temperature

The effect of three temperature levels on the substitution frac-
tion 1s shown 1in Figure 6.44, The value of S at the same chlorine appli-
cation on pulp 1s higher at lower temperatures., This implies that the
oxidation reactions as fraction of lignin chlorination increases at higher
temperatures. This agrees with previously published work. The decresase
in S at higher temperatures can be attributed to Iincreased rate of the
oxidation/hydrolysis reactions at higher temperatures upstream of the

reaction front.

Comparison of Figure 6.37 and Figure 6.44 shows that S becomes

zero at a chlorine application corresponding to the peak of the TOC break-

through curve,

6.5.3.3 Effect of chlorine concentration

No significant influence of chlorine concentration on S is ob-
served as shown in Figure 6.45., Similar tc the other variables discussed
S becomes zero at the point corresponding to the maximum of the TOC break-
through curves for both initial chlorine concentrations.

6.5.4 Methanol breakthrough curves

The TOC breakthrough curves are made up of several organic sub-
stances, One of the major reaction products {s methanol., Since methanol
is formed by removal of the methoxyl group from the guaicyl unit, 1its
breskthrough curve gives more specific information about lignin-chlorine

reactions than TOC. This, and its potential use as an easily measured
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Figure 6.44 Effect of temperature on S.
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Effect of chlorine concentration on S.
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indicator of the lignin degradation reactiou, provided the motivation for
measuring methanol breakthrough curves,

A typical methanol breakthrough curve 1s shown in Figure 6.46,
After appearance of methanol at the exit, the removal of methoxy groups
quickly reaches a maximum followed by a more gradual decrease of the meth-
anol concentration to zero. The methanol breakthrough curve and the cor-
responding chlorine and total organle carbon breakthrough curves are shown
in Figure 6.47, Some interesting observations can be made from Figure
6.47. For example, the methanol concentration decreases shortly before
chlorine breakthrough begins and before the TOC maximum {s reached. Also
before complete chlorine breakthrough and stabilization of TOC at TOCf,
the methanol concentration at the bed exit 1is equal to zero. This sug-
gests that while chlorine and TOC are both, respectively, consumed and
formed at the reaction front and upstream of the front, methanol {is only
produced at the front,

The contribution of methanol to TOC 1is more clearly seen when its
contribution to TOC, {i.e. (12/32)*CH30H, i3 subtracted from the total TOC.
Shown 1n Filgure 6.48 are the measured TOC breakthrough curve and the TOC
breakthrough curve corrected for methancl. It is apparent that the TOC
contribution of methanol {s only subgtantial during the initfal perfod.
The maximum of the corrected breakthrough curve occurs approximately at
the steepest slope of the chlorine breakthrough curve, Also this maximum
is only slightly lower than that obtained for the uncorrected TOC hreak-
through curve. These results suggest that a major fraction of the TOC
originates from chlorinated and/or degraded lignin in the pulp hetween the

reaction front and the bed inlet. The fast formation of methanol at the
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Figure 6.46 Typical methanol breakthrough curve.
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Figure 6.47 Comparison of chlorine, TOC and methanol breakthrough curves,
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Figure 6.48 TOC breakthrough curves with or without correction for

methanol.
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reaction front 1s also consistent with the results of Sarkanen and Strauss
(18) who showed that most methanol is liberated within at least 5 minutes
during chlorination of softwood kraft lignin,

The influence of temperature on the methanol breakthrough curve is
shown in Figure 6.49. Temperatures of 19, 35 and 50°C were used at a pad
height, chlorine water concentration and superficial velocity of 6 cm,
1.10 g/1 and 0.041 cm/s respectively. The three breakthrough curves are
identical within experimental error. This shows that methanol produced
per gram of pulp 1s 1independent of temperature. This agrees with the
"instantaneous” recction assumption. Integration of the BTC's in Figure
6.49 gives a total amount of methanol removed per original lignin, R, of
0.09 g CH3OH/g original lignin, This is equivalent to a molar ratio of
(OCH3/11gn1n Cq unit) of 0.09%*196/32 = 0,55, assuming a molecular weight
of 196 for Cg. This value compares favourably with the difference in
OCH3/C9 ratio between 0.96 and 0,27 for respectively untreated and chlor-
inated 1usoluble kraft 1ignin measured by van Buren and Dence (19).

Therefore the major fraction of the OCH3 group 1n the guaicyl units are

removed during chlorination.

In case of pure plug flow and instantaneous methanol formation,
[CH3OH]/C° at the bed exit would be R/SLo for constant R and SL_ during a
chlorination experiment, For the conditions of Figure 6.49, R/SLO is
0.103, 0,082, and 0.070 for, respectively, temperatures of 19, 35 and
50°C. These values agree roughly with the measured maxi{mum [C}130!1]/Co of
0.090 in Figure 6,49, This calculation assumes that the chlorine-lignin
reaction stoichiometry, SLO, is constant throughout the experiment. How-

ever, previously it was shown that SLo increases until complete chlorine
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Figure 6.49 Effect of temperature on methanol breakthrough curves.
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breakthrough is obtained., Therefore the methanol-lignin stoichiometry, R,
was calculated over the course of an experiment using the parallel plug
flow model.

The net outflow of methanol from the pulp pad can be obtained from

the non-dimensional methanol BTC as

T
c [Methanol]exi

t
e AHC_ £ T dT_ [6,17]

It can be shown {Appendix 6-5) that, according to the parallel plug flow

model, the net outflow of methanol is represented by

RAHLOCf F(r'rc) F(t"c)
—=L [ [m(R(ey - £ )+ )] daR(e ) + [ [en(R(e - t)
k't o r TR ) e r
cr rc
+ 1)] dr(e ) [6.18]
where
e Ck
K = a oc¢
SLLC
oof

with the value of SLo a function of tc'

F(trc) 1s the value of the step—up response function F(tt) at t =t

where t.e is obtained from the equality

20 f (¢€TC-1) 4, [6.4b]




g
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F(tc) 1s the value of F(tr) att_ =t.

The first term of 6.18 represents the net outflow of methanol up to time
tc from all the channels for which the lignin-chlorine reaction front has
reached the exit., The second term represents the remaining channels for
which the front has not yet progressed to the exit at time tc. By equat-
ing 6.17 and 6.18, R can be obtained by trial and error, since SLo is
known from the corresponding chlorine BTC and F(tr) from the glucose BTC.
The profile of R for the methanol breakthrough curve at 35°C 1s shown 1in
Figure 6.50. R is constant beyond (Tc - l)Coea/(LOCf) of 0.5 to 2.5. The
fact that R 1is constant during most of the time when chlorine breakthrough
occurs is in agreement with the model which assumes that methanol is only
produced at the reaction front,

The combined effect of changing both the chlorine concentration
and superficial velocity on the methanol breakthrough curve is shown in
Figure 6,51, The more drawn out breakthrough curve at the lower chlorine
concentration and superficial velocity is expected because the chlorine
supply rate 1is reduced by a factor 4., The curves collapse to a single
curve when the results are plotted as [methanol]/Co versus (Tc - l)Cosa/
Locf) in Figure 6.52, This shows that the total amount of methanol pro-
duced is neither a fuaction of chlorine concentration nor superficial vel-
ocity. Thus in contrast to TOC breakthrough curves which are functions of
Co (Figure 6.35), T (Figure 6.37) and u, (Figure 6.30) the methanol break-
through curves are 1independent of operating conditions. This important
result shows that the methanol breakthrough curve can be used as an
indicator of whether or not the liganin reaction front has reached the exit

of the bed in dynamic chlorination.
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Figure 6.50 Profile of R versus (Tc - 1)C°ea/[Lon].
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Figure 6.51 Effect of chlorine concentration and superficial velocity on

the methanol breakthrough curves.
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Figure 6.52 Effect of chlorine concentration and superficial velocity on

generalized methanol breakthrough curves.
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6.5.5 Pulp properties

After the dynamic chlorination experiments, the pulps were anal-
ysed to determine the degree of de~lignification and cellulose degrada=-
tion. The former was characterised by the lignin content and kappa number
before and after caustic extraction {respectively CW and CWE pulp). The
cellulose degradation was measured as CED viscosity after extraction. The
pulp properties will be discussed with reference to the BTC's presented in
the previous sections, Where possible the de-lignification will be dis-
cussed in terms of the fast reaction between chlorine and lignin at the
reaction front and of hydrolysis/oxidation of chlornlignin upstream of the
reaction froont., The degradation of carbohydrates will be related to the
consumption of chlorine by carbohydrates as predicted by the parallel plug
flow model,

6.5.5.1 Effect of charge factor

The pulp properties are measured after the pulp has been contacted
with a certain amount of chlorine water, This means that in contrast to
the BTC's which represent a concentration at the bed exit versus time, the
pulp properties characterise the condition of the pulp at a fixed time.
Therefore before discussing the effect of operating variables like Co’ T
and Er it 1s important to establish the development of pulp properties
with the amount of chloriue water contacted with the pulp or with chlorine
charge factor., The chlorine charge factor, Q, in grams of chlorine per

gram of pulp is defined in equation 6.19,

= 'I‘C:Cos:a/Cf (6.19]




This definition is different from that used iu the analysis of the break-
through curves since Tc instead of (Tc—l) ie nged. Four experiments were
conducted with chlorine charges based on the total pad of 0,034, 0,065,
0.105 and 0.217 g chlorine/g pulp. The pad height, pad consistency, tem~
perature, superficial velocity and chlorine concentration were respective-
ly 6 cm, 10.7%, 35°C, 0.041 cm/s and 1.10 g/1. The dimensionless chlorine
concentrations in Figure 6.53 shows when these experiments were stopped.
Also shown in Figure 6.53 1s the complete chlorine breakthrough curve for
the experiment at a charge factor of 0,217 g chlorine/g pulp. Brown spots
were observed in the downstream half of the pad at the lowest chlorine
charge of 0.034., These brown spots became progressively larger and even-
tually merge to a completely brown pad. This behaviour 1is caused by vari-
able permeability of the pulp pad leading to “"fingering"” flow. In con-
trast the pulp pad exposed to the highest chlorine charge of 0.217 showed
no visible brown spots. These four pulp pads were each split into three
equal sized sections and analysed. The CW (Klason + UV) 1lignin content
for each section of the four tests versus chlorine charge based on the
entire pad is shown in Figure 6,54, At a fixed chlorine charge the lignin
content increases with further downstream position, These differences
becomes progressively smaller at higher chlorine charges because a minimum
chiorine application 1s required before the reaction front reaches the
downstream sections of the pad. For this reason it is more appropriate to
consider the top one third, the top two third sections and also the whole
pad as separate beds and thus obtain the average lignin coutent for each
of these three beds. The CW (Klason + UV) lignin content versus chlorine

charge based on the bed under consideration is shown in Figure 6.55. A
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Figure 6.53
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Final dimensionless chlorine concentration at different

chlorine charges.
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Figure 6.54 CW (Klason + UV) lignin as a function of chlorine charge

based on the whole pad.
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CW (Klason + UV) 1lignin as a function of chlorine charge

based on pulp pad under consideration.
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general trend of decreasing lignin content with increasing chlorine charge
is obtained. However the lignin content s siightly lower at the same
chlorine charge for thicker beds. This is in agreement with the higher
TOC generation for thicker beds because a significant fraction of the
lignin 1is removed (or TOC produced) upstream of the chlorine-lignin reac-
tion front.

A plot of the CWE (Klason + UV) 1lignin content in the different
bed sections as a function of chlorine charge based on the total pulp pad
is shown in Figure 6.56. The lignin content decreases rapidly with chlor-
ine charge. The diiferences between the sections become progressively
smaller at higher chlorine application and are negliglble at a charge
factor of 0.096, The residual 1lignin content at this point has reached
the so-called "floor level” and represents the amount of 1lignin that
cannot be removed further during chlorination and extraction. The CWE
(Klason + UV) lignin versus chlorine charge applied to the corresponding
combined sections 1in Figure 6.57 also decreases rapldly up to a chlorine
charge of 0.1 after which the "floor level” of about 0.6-0,7% lignin con-
tent is reached. Contrary to the (Klason + UV) 1lignin of the correspond-
ing CW pulp 1in Figure 6.55 no differences in lignin contents are observed
for different pad thicknesses. In Figure 6.58 the CWE Kappa number 1s
plotted versus the chlorine charge based on the section under considera-
tion. A slightly lower kappa number or oxidising power 1is obtained for
thicker pads.

The above results show that at thc same chlorine charge the smal-
ler amount of lignin removed during chlorination for thin beds is almost

compensated by a larger 1lignin removal during extraction, It suggests
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CWE (Klason + UV) lignin as a function of chlorine charge

based on the whole pad.
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Figure 6.57 CWE (Klason + UV) Lignin as a function of chlorine charge

based on sections of the pad.
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Figure 6.58 CWE Kappa number as a function of chlorine charge based on

sections of the pad.
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that the rhlorinated lignin formed at the reaction front is alkali soluble
and that further contact between chlorine and chlorolignin between the
reaction front and the inlet 18 not necessary to obtain a low CWE kappa
number. This suggests that the TOC and possibly TOCl generated during
dynamic chlorination can be reduced by increasing the speed of the reac-
tion front without a large penalty in CWE kappa number.

The previous results also show that the "floor level” lignin con-
tent 1s approached when the chlorine charge reaches about 0.10 for the
present pads. This chlorine application corresponds to almost full chlor-
ine breakthrough., The corresponding optimum chlorine charge in a batch
process would be 0.22*%(original kappa)/100 = 0.065 g chlorine/g pulp
(Liebergott (12)). The reason for the higher chlorine charge 1in dynamic
chlorination 1is that at complete breakthrough a considerable amount of
unreacted chlorine has been removed with the effluent. The net chlorine
application on pulp can be reduced by increasing the Peclet number or by
recycling the effluent,

The CWE viscosities versus chlorine charge based on the total bed
is shown in Figure 6.59. Highest viscosities were obtained in the most
downstream sections of the pulp pad because of the time required for the
reaction front to reach these positions. 1Increasing chlorine application
decreases the viscosity alsoc because of longer contact between the carbo-
hydrates and chlorine, 1In order to obtain the viscosity as a function of
chlorine charge based on the pulp pad under consideration {as was done for
lignin content and kappa number) the average cuene viscosity should be
calculated for the different pulp sectifons. The cuene viscosity is how-

ever not additive on a weight fraction basis. Because the intrinsic vis-
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CWE cuene viscosities as a function of chlorine charge based

on the whole pad.
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cosity [pu] is additive on a weight fraction basis, the cuenu viscositfes
are converted to intrinsic viscosities with the use of a nomogram in Fig-
ure 6.60 reproduced from Gloor and Klug (20). The intrinsic viscosity as
a function of chlorine charge based on the pulp pad under consideration is
shown in Figure 6.61, A general trend of decreasing intrinsic viscosity
with increasing chlorine charge irrespective of the bed section under
consideration is appsrent. Also at any chlorine charge on pulp lower
intrinsic viscosities are obtained for thicker beds.

As a result of the reaction between carbohydrates and chlorine,
the weight average degree of polymerization of the polysaccharide, Dpw,
decreases and thus the concentration of polysaccharide chains, [PS], in-

creases. The relation between Dpw and [PS] 1s
_ [ps]
]./Dpw m— [6.208]

where [G] 1s tie concentration of glucose units (mol/1) and [ps] 1s ex—
pressed in (mol/1). When Dpw i{s large, then the concentration of glyco-

sidic bonds, [Gly] is equal to [G] so that

/D, = T[%%T (6.20b]

The relation between the average concentration of carbohydrates chains tc

geconds after chlorine is introduced in the pad, [PS]t ,and the chlorine
c

consumption rate by carbohydrates, (- d[Clzlldt)c, is
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Figure 6,60 Nomogram relating cuene to intrinsic viscosities, from Gloor

and Klug (20).
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Figure 6.61 Intrinsic CWE viscosities as a function of chlorine charge

based on the pulp pad under consideration.
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t X
el °F d[Cle
1 1 2
fps], =1(vs] +=[ |J - dx dt
tc o H o |lo MClz dt L c

[6.21]

£

location of the chlorine-lignin reaction front and x is the distance doun-

where [PS]o is the 1initial concentration of carbohydrate chains, x_ is the

stream from the bed entrance. This equation is only valid when t < tbwith

tb defined 1in equation 6.4a. For t > t‘b’ Xe has to be replaced by H,
Equation 6.21 {s based on the assumption that one chlorine molecule is
consumed per cleavage of each glycosidic bond in a hydrocarbon chain,

For Dpw >> 1, the glycosidic bond concentration is

[Gly] = cfch/uw [6.22]

vhere Ch is the fraction of carbohydrates in pulp (g/g) and M" is the
molecular weight of an anhydroglycosidic unit C6H1005 or Mw = 162,

Combining equations 6,20, 6,21 and 6.22 gives

=
™

=

t x
R " oA I I ( d[C12]) sde
erth D)pwjo EaMCI Ch ACf o o ¢ ¢
[6.23]
The term between brackets on the right hand side of equation 6.23 is the

weight of carbohydrates consumed per weight of pulp (g/g). With the in-

trinsic viscosity proportional to DPw equation 6.23 can be written as

K.M g012

luy I e My Gy g pulp

corrumed by carbohydrates

(ul

[6.24])
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is a proportionality constant.

where K

1l
It can be shown (Appendix 6-6) that with the parallel plug flow

model the weight of chlorine consumed by carbohydrates per weight of pulp

is
e Ck t2 (1 - F(t )) eCk L
a cC C rc + a oc [ (t - t ) dF
SL L C; _ Ce 5 c b
2(—-——--5 = + 1) C,t_
a o
[6.25]
eacokc F(trc) ,
* SL_L C, — ] daF
2 —— + 1jc.t_
ao

where F(trc) is the value of F at trc obtained from equation 6.4b and ty
18 defined by equation 6.4a for each channel, Equation 6.25 can be re—-

written with the chlorine charge Q = eaCOtc/(Cftr) as

F(e_ )
Qk t (1 - F(e_ ) - re t
ccC rc ) + chtr f (1 - .t_l.).>dp

SLO'L Cf
7_(____0__+1 o
e C
a o

[6.26]

eacokc re
/ t2 dF

SL+L C, A b
2( EBCO ' 1)Cftr

+

For large values of tc, F(trc) = 1,0 so that equation 6,24 reduces to
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1 1 K1Mw eacokc :
Ll " T = oo (%ete -5,/ & 9F
tc 0 a Cl2 h £ 0
(6.27]
2(SLOL Cf N 1) T ° b
eaco fr

where the last two terms are constant, i.e. are not a function of tc.
When kctr << 1 and P>> 1 then it follows from equation 6.4a that

_ SL L C, _

t, "|——————+1] t (6.28]

b e C r
ao

Similarly for these conditions one can approximate the two integrals

1 1
J t,dF  and / t%dF
(o] o

by, respectively, Eb and (Eb)z. With these approximations for the inte-

grals and the use of equation 6,28 one can simplify equation 6,27 to

1 1 Klmwkc 1 Eaco -
- = Q-f% SL.L +——11It (6.29a]
[u]tc [po] ea”Clzch 2 o o Cf r

or after replacement of Q by eacotc/(cfir), and use of 6.28 and some re—

arrangement,
KMk C
1 1 lweco ( -
- = t. - 4t) [6.29b]
Fu]tc [uol MClzchcf c b
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Equation 6.29b is of interest because it provides a direct description of
che 1influence of experimental variables on the pulp viscosity. Equation
6.29a gives a description of the viscosity in terms of more fundamental
operational variables. For small values of tc’ F(trc) = ) so that equa-

tions 6.24 and 6,28 reduce to

1 N S Q kctc: . Kl"w [6.30]
th hTo] SLoLon EaMCl Ch
c 2 = + 1 2
a’o

Based on this analysis, the inverse of the intrinsic viscositles
versusg chlorine charge Q, with Q based on the bed section under considera-
tion, were plotted 1in Figure 6.62., 1t was previously shown in Fig. 6,53
that complete chlorine breakthrough (or F( trc) = 1.0) 1s obtained when Q =
0.1, Thus for @ » 0.1 one would expect equation 6,29 to hold, which means

- Y +
that (1/[u ]tc 1/[uo]) should be proportional to chtr since (SL0 L,

eaCo/Cf)) in equation 6.29a 1s constant. Indeed, approximate straight
line relationships are obtained for the two smaller bed sections in Filgure
6.62 for Q > 0,1. Insufficient data 1s available for the whole bed to
claim a linear relationship. Further confirmation of the validity of
equation 6.29 is obtained when the slopes of the straight lines for Q >
0.1 are compared, The relative slopes of the straight lines for the three
bed sections of increasing thickness are 1.0, 2.1, and 3.5, respectively,
i.e. approximately proportional to the ratios of -Er for the three beds
under consideration. The explanation for the fact that the relative
slopes are not exactly 1:2:3 {s that the three sections were not exactly

equal 1in weight because the pad division was done by eye. Experimental
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Figure 6.62 Reciprocal intrinsic CWE viscosities versus chlorine charge

based on pulp pad under consideration.
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errors, of course, also play a role. Another significant observation

which can be made from Figure 6.62 1is that (1/[u]t - 1/[uo]) 1s lower for
c

thinner beds, even at small values of Q. The reason is that at small
values of Q (or tc) equation 6.30 i{s valid, and tor thinner beds the same
value of N 1s obtained at smaller values of tc. Thus the results in Fig-
ure 6.62 show that the comnination of parallel plug flow and chlorine-
carbohydrates kinetics can be used to describe the progress of pulp de-
gradation during dynamic chlorination,.

6.5.5.2 Effect of chlorine concentration

It was shown previously that increasing chlorine concentration
resulted in lower cumulative TOC removal at the same chlorine application.
This was attributed to the shorter contact times between chlorine and
lignin upstream of the reaction front. Plotted 1in Figure 6.63 is the
CW (Klason + UV) lignin content of various sections of the pulp pad versus
chlorine application for the pulp pad (fraccion) under consideration.
A lower lignin content 1is obtained at a chlorine concentration of 1,10 g/1
compared to 2.20 and 0.55 g/1 at the same chiorine application. The lower
lignin content at Co = 1,10 g/1 comdared to C = 2,20 g/1 1s in agreement
with the TOC results shown in Figure 6.35 and Table 6.6, and consistent
with the view that more lignin 1s solubilized upstream of the reaction
front due to the longer contact times at lower chlorine concentrations.
However the lignin content at Co = 0,55 g/1 18 much higher than that at
1.10 g/1, even though the cumulative TOC removal is almost the same (Table
6.6 ani Figure 6,35), This suggests that TOC removal alone is not a good

meagsure of the final lignin content of CW pulp,
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Figure 6.63 FEffect of chlorine concentration on CW (Klason + UvV) lignin
as a function of chlorine charge based on pulp pad wunder

consideration.
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Although the CW (Klason + UV) 1lignin content versus Q plots are
quite different for different chlorine feed concentrations, the CWE
(Klason + UV) 1lignin versus Q are similar. The very small dependence of
the lignin content of CWE pulp on Q confirms that chlorination can be
stopped when all reaction fronts have reached the bottom of the pulp pad.
These results also demonstrate that CW lignin content is not a good indi-
cator of the extent of delignification which can be achieved after extrac-
tion,

The CWE cuene viscosities corresponding to the data points shown
ir. Figure 6,63 are converted into reciprocal intrinsic viscosities and
plotted versus chlorime charge based on the bed under consideration in
Figure 6.64, Lower intrineic viscosities are obtained at lower chlorine
concentrations at the same chlorine charge on pulp. This behavior 1is not
obvious since tc decreases Inversely with Co at constant Q, while the rate
of chlorine-carbohydrates reaction increases proportionally with Co' An~
other problem is that Er is a hidden parameter in Figure 6.64, with QEr
being constant for each Co.

6.5.5.3 Effect of temperature

The effect of three levels of temperature on CW (Klason + UV)
lignin contents at the same chlorine charge of 0.105 g chlorine/g pulp is
shown in Figure 6,65, Lower CW lignin ccatents are obtained at higher
temperatures and at the top sections of each pulp pad. The lower lignin
content at higher temperatures is consistent with larger TOC removal due
to increased reaction rates upstream of the reaction front at higher tem-
peratures shown in Figure 6,37. Lower CW lignin contents in the top sec-

tions of each pulp pad are due to longer contact .imes between the pulp
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Figure 6.64 Effect of chlorine concentration on reciprocal intrinsic CWE
viscosities versus chlorine charge based on pulp pad under

consideration,
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Figure 6.65 Effect of temperature on CW (Klason + UV) lignin.
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and chlorine-water upstream of the reactlion front,

The CWE Kappa number versus temperature plots shown in Figure 6.66
also displays similar trends to CW lignin shown in Figure 6.65. The lower
kappa number at higher temperatures is possibly due to an increase in the
extent of oxidation reactions.

The effect of temperature on viscosity 1is shown in Figure 6.67 and
disnlays the reciprocal intrinsic viscosities versus chlorine charge on
the bed section under coasideration. Lover iIntrinsic viscosities are
obtained at higher temperatures at the same chlorine charge on pulp. This
follows from equation 6,29 which shows a linear relationship between

(1/[u]t - 1/]u]°) and the temperature dependent chlorine-carbohydrates
c

reaction rate constant, kc.

6.5.5.4 Effect of consistency

The effect of three levels of pulp pad consistency on CW (Klason +
UV) lignin as a function of chlorine charge , Q, based on the portion of
the pulp pad under consideration 1s shown in Figure 6.68, Lower lignin
contents are generally obtained at higher consistencles at the same chlor-
Ine charge on pulp. This can s explained by the longer reaction times
needed at higher pulp pad consistencies to obtain the game chlorine charge
on pulp. The similar CWE (Klason + UV) lignin contents of these pulpr
shown in Figure 6.69 agrees with the conclusion elicited earlier that the
CW 1lignin content is not a good measure of the CWE lignin content. Some
of the lignin which is not removed during chlorination 18 removed during

extraction irrespective of the consistency during chlorination,
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Effect of temperature on CWE kappa number,
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Figure 6.67 Effect of temperature on reciprocal intrinsic viscosities

versus chlorine charge based on pulp pad under conslidera-

tion.
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Figure 6.68 Effect of consistency on CW (Klason + UV) lignin as a fune-

tion of chlorine charge based on pulp pad under consideration.




3.50

2.30

CW (Klason + UV) lignin

2.0%

3.00

o] Cp = 8%, C = 83 ¢/l
I e C, = 10.7% Cr = 111 g/I
o Cp = 12.8; G = 133g/1
H = 6.0 cm
Co = 1.10 g/I
T=3T7T .
® U = 0.082 cm/s
O O O
= . -
L J
O
o
o a N
.00 0.20 0.40 0.60 0.80

Chlorine charge, Q, (g Clo/g pulp)

s 4\
4



261

Figure 6.69 Effect of consistency on CWE (Klason + UV) lignin as a func~

tion of chlorine charge based on pulp pad under considera-

tion.
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Plots of reciprocal intrinsic viscosities versus chlorine charge
based on the pulp pad under consideration at three consistencies are shown
in Figure 6.70, Lower 1intrinsic viscosities are obtained at higher con-
sistencies. This can be explained by a proportional increase in kc with
Cg¢, and the longer contact time at the same Q when Cg 1s increased.

6.5.5.5 Effect of recycle

The pulp properties of the pulp pads chlorinated with and without
spent liquor were very similar. This finding 1s of importance since the
system has the potential to be closed with the consequence of less pollu-
tion problems, Further studies are necessary in order to elicit any pos—
sible effects on de-lignification rates due to build up of organics and
inorganics in the effluent after many recycles,

6.5.5,6 Effect of viscosity protection agents

Chlorination {inevitably results in reduction of pulp viscosity.
It was shown above that higher mean resldence times and temperatures and
lower 1nlet chlorine water concentrations result in increased chlorine
consumption by carbohydrates at similar chlorine charges, Q. This iIn-
creased chlorine consumption leads to decreased cuene and intrinsic vis-
cosities. Decreasing the chlorine consumption by carbohydrates should
then lead to higher viscositfes at the same chlorine charge on pulp.

Addition of viscosity protection agents like chlorine dioxide are
commonly used in bleach plants to serve this purpose. A 10% substitution
of chlorine dioxide was then studied In the present experimental system at
temperatures of 35 and 50°C under otherwise similar experimental condi-
tions. The pulp pad was divided into three parts in each case and

analysed for cuene viscosities, Plots of these cuene viscosities versus
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Figure 6.70 Effect of consistency on reciprocal intrinsic viscosities
versus chlorine charge based on pulp pad under considera-

tion,




)

Reciprocal intrin. vis.,

©
o

o
O
a1

o
Qo
oo

Chlorine charge, Q, (g Cl>/g pulp)

o G = 8% Cr = 83 g/l
- e C, = 10.74: C¢ = 111 g/l 7]
o G = 128 G = 1339/l
i H = 6.0 cm N
Co = 1.10 g/
o T=35T
i o o U, = 0.082 cm/s 2
: . -
®
I ° ]
0
] o O ]
.00 0.20 0.40 0.60 0.80




=

R

264

pad position for these two experiments along with two similar experiments
conducted in the absence of chlorine dioxide are shown in Figure 6,71,
Dramatic increases in pulp viscosities are obtained at either tempera-
tures. Sulfamic acid, another viscoslity protector, at five weight percent
based on chlorine charge was also stuiied. 1Increased viscosities, based
on a similar experiment but without sulfamic acid additfion, are also ob-
tained as shown in Figure 6.72,
6.6 Conclusions

The effect of several operating variables on the C12, TOC, TIC and
methanol breakthrough curves and on pulp properties were presented separ-
ately 1in the preceding sections. The chlorine breakthrough curves were
shown to be elongated versilons of the corresponding inert glucose tracer
curves. Similar to the Inert glucose tracer discussed in Chapter 4, the
flow behavior of chlorine water through a pulp pad is better represented
by channelling flow rather than axial dispersed plug flow, The chlorine
break through curves were all explained in terms of the parallel plug flow
model with the assumption that an instantaneous delignification reaction
occurs at the reaction front of each channel. Delignificatlion is alsgo
essentially complete when the C12 breakthrough curves begin to plateau.
The effect of operating variables on the chlorine-lignin stofichiometry,
SLo’ were shown to be only dependent on temperature and average mean resi-
dence time Er' These SLo values are generally smaller than those reported
for batch chlorination. This is expected since reacted lignin is continu-
ously washed out 1in dynamic chlorination and hence do not consume more

chlorine. The majority of chlorine consumed in dynamic chlorination fis
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Figure 6.71 Effect of viscosity protection agent, C102, on cuene viscosi-

ties.
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Effect of viscosity protection agent, sulfamic acid, on cuene

viscosities,
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consumed upstream of the front by slower delignification reactions,

TOC production during dynamic chlorination 1is due both to the
instantaneous reaction at the reaction front and to oxidation/hydrolysis
reactions before the reaction front. It was shown that TOC production
after the onset of the plateau region of the TOC breakthrough curve orig-
inates mainly from lignin. The chlorine consumption {s, however, due
mainly to carbohydrates. A catalytic hydrolysis theory was finvoked to
explain these findings. ©Less TOC is also removed at higher chlorine con-
centrations at the same chlorine application on pulp. This was attributed
to the shorter chlorination times available for lignin removal by hydroly-
sis at high chlorine concentrations. Physical limitations, 1i.e. diffu-
sion, were considered unimportant since the plateau region of the TOC
breakthrough curves were 1independent of chlorine water flow rates. The
lower cumulative TOC removal during chlorination at higher chlorine water
concentrations was supported by higher CW Klason lignin content. However
similar CWE Klason lignin content, irrespective of chlorine water concen-
trations, 1indicate that CW Klason lignin is not a good indicator of the
possible extent of delignification,

The methanol contribution to the total TOC is small. The produc-
tion of methanol was explained in terms of the parallel plug flow model
with all methanol production occurring at the reaction froant from the
instantaneous delignification reaction. The end of methanol production
was shown to be linked to the end of delignification. This could have
important consequences for process control,

The lignin content of the chlorinated pad was shown to be related

to the Cl1 TNC and methanol breakthrough curves. The CWE lignin contents

2,
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are at the so-called "floor level” when the C12 and TOC breakthrough
curves begin to plateau, and when methanol production has been reduced to
zero. Re-cycling of re—concentrated spent liquor has no effect on delig-
nlfication rates. CHE pulp viscosities were explained ir terms of the
parallel plug flow model. Linear relationships between reciprocal intrin-
slc viscosities and chlorine charge on pulp were observed. Addition of
viscosity protection agents like chlorine dioxide and sulfamic acid re-

| sulted in increased pulp viscosities,
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CHAPTER 7

MODELLING OF DYNAMIC PULP CHLORINATION
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7.1 Introduction

The shape of the breakthrough curves obtained during dynamic pulp
chlorination are governed by the flow residence time distribution, kinet-
ics of the different chlorine-pulp reactions and mass transfer resistances
external to and within the pulp fibers. In order to predict the experi-
mental breakthrough curves with a realistic model, these processes have to
be quantified in the mathematical description of the model,

Several models (1) are currently available to represent fixed bed
reactors. These models are either Fickian or non-Fickian, Fickian models
assume a finite diffusion mechanism and the axfal dispersion model belongs
to this category. Non~Fickian models include the mixing cell (2) and
cross-flow (3) models, These models are generally more complex and re-
quire specificatlion of several parameters. Most studies of flow through
packed beds are restricted to steady state conditions and for regularly
shaped packings. It was discussed in Chapter 2 that the axfal dispersion
model gives a good description of conversion in tubular reactors when
radial transport rates are at least twice the reaction rates. Poor pre~
diction of tubular reactor performance were reported (4) at high reaction
rates with the axial dispersion model. Considering that the chlorine-
lignin reactions are extremely rapid, ome should be cautious when applying
the axial dispersion model to represent dynamic chlorination.

Mndelling of a fiber bad reactor 1s complicated because pulp
fibers are an unusual packing material, They have a small diameter of
about 30 micrcus, a large length/diameter aspect ratlo of 100 and are

porous, hollow, flexible and compressible, Several fixed bed pulp washing
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models based on the axial dispersion model were reported over the last few
years (Chapter 2). The must recent study, Poirier's (5), successfully
applied the axial dispersion model to represent the sodium and 1lignin
“reakthrough curves at high initial concentration of these two solutes. A
gsource term to account for sorption was necessary at low initial solute
concentratious,

In the present study the breakthrough curves were predicte using
twe flow models and appropriate kinetic description of the chlorine-lignin
and chlorine-carbohydrates reaction. The two models are the axial dis-
persed plug flow model and the parallel plug flow model, In the latter it
1s assumed that the flow is made up of a large number of parallel plug
flow channels with no exchange of mass between the channels. The resi-
dence time distribution obtained from the glucose tracer experiment (Chap-
ter 4) 1s used for the specification of both flow models,

The mathematical representation and results of the axial disper—
sion model will be presented first followed by a similar treatment of the
parallel plug f[low model, The suitability of these models to predict
breakthrough curves in dynamic chlorination will be discussed.

7.2 Axial dispersed plug flow model

7.2.1 Mathematical discription

The unsteady state convection—diffusion equation shown below

a(c) a(c) 32(C) 3(c)
ey e (g T ) S T DLE R T WSy e [7.1]

with
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U SuUE. =uE [7.2]

where C is the chlorine water concentration, g/1; € 18 the accessible

porosity, 1 voids/l bed; ¢, 1s the interstitial porosity, 1 external

i

v~1ds/1 beds; D. 1is the axial dispersion coefficient, cm? /s; u, is the

L

l1iquid velocity based on open area of the reactor, cm/s; u, is the liquid

1
velocity based on fluid external to fibers, cm/s; u i3 the 1liquid veloci-
ty based on accessible volume, cm/s; and x is the bed depth, cm, forms
the basis of the axial dispersed plug flow model. 1Implicit in equation
7.1 are the assumptions of local equilibrum inside and outside the fibers
and the absence of velocity or concentration gradients in the radial di-
rection of the bed. The local equilibrum assumption i{s supported by cal-
culations by Mackinnon (6) who showed that mass transfer resistances ex—
ternal to and inside the fiber wall can be neglected. Also the tracer
experiments, Chapter 4, clearly showed that the local equilibrum assump-
tion is valid for relatively small molecules 1like glucose. With the addi-

tion of a source term which accounts for the chlorine-lignin and chlorine-

carbohydrates reactions equation 7.1 becomes

[7.3]
~ €, ((cf (SLO’I-(-rl)) + (SL°’2°(—r2))) + kcc)

where SLo 1 is the chlorine-lignin stoichiometry of "fast" reactions,
y

g 012/g original lignin; SLo 9 is the chlorine—1lignin stoichionmetry of
’
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"slow" reaction, g Clzlg original lignin; (-rl) is the "fast™ chlorine-
l11gnin reaction rate, g lignin/g pulpes; (—rz) is the "slow" chlorine-
lignin reaction rate, g lignin/g pulpes; and kc 1s the chlorine-carbohy-
g—1

drates reaction rate con<tant, In equation 7.3 1t is assumed that

chlorine is consumed by the "fast" reacting lignin, Ll’ and "slow" re-
acting lignin, LZ’ with the remaining lignin, L3, being unreactive. These
kinetics were first proposed by Ackert (7) and later adopted by Mackinnon
(6) as the simplest model to describe the characteristic rapid initial and
slow final chlorine consumption rate. The general kinetic equations des-

cribing the rate of disappearance of "fast™ and "slow" lignin are shown in

equations 7.4 and 7.5 respectively.

dL

5= = -, = kI 1%00f (7.4]
dL

= = 1y = k,lL, 180" [7.5]

where kl is the rate constant of "fast" lignin reaction

l [ g pulp e-1 liters £
8 {g lignin g Cl2 ’

and k2 is the rate constant of "slow" lignin reaction

1/ _g pulp \871 liters n
s \g lignin) g Cl2

Ackert (7) assumed the reaction orders e, f, g, h to be unity. Mackinnon
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(6) obtained as exponents e = 1,51, f = 1,61, g = 1,84 and h = 0,55 from
his data base by parameter estimation techniques. Ackert (7) also propos-
ed that the stoichiometry of the fast and slow reaction, SLo 1 and SLo "

» | Bl
are both equal to 1.37 (g chlorine/g lignin removed) while Mackinnon em-
ployed values of 1.5 and 1,8, respectively. The total amount of lignin,
L, at any time is defined as

L= L, +L,+0L (7.6]
while the initial lignin content is represented by Lo' The reaction con~
stant suggested by Ackert and Mackinnon are also different i.e. k1 and k,
suggested by Ackert 1s 0.278 exp(- 250/T), &/g Clz-s and 0,0056 exp(~
250/T), /g C12-s while the corresponding values suggested by Mackinnon
are 16,1 and 5.89*%10!0 exp(- 7670/T), 1/s(g pulp/g lignin)g—l (liters/g
h

L)

Equations 7.3 to 7.5 were non-dimensionalised by introducing the

following dimensionless variables

uiﬂ
P = b__ [707]
L
t:l.la
T = T [708]
X = x/H [7.9]
*
L = Ll/Lo [7.10)




*
L, = L2/Lo [7.11}

The resulting dimensionless equations are then:

a(c/co) 1 az(c/co) _ a(c/co) ) CeL, '
3T P~ oXe ax C
(o]
[7.12]
(C/Co)kc
(SLO’1°(-R1)) + (SLO’Z-(-RZ)) - H --12:--
R, =t = —22 ° __.° [7.13]
1 dT u, 1 .
- ¥ h,(g-1)
R, = ! = k2% bo (C/C°)hH L*g [7.14]
2 daT ua 2 .
- R = ('Rl) + (-RZ) [7.15]

Equation 7.12 was solved with the following initial condition
C/Co =0 for all X at T< O [7.16]

and the Danckwerts (8) boundary conditions.

1 3(c/c°)
C/Co-l+f; 5% at X =0 for T> 0 [7.17]
and
a(c/co)
— = Jat X =1 Ffor T>0 [7.18]

9X
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The initial condition used to solve equations 7.13 and 7.14 depend on
whether Ackerts' or Mackinnons' kinetics are employed. The following

initial conditions were used with Ackerts' kinetics:

*

L, =0.50 at T< 0 [7.19]

*

L, =0.30 at T< 0 [7.20)
and thus

*

Ly = 0.20 [7.21]

The initial conditions used by Mackinnon are

*
L1 =0,65 at T< 0 [7.22]
*
L2 =0,25 at T 0 [7.23]

7.2.2 Numerical solution

The numerical solution used to solve equations 7.12 to 7.15 was
based on the control volume formulation of Patankar (9). The pulp pad was
divided into control volumes of equal sizes except for the two end control
volumes which are half the size of the internmal control volume. A schema~
tic representation is shown in Figure 7.1. The differential equations
7.12 to 7.14 vere integrated over each control volume from time T to T +

dT. For example integration of equation 7.12 over a single internal con-
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Figure 7.1 Representation of pulp pad by nodes and control volumes.




L]

__END CONTROL
VOLUME

~. INTERNAL
CONTROL VOLUME




279

trol volume gives

n T+dT 3(C/C ) T+T 0 82(C/Co)
[ | —g—dax= | [F—x% dxdT
s T T 8
[7.24)
T+dT n 3(C/C ) T+dT n
-/ [ —57—ddr- | [ s dxdT
T 8 T 8

with the source term S representing consumption of chlorine by lignin and

carbohydrates. The chlorine-1l1ignin reaction kinetics proposed by Mackinn~

on was linearized following the method proposed by Patankar (9).

*
s ="+ R%S?QT « [tere )™ = (erc )] [7.25]

The superscript * denotes previous iteration values 2. time T, Similar
linearizations were done for equations 7.13 and 7,14, The source term was

rearranged as follows:

S=8 + 8§ [7.26]
c P

where Sc is the constant part of the source term and Sp is the coefficlent

of the dependent variable C/Co.

Before discretization equations like equation 7.24 can be inte-

grated the variation of C/Co between grid points must be specified. A

i
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stepwise concentration profile shown in Figure 7.2 is obtained when C/Co
i1s assumed to be constant over each control volume., The drawback of this
assumption is that the slope d[(C/Co)/dX] 1s not defined at the control
volume faces, The plecewise linear profile shown in Figure 7.3 assumes a
linear variation in the dependent variable between grid points and elimin-
ates this difficulty of the stepwise profile,

The stepwise profile was used for the unsteady term and a pilece-
wise linear profile for the diffusion term of equation 7,12 since the
latter term requires knowledge of the gradient of C/Co at the boundaries.
Several iInterpolation schemes i.e. central difference, upwind, hybdbrid,
exponential and power law, were discussed by Patinkar (9) for the convec-
tion term. The hybrid scheme which reduces to the central difference
scheme, 1.e, plecewise linear profile, at low grid Peclet numbers was
chosen for the present solution. Stepwise profiles were used for both the
unsteady and the source terms of equations 7.13 and 7.14,

The variation of C/Co with time 1s also needed since the concen-
tration at each node 1s evaluated at different time steps. The fully
implicit scheme, 1.e. the new concentration value prevails over the entire
time step, was recommended by Patankar and employed here.

The method of solution employed in solving the discretized equa-
tions depends on the linearity of the source term. Linearisation of the
source term results In the coefficlents requiring specification of "old"
dependent values i.e, iteration until convergence 1s needed for each equa-
tion. Linear source terms however allow calculation of the dependent
variable explicitly. Thus the numerical code employed when Ackerts'

linear kinetics are used, version 2, is different from version 1 when
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Figure 7.2 Stepwise profile assumption.
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Figure 7.3 Plecewise linear profile.
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Mackinnon's non-linear kinetics are employed. The method of solutfon of
version 1 will bhe discussed since 1t is more general, Such an approach
18, however, not recommended for actual solution of the equations of ver-
sion 2 since a separate numerical code for version 2 can take advantage of
the explicit evaluation of the discretized equations.

The algorithm used to solve version 1 1s shown 1ir Figure 7.4,
Three nested loops, corresponding to the main equation 7,12 and two race
equations 7,13 and 7.14 within a main loop are apparent. Iterations occur
within each nested loop and within the main loop as shown, Convergence
for any time step is obtained when each of the three nested loops is con-
verged. The chlorine and 1lignin concentration values of the bed exit
control volume are printed after a predetermined time. A plot of these
chlorine concentrations versus time 1is the theorctical chlorine break-
through curve. A copy of the FORTRAN programme developed for this purpose
18 shown in Appendix (7-1).

The algorithm used to solve version 2 of the axial dispersion
model 1s shown in Figure 7.5, Because of the linearity of the equations
and hence explicit solution technique only ome loop is required. Conver-
gence for any time step occurs when guessed lignin concentrations agree
with the newly calculated ones,

7.2.3 Model verification

7.2.3.1 Effect of number of nodes and time step size

A sound numerical program requires that the solution i1s indepen-
dent of node spacing and time step size, Several simulations with differ-
ent combinations of number of nodes and time step intervals were conducted

for both versions 1 and 2 of the axial dispersed plug flow model., The



ey

4

284

Figure 7.4 Algorithm for version 1 of axial dispersed plug flow model.
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Algorithm for versiom 2 of axial dispersed plug flow model.
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effect of number of nodes on the predicted chlorine breakthrough curves
for a fixed time step with version 2 is shown in Figure 7.6 for a typlcal
dynamic pulp chlorination experiment. Since the differences are small the
steepest region of the breakthrough curves was enlarged and shown in Fig-
ure 7.,7. The differences between the breakthrough curves are insignifi-
cant wvhen the number of nodes were 40 or greater., Forty grid nodes were
then used for all further calculations.

The effect of time step size on the shape of the chlorine break-
through curves for forty grid nodes is shown in Figure 7.8. Considering
the small differences between the three chlorine breakthrough curves a
value of 0.0l was chosen for the non—dimensional time step. Based on
similar calculations for version 1 seventy nodes and a time step of 0.01
was adopted.

7.2.3.2 Comparison with exact solution

A standard way to test numerical codes is to compare the results
with analytical solutions, A survey of the literature indicated that the
only relevant analytical solutlons are those of the unsteady axial disper—
sion equation derived by Brenner (10). The numerical solutions obtained
with appropriate modifications of versions 1 and 2 of the model were then
compared agalnst this analytical solution,

The numerical solution without source term was obtalined by setting
the reaction terms to zero in both versions of the mudel., The prediction
obtained with version 1 are compared with Brenner's (10) exact solution in
Figure 7.9. The very good agreement indicates that the numerical code
encompassing the main equation 1s reliable., Similar results were obtained

when version 2 was tested, Comparisons with exact solutions of the un-
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Effect of number of nodes on numerical solution of version 2.
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Figure 7.7 Effect of number of nodes on numerical solution of version 2 -

expanded scale.
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Figure 7.8 Effect of time step on numerical solution of version 2,



Dimensionless Cly conc., C/C,

S O -
o o O

0.6
0.5
0.4
0.3
0.2

0.1

0.0

T

-T

Time step, dl
Time step, dT
Time step, dT

|

40 nodes

H =40 cm

Co = 1.10 g/I

T=357T

u, = 0.082 cm/s
= 111 g/I

1 ) i

0.005
0.01
0.05

Dimensionless

time, Tg

15

eﬁv \




290

Figure 7.9 Comparison of numerical solution, without source terms, to

exact analytical solution.
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steady state axial dispersion equation with reaction is not possible be-
cause of the unavailability or complex nature of these solutions,

7.2.3.4 Prediction of experimental breaskthrough curve

The breakthrough curves obtained during dynemic chlorination stud-
ies of fully bleached pulp pads were presented in Chapter 5. These break-
through curves were predicted by setting the chlorine-liganin reaction
termg to zero in both versions of the axial dispersed plug flow model.
The only reaction term left is the first order chlorine-carbohydrate reac-
tion, The Peclet number of the fully bleached pulp pad determined from
the preceeding glucose tracer breakthrough curve was used in the numerical
prediction, The agreement between the data and the numerical prediction
of the breakthrough curve obtained with version 1 is very gond as can be
seen in Figure 7,10, The same results were obtained when version 2 was
used to generate the theoretical breakthrough curves. Thus the axial
dispersion model with first order chlorine—carbohydrates reaction kinetics
i1s adequate to describe dynamic chlorination of a bed of carbohydrate
fibers. These results also serve as another test of the numerical codes
discussed above,

Simulations with both versions of the axial dispersed plug flow
model were done for three typical dynamic pulp chlorination experiments
with different initial chlorine concentrations. The results of these
threa simulatfons are compared to the experimental breakthrough curves and
shown in Figures 7,11 to 7.13. Neither model gives an accurate prediction
of experimental data. Versfon 1 predicts a very steep rise of the exit
chlorine concentration from zero to the plateau at full breakthrough.

Version 2 {s characterised by an earlier breakthrough and an initial fast




e‘s

Figure 7.10

292

Prediction of chlorine breakthrough curve for fully bleached

pulp; version 1 of axial dispersed plug flow model,
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Figure 7.11 Prediction of chlorine breakthrough curve with axial dispersed

plug flow model; c, = 0.55 g/1.
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Figure 7.12 Prediction of chlorine breakthrough curve with axial dispersed

plug flow model; Co = 1,10 g/l.
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Figure 7.13 Prediction of chlorine breakthrough curve with axial dispersed

plug flow model; C° = 2,20 g/l.
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rise of the chlorine concentration. The slope changes abruptly near the
end of the breakthrough curve before the plateau is reached. These trends
are expected since the rate constants of version 1 are much larger than
those of version 2, The greater total consumption of chlorine predicted
by version 1 {s also expected because of the much higher chlorine-~lignin
stoichiometric values employed. Also the change in shape in version 2 is
caused by the much slower chlorine consumptior rate when the "fast” lignin
i1s consumed, The reactivity of the "slow” 1lignin in version 1 1is much
larger and as a result no change in slope 13 observed when all "fast"
lignin is consumed.

The suitability of both versions of the axial dispersion model to
represent the chlorine breakthrough curve was further tested by deliber-
ately altering the source terms, Figure 7.14 reproduces the experimental
chlorine breakthrough curve of Figure 7,11 along with theoreticel predic-
tions of version 1 with lower chlorine-lignin stoichiometry, SLO, and
reaction rate constants, k1 and k2, to better agreement, The unrealf{sti-
cally small values of reaction rate constants needed to obtain a proper
representation of the experimental breakthrough curve underlines the weak-
ness of the axial dispersion model,.

Thus the axial dispersion model along with either Ackerts' (7) or
Mackinnon's (6) chlorine-lignin reaction kinetics 1is inadequate to repre-
sent the dynamic pulp chlorination system. The reason for the inability
of this model to represent the breakthrough curves is that the actual flow
through the pulp pad is segregated flow through many channels (Chapter 4),

This will be discussed subsequently in this chapter,
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Figure 7.14 Prediction of chlorine breakthrough curve with version 1 of
axial dispersed plug flow model; reaction rate constants

artifically changed.
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7.3 Parallel plug flow model

7.3.1 Prediction of chlorine breakthrough curve

7.3.1.1 Introduction

The axial dispersed plug flow modei with experimentally determined
chlorine-lignin and chlorine-carhohydrates kinetics could not describe the
experimental chlorine breakthrough curves. The chlorine breakthrough
curves for lignin-free pulp on the other hand were well modelled by the
axial dispersed plug flow model and chlorine-carbohydrates kineties. It
is known (Levenspiel (1)) that the exit concentration of a homogeneous
reaction 1s completely determined by the RTD for first order kinetics,
while for non-linear reactions one also needs to know the degree of micro-
mixing (Zwietering (12)). Since the chlorine-lignin kinetics are highly
non-linear and the chlorine—carbohydrates reaction rate is first order in
chlorine, the axial dispersed plug flow model results suggest that flow
segregation occurs in the pad. Experimental confirmation of the existence
of segregated flow are the dark (or unchlorinated) spots when an incom-
pletely chlorinated pulp pad 1is sectioned in the flow direction. Further
evidence of segregated flow was presented in Chapter 4 where it was shown
that the Peclet number is independent of bed height and that the differ—
ence between step-up and step—-down tracer tests can be explained by the
mobility ratio of the displaced and displacing fluid. Finally, Lee (12)
also showed experimentally that "fingering” flow dominates the flow
through a bed of pulp fibers. Theoretical support for "fingering" flow
was obtained in Chapter 6 where it was shown that the slope of the chlor-
ine breakthrough curve was proportional to the square root of the Peclet

number Iinstead of the Peclet number. In the new model it will be assumed
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that dynamic pulp chlorination can be approximated by plug flow and an
instantaneous chlorine-lignin reaction in a serfes of parallel chaunels.
A schematic representation of this concept 1s shown in Figure 7.15, A
flat reaction front then propagates through each channel at different
speeds., Downstream of each front 1s unreacted lignin and no chlortine.
Upstream of a front the chlorine concentration increases in the direction
of the bed inlet because of consumption of chlorine by carbohydrates.
Chlorine appears at the exit when any reaction front reaches the exit of
the pulp pad. The chlorine concentration at the exit of the bed 1{s a mass
flow weighted average of the concentration from each channel. A mass

balance over the lignin reaction front in a single channel can then be

written as

u e

C .dt = SL L. C_dx
a a xf o o

gdxe + eaCx dx [7.27]

£ff

where fo is the chlorine concentration at the reaction front and xf is
the distance of the frony. from the inlet of the bed. The value of fo is

determined from the first order chlorine~carbohydrates kinetics as

- kcxf
Ya
C..=C e (7.28]

xf o

Introduction of equation 7.28 into 7.27 and integration over the entire

length of the bed results in
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Figure 7.15 Schmematic representation of the pulp pad according to the

parallel plug flow model.
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kcxf
H CfSLL ua 1
i L0209, . +=— dx.}=t [7.29]
ue C u f b
o aao a

where tb 1s the chlorine breakthrough time for the channel under consider—

ation, After evaluation of the integral and rearrangement the following

relationship 18 obtained for tye

CfSLoLO kctr
tb = tr + E—T(—(T- e -1 [7.30]
aco

where t = H/u .
r a

k t
After Taylor series expansion of e ¢ r, equation 7,30 becomes

CfSLoLo 1 1

'y © tr[l == (1 Tkttt (kctr)Z + -)] {7.31]

If the difference in tr for the various channels is sffall (equivalent to P
>> 1) and/or kctr << 1) the term between brackets in equation 7,30 is ap-
proximately the same for all channels., Similarly if P>> 1 and/or kctr
<< 1 the variation in fo/Co between the various channels when the front
reaches the bed exit is small, Therefore for pure segregated flow and P
>> 1 and/or kctr<< 1 the glucose tracer curve and chlorine breakthrough
curve should be similar in shape. Under these conditicons the chlorine BTC
can be made identical to the non-dimensional glucose tracer curve after

normalisation by the chlorine concentration after complete breakthrough
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b The value of Eb is given by equa-

tion 7.30 with tr equal to the average residence time of the entire bed.

and the average breakthrough time, t

The concept of pure segregated flow and instantaneous chlorine-
lignin reaction was checked for a typlcal experiment with the above des-
cribed normalisation. The agreement between the normalised chlorine BTC
and the non-dimensional tracer curve 18 very good &8 can be seen from
Figure 7.16. Proof that thic applies generally to the present dynamic
chlorination experimeants is shown In Figure 6.28 where it is shown that
the slope of the normalised chlorine BTC, Tc[d(C/Co)/d'I‘c]-CO/Cm at C/C =
0.5 was proportional to PO'5 irrespective of the operating conditions.
The results in TFigure 6.28 show that segregated flow with instantaneous
chlorine~lignin reaction provides a good description of dynamic chlorina-
tion in a puip pad., The mathematical description of this parallel plug

flow model will be presented in the following section.

7.3.1,2 Mathematical description

The chlorine cuncentration at the exit of each channel is

C/Co =0 when t < t, [(7.32]
or
- kct
C/C_=e r when t > t [7.33]
o} b
where tb’ the chlorine breakthrough time for each channel is given by

equation 7.30. The dimensionless chlorine concentration at the exit at

any time t is obtained by summing the contributions from all channels as
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Figure 7.16 Comparison of normalized chlorine BTC and gli_ose tracer

curve.
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1 i
c/c0 -{’ [C/Co] dF(tr) {7.34)

where dF(tr) is the fraction of flow with a residence time of t and e+
dtr and F(tr) 1s the residence time distribution of the total flow. The
exact golution of the unsteady convection-diffusion equation by Brenaner
(10), equation 4.6, was used for F(tr) with the Peclet number obtained by
the moments technique from the glucose tracer test preceeding the chlorin-
ation experiment. In order to solve equations 7.32-34, the single adjust~
able parameter of the parallel plug flow model, SLO, mugst be specified.
The technique for evaluation of SLo was presented in Chapter 6, section
6.5.1.1, It should be noted that the shape of the experimental break-
through curve 13 irrelevant for determination of SLo'
7.3.1.3 Results

Comparison of the experimental and theoretical chlorine break-
through curves for the same three cases presented earlier when model 1 was
evaluated are shown in Figures 7.17 to 7.19, The very good agreement
between the experimental and theoretical breakthrough curves show the
superiority of the parallel plug flow model over the axial dispersed plug
flow model for high and low chlorine concentrations and flowrates., Fur-
ther tests of the suitability of the parallel plug flow model under dif-
ferent experimental conditions are shown in Figures 7.20 to 7.22. Figure
7.20 shows the comparison of the theoretical and experimental BTC at 50°C,
the highest temperature studied., Figure 7,21 shows the comparison at the
highest rate of chlorine application on pulp i.e. uo = 0,164 cm/s and Co =

2.20 g/1. Figure 7.22 shows the comparison at the lowest Peclet number of

2.3 1.e. for the poorly formed pad.
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Figure 7.17 Prediction of chlorine BTC with parallel plug flow model; Co =

0.55 g/1, 'Er = 186 s, T = 35°C, P = 27, SL_ = 0.95.
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Figure 7.18 Prediction of chlorine BTC with parallel plug flow model; Co =

1.10 g/1, Er =46 s, T = 35°C, P = 27, SL_=0.92.
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Figure 7.19 rrediction of chlorine BTC with parallel plug flow model; C0 =

2.20 g/1, 'c'r =685, T=35°C, P=38,SL =0.99.
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Figure 7.20 Prediction of chlorine BTC with parallel plug flow model; Co =

1.10 g/1, 'Er =68 s, T = 50°C, P = 30, SL_ = 1.27.
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Figure 7.21 Prediction of chlorine BTC with parallel plug flow model; Co =

2.20 g/1, t_ = 34 s, T=35°, P = 32, SL_ = 0.80.
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Figure 7.22 Prediction of chlorine BTC with parallel plug flow model; Co

1.10 g/1, Er = 68 s, T = 35°C, P =2,31 S, = 1.02.
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The plateau values of the chlorine breakthrough curves are well
predicted in all cases. The beginning of breakthrough is well or slightly
over predicted and in some cases the steepness of the rising portion of
the predicted breakthrough curve 1is slightly larger than measured. The
instantaneous reaction assumption does not allow for diffusion and this
could explain the steeper predicted slopes and later breakthrough. How-
ever, the generally good representation of these experimental chlorine
BTC's further underlines the suitability of the parallel plug flow model
for dynamic chlorination of kraft pulp.

7.3.2 Prediction of methanol BTC

7.3.2.1 Mathematical formulation

The general procedure employed for the prediction of the methanol
breakthrough curved with the parallel plug flow model is the same as just
described for the chlorine breakthrough curves, The main difference
arises from the fact that chlorine is a reactant whereas methanol is a
product of the chlorine-lignin reaction. Similar to the 1nstantaneous
chlorine consumption by lignin it is assumed that methanol is instantane-
ously produced at the lignin front.

The methanol concentration ’Ca c? at the exit of a channel is

C =0 when t <t and t >t [7.35]

c r c b
This means that no methanol appears at the exit of a channel before one
channel volume has been displaced by the chlorine water feed or after the
reaction front has reached the exit of the channel. During the time when

tr < tc <ty methanol is present in the effluent at the exit of a chaanel,

o



312 |

i
The concentration (2a e can be derived as follows. When the lignin reac-
]

tion front has reached a position x, it can be derived that the time need-

£
ed to reach this position, tcf’ is
kcxf
SLoLon ua Xe
ter Tt ok, \® Y *w [7.36]
aoc¢ a

The product generated at the f-ont Xes at time tcf’ reaches the exit of a
channel (tr-xf/ua) seconds later or at time tc with tc given in equation

7.37.

kcxf
xf SLoLon u&l
t =t ,+ t - —= e -1} +t [7.37]
c cf r u e Ck r
a aoc
This equation can be rearranged as
xf 1 E:acokc:
r"‘rﬂ,n m’ (tc‘tr) + 1 [7.38]
a J oo f

The concentration of methanol produced at the reaction front is

[ kcxf
R Ya [7.39]
C B o e @
a,c SLo o

where R is the methanol-lignin stoichiometric ratio (g methanol/g lignin),

L4
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After introduction of equaticn 7.38 in 7.39 one obtains for the methanol

concentration at the exit of the channel at time tc when tr < tc < tb

c == 1 (7.40]

The methanol concentration, Ca’ at the exit of the bed at any time tc is

obtained by addition of the contributions from all channels as

C 1

.C_a.f 4, dF(t ) [7.41]
o

In order to solve eqiations 7.35, 7.40 and 7.4]1 together with equation 4.6
and the Peclet number from the glucose tracer curve the overall stoichio-
metric ratio, R, has to be known. Analogous to the evaluation of SLo’ R
13 obtained by equating the theoretical and experimental amounts of meth-
anol produced when complete breskthrough is obtained, as shown 1in section
6.5.4 of Chapter 6, This value of R will automatically satisfy the over-
all methanol balance when using the parallel plug flow model given by
equation 7,41, Again implicit in the derivation is that R is not a func-
tion of contact time or residence time distribution.

7.3.2.2 Results

The theoretical prediction of this model is compared against the
experimental breakthrough curves in Figure 7,23 to 7.26 under varying
experimental conditions. The methanol breakthrough curves are very well
predicted, These results further support the validity of the parallel

plug flow model and establish that methanol formation is directly related
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Figure 7.23 Prediction of methanol BTC with parallel plug flow model; Co =

1.10 g/1, t_ =136 s, T = 35°C, P = 49 SL_ = 1.20.
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Figure 7.24 Prediction of methanol BTC with parallel plug flow model; Co -

0.55 g/1, Er =297 s, T = 35°, P =61 SL_=1.2l.




G2

°L ‘swn sssjuolsuawi(

02 Gi

Ol

“un

/WO 0200 = °n

I/6 11y = 43
3,8¢ =1
1’6 550 = °
wo 0'g = H

12’} = 15 :600 = ¥ 19 =
japow moyy bnid -uey
uswisadxy e

. 1 1 9 N

000

SO0

=
o
°3/8) "0UOD "Yjew SSa8juoISUaWI(]

S10




316

Figure 7.25 Prediction of methanol BTC with parallel plug flow model; Co -

1.10 g/1, ?;r = 136 5, T = 19°C, P = 38 SL_= 1.0L,
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Figure 7.26 Prediction of methanol BTC with parallel plug flow model; C° -

1.10 g/1, Er =136 s, T = 50°C, P = 34 SL_ = 1.27.
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to the reaction between chlorine and lignin,

7.4 General Discussion

The 1xial dispersion model with either Ackert's (7) or Mackinnon's
(6) kinetics could not accurately predict the experimental chlorine break-
through curves. Unrealistic changes in the reaction rate constants were
needed in both versions of the axlal dispersion model in order to obtain
the correct slope for the predicted breakthrough curves. However good
predictions of the chlorine~carbohydrates breakthrough curves were obtain~
ed. The main difference betwean these two cases is that the lignin-chlor—
ine kinetics are highly non-lincar while the chlorine-carbohydrates kinet-
ics are linear. Since for 1linear kinetics the breakthrough curves are
only dependent on the residence time distribution and not on the actual
flow pattern, these results indicate that the "micromixing” (Zwietering
(11)) in the bed is not well represented by axial dispersionr.

The only comparable study in which the axial dispersed plug flow
model was used for pulp fiber beds is the pulp washing study of Poirier
(5). For low sclute concentratifons, Poirier (5) added a source term to
the axial dispersed plug flow model to represent the non-linear Langmuir
type desorpticn of sodium ions from the fibers. Good agreement was ob—
tained between the experimental and predicted breakthrough curves by ad-
justing the Peclet number. No separate measurement of the residence time
distributions were made. However for the same conditions, Poirier calcu-
lated a Peclet number not significantly different from experiments where
sodium sorpticn could be neglected. The latter Peclet number can be con-
sidered to represent the residence time distribution. Since the isotherm

{s non-linear, Poirler's results are not In agreement with the present
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segregated flow model, which predicts that the data would be better model-
ed with a lower Peclet number for the desorption case and the axial dis-
persed plug flow model,

The parallel plug flow model, on the other hand, gave very good
predictions of the breakthrough curves for both the reactant chlorine and
the product methanol of the lignin-chlorine reaction. A single parameter
specifying the reaction stoichiometry was used for each of the two types
of breakthrough curves, This parameter was 1independently obtained from
the experimentally determine.) chlorine and methanol breakthrough curves as
demonstrated in sections 6.5.1.1 and 6.5.4 for chlorine and methanol,
regpectively., The shape of the breakthrough curves followed naturally
from the parallel plug flow model and the specified residence time distri-
bution. Ccmparison of the two models confirm the cunclusion of Chapters 4
and 6 that flow through a pulp pad is best described by segregated flow
through a series of channels. The agreement obtained with the parallel
plug flow model also confirms that the assumption of an instantaneous
reartion between lignin and chlorine is good e.ough for the present situa-
tion. The slightly steeper predicted breakthrough curves, and the inabil-
{ty to predict the small tailing in some of the breakthrough curves, sug-
gests that the agreement could be further improved by using actual
chlorine-lignin kinetics, However, introductioi of these kinetlics would
make the parallel plug flow model considerably more complicated. Besides
the high initlal reaction rate of the chlorine-lignin reaction, another
reason for the success of the {nstantaneous reaction assumption is related
to the form of the chlorine-lignin kinetfcs., It has been shown by Ackert

et al. (13) that the rate of lignin consumption, - d[L]}/dt, by chlorine
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can be described by

1.12 1,82

alLl
-—-a-E—=k[C] L -1 [7.42]

]
vhere L. 1is unreactive lignin (g/g pulp). 1It should be noted that the
reaction order in lignin concentration is much larger than 1.0, With the
assumption that the rate of consumption of chlorine is only determined by
chemical reaction, i.e. internal and external mass transfer resistances
are negligible, the unsteady transport equation for plug flow in a single

channel can be written as

l1-¢
9C , aC a AL\
Ty + T + 1000 pf< : )SL°< ‘ﬁ") 0 [7.43)

This equation is similar in form to the unsteady transport equation for
plug flow with adsorption and no diffusion. Tt 1s well known (Ruthven
(14)) that for the case of desorption, a so-called “"constant pattern”
behavior is obtained with an unfavourable adsorption isotherm. This means
that the concentration front generated by desorption progresses unchanged
in shape through the packed bed of the adsorbeat. An alternative formula-
tion of the condition to obtain a "comstant pattern” behaviour during

desorption is that

12-(-1-'?“5,"’-/—‘1—‘1 <0 (7.46]

where (- dw/dt) is the desorption rate of the adsorbate and C the adsorb-

ate conceatration in the fluild phase. Similarly for the present reaction




Ty

321

of lignin and chlorine, a "constant pattern” behavior will be obtained

when
@ (- d[L]}/dt)
r14 <0 [7.45]
or
& (:1.12[L - 1L ]1.82
( ) <0 [7.46]

dce

For “constant pattern’” behaviour the relationship

(L - Lf] co -C

- [7.47]
Tfo- Lf] C

(o]

1s valid (Cooney and Lightfoot (15)). Combining equations 7.46 and 7.47,
it follows that constant pattern behaviour is obtained when the sum of the
reaction orders of chlorine and lignia i{s larger tham 1,0. Since the sum
of the reaction orders of chlorine and lignin in equation 7.46 is almost 3
a narrow "constant pattern” is rapldly achieved in the present case, The
formation of a sharp lignin and chlorine concentration front, both remain-
ing unchanged during movement though the fiber bed, also explains why the
instantaneous reaction assumption i{s successful {n the parallel plug flow

model.,

With the inclusion of axial dispersion the constant transport

equation in a single channel becomes

1l ~-¢
aC 8 (ALl o1 3%c _ ac
T+ 1000 pf( :. )%( 3T) P, o% 3 [7.481
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where Pc = ui“/DLC is the Peclet number and D__ the axial dispersion coef-

LC

ficient in a single channel. For "constant pattern” behavior this can be

written as

1-¢ (L]
ac a 0 1 ¢ _ 3¢
T |t Yt 1000 pf('g—) e Rl T S U

When the reference frame is moving with the speed of the reaction front

the above equation reduces to

3C 1 32cC

) 1-e¢, [L,T\ 322
P, (1 + 1000 pf(——z———> SL, =3 )

where Z = X - T/(1 + 1000 p. ((1 - e )/e,) SL L, 1/¢).

[7.50]

Since the coefficient of 32C/dz? in equation 7,50 is estimated at approxi-
mately 5%1073 for a typlcal experiment (see Appendix 7-2), the spreading
of the "constant pattern” concentration front in a single channel due to
axial dispersion can be neglected.

Finally an order of magnitude analysis will be presented to pro-
vide some theoretical hasis as to why the axial dispersion model fails in
the present situation and the parallel plug flow model 18 successful,
Implicit in the derivation of the axial dispersion model 1s the assumption
of negligible radial concentration gradients, 1In order for this assump-
tion to hold it is required that the radial distance covered by the reac—
tion front in the average breakthrough time, Eb' 18 large compared to the

scale of flow non-uniformity in the radial direction., Alternatively, 1t

follows that the parallel plug fiow model holds if the radial distance
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travelled by the reaction front, in time Eb’ due to dispersion is small
compared to the scale of flow non-uniformity in the radial direction. The
radial distance travelled by the reaction front, §, can be estimated from
Danckwerts tarnishing reactfon problem (16) for diffision and instantan-
eous reaction. Following the simplification presented Yy Paterson and

Kerekes (17) for a pulp suspension one obtains

‘/51
§ = 2a -e-a— DRtb [7.51]

wvhere DR 1{s the radial diffusion coefficient and a is obtained from the

following relationship

€aCo a Co
- = = 2
B=STc. “TT=¢) 0p.scr - "" ¢ expla®) erfla)
oo f a f" 00
[7.52]
Since
1- €a Lo
t, = tr(lOOO (T—) Pe T SLo + 1) = tr(lls + 1)
a )
[7.53]
with t_ = He /u_ equation 7,51 becomes
r a o
eiDRH
§ = 26Y— (1/8 + 1) [7.54)
)

For most experiments B varies from 0,1 to 0.5 so that ¢ varies from 0.2 to
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0.5 (Appendix 7-3). The radial diffusion coefficient, D, {s obtained

R
from the radial Peclet number, PeR = deui/DR in the relationship
(Doraiswamy and Sharma (18)),
€
1 1 1 [7.55]

= +
PeR Pet,R 1.5 ReeSc

The equivalent particle diameter, de’ was calculated from the pressure
drop measurements of Chapter 4 as 26,5 microns. The turbulent or flow

contribution to the Peclet number, Pe
?

- ]
t.R deui/DR is obtained with the

relationship (Doraiswamy and Sharma (18))

0.09

t,R - T+ 10/(Re_-5c) (7.56)

Pe

where Ree = deuo/v, Se = v/DM and DM = molecular diffusion of chlorine in
water. For a typical experiment of u = 0.082 cm/s, T = 35°C, H = 6 cnm,

Pe = 5,34%1072 or D_ = 3.03¢107° m? /s (see Appendix 7-3). insertion of

t,R R
all values in equation 7.54 with a 0.2 and B = 0.1 give & = 0.60 mm.
This 1s about one order of magnitude smaller than the minimum dominant
floc size of kraft puips of about 5-10 mm (Kerekes et al. (19)). This
analysis clearly shows that the parallel plug flow model gives a much
closer representation in a reacting fiber bed than the axial dispersed
plug flow model.

Pulp fiber beds are unique among packed beds normally encountered

in the process industry because of the long aspect ratfio of the fibers.
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This leads to flocculation and resuits in non-uniform permeability of beds
on sedimentation of the flocs. In the present situation, as well as 1in
most packed beds used in industry, the radial dispersion is determined by
convective mechanisms. As a result the radial Peclet number is around 10
(Doraiswamy and Sharma (18)). Therefore the radial diffusion coefficient
is approximately 0.1 deui' The effective pariticle diameter, de’ and the

interstitial velocity, u for flow through pulp fiber beds are, respec-

L
tively, 2 and 2-3 orders of magnitude sasmaller than the corresponding
values in typlcal industrial packed beds. Consequently the radial diffu-
sion coefficient and radial penetration depth in a reacting system (equa-
tion 7,51) are, respectively, 4-5 and 2 orders of magnitude smaller than
generally found 1in industrial packed beds. On the other hand, the flow
non-uniformities in a packed bed are determined by agglomeration and mal-
distribution of the bed particles, Softwood pulp fibers have a large
aspect ratio of about 100 and this property is responsible for their ten-
dency to form agglomerations called flocs, The floc size is approximately
two times the length of the fibers (Kerekes (19)), i.e. 2*2,5 = 5 mm.
Therefore the size of the flow non-uniformities in pulp fiber beds is
approximately 200 times the fiber dlameter or of the order 0(100 de)'
However it is expected that the size of the flow non-uniformities in pack-
ed beds of particles with an aspect ratio close to 1 would be of the order
of O(de). Consequently the ratio of the radial penetration depth and size

of flow uniformlties is expectd to be two orders of magnitude smaller for

softwood pulp fiber beds than for conventional packed beds.




326

In other words, the aspect ratio of about 100 and a fiber diameter
of about 30 microns explain the unique characteristic of a reacting soft-
wood fiber bed that breakthrough curves are well described by a parallel
plug flow model and not by an axial dispersion medel. The special shape
and dimensions of the packing material which are needed for successful
application are possibly the reasons why the parallel plug flow model has
seen little use in the Chemical Engineering literature to date, Dcraiswamy
and Sharma (18).

7.5 Conclusions

The axial dispersion model does not represent the actual "micro-
mixing” in a fixed bed of pulp fibers. Poor predictions of the experimen—
tal chlorine breakthrough curve were obtained when this model was used
with known chlorine-lignin kinetics, Unrealistic changes of the parame-
ters in these kinetics were needed before the predictions improved. The
parallel plug flow model, however, gave very good predictions for both the
reactant chlorine and the product methanol of the chlorine-lignin reac-
tion. The suitability of the parallel plug flow model and the unsuitabil-
ity of the axial dispersion model in representing the flow through packed
pulp fiber beds 1is explained by an order of magnitude analysis and the

unique flocculation property of fibers of large aspect ratio.
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The inter- and intra—fiber voldage in a packed bed of pulp fibers can
be quantified by a dynamic version of the solute exclusion technique,
The residence time dictribution obtained with solutions of sugars of
different sizes is representative of the flow of non-adsorbing mole-

cules through a packed bed of pulp fibers.

The intra-fiber mass transfer resistance for a relatively small sugar
molecule such as glucose can be neglected for flow through a packed
bed of pulp fibers when the ratio of diffusion time to the mean resi-

dence time, t0.95/tr’ is small or when

tg.95/t, = 0.45 r /DE_=0.45 ru /DH << 1

For flow through a packed bed of pulp fibers, the intra—fiber trans-
port mechanism for glucose 1is diffusion through the fiber wall and
lumen, while the dominant transport mechanism for dextran T-2000 {-
convection through the pit openings.

Although the residence time distribution (RTD) of flow through a bed
of pulp fibers can be represented mathematically by the axial dis-
persed plug flow model, the actual flow mechanlsm is shown to be
dominated by channelling flow.

The long aspect ratio of pulp fibers and the assoclated formation of

fiber flocs result in Iincomplete radial mixing of a liquid flowing
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through a bed of pulp fibers. Incomplete radial mixing is inconsis-
tent with axial dispersed plug flow but consistent with channelling
flow. The governing condition for channelling flow 1is that the ex-~
tent of transverse mixing 1s small compared to the periodicity in the
transverse direction of the axial velocity fluctuations, The trans-

verse mixing depth, GD’ obtained from the following equation

GD = 1.35‘VDRtr = 1.35 /DReaH7uo

is 0.6 mm, while the size of the transverse periodicity in axial
velocity 1s about 200 fiber diasmeters or 6 mm, Thus, transverse
mixing 1s too small to smoothen radial concentration gradients 1in
pulp fiber beds and channelling 1s favored.

The dispersion in pulp fiber beds is one to two orders of magnitude
larger than for beds of regular shaped particles. The smaller dis-
persion coefficients for packed beds of regular shaped particles are
due to similar magnitudes of transverse penetration depths and tran—
verse concentration gradients. Also, the fiber length rather than
the fiber diameter is a better characteristic dimension to unify the
Peclet numbers of beds of different fiber types.

The effect of operating variables on the dispersion of flow through a
packed bed of pulp fibers can only be determined when the structure
of the pulp pad 4is unchanged. Otherwise the dispersion data depend

significantly on pad formation, which is an undefined variable.
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The initial reaction kinetics between chlorine and the carbohydrate
fraction of pulp determined by dynamic chlorination of a bed of fully
bleached pulp fibers 1s first order in chlorine. The temperature
dependence of the reaction rate constant can be descrihed by an
Arrhenius type activation energy.

Chlorine consumption by 1lignin free pulp (carbohydrates) increases
with time during dynamic chlorination when the mean residence times
and temperatures are above certain values, TOC production Increases
correspondingly with increasing chlorine consumption,

The chtlorine-lignin stoichiometry in dynamic chlorination increases
with mean residence time and temperature and 1s Independent of chlor—
ine feed concentration, This behavior can be explained by chlorine
consumption at a relatively slow rate by chlorinated lignin upstream
of the instantaneous chlorine-lignin reaction front,

The slopes of the chlorine breakthrough curves were related to the

Peclet nvmber, P, obtalined trom the glucose tracer curve, assuming

that axial dispersed plug flow or parallel piug fiow is the governing
flow mechanisn, Axial dispersed plug flow requires a linear rela- !
tionship between the normalized slope and P according to the follow—

ing expresslion:

d(c/co)
T o — 2 (¢ /c) =0,5P
e 4T, c/c =05 ° "

The parallel plug flow model, however, requires that the normalized

slope be proportional to the square root of P:
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da(c/c )
0

T o

0.5
o -—(ﬁ:‘- (Co/cm) 0.282 (P)

C/Cm = 0,5

The axial dispersed plug flow model significantly over—predicts the
experimentally measured normalized slope. The prediction of the
parallel plug flow model, however, was very good over the entlire
range of operating variables. These results demonstrate that chan-
nelling flow best represents the mechanism of flow through a bed of
pulp fibers.

The lignin-methanol stoichiometery in dynamic chlorination is inde-
pendent of superficial velocity, temperature or chlorine feed concen-
tration. These results are consistent with methanol production only
at the lnstantaneous chlorine—1lignin reaction front,

The close relationship between methanol production and delignifica-
tion is demonstrated for dynamic pulp chlorination. This opens the
possihility to contrel dynamic chlorination by measuring the methanol
concentration in the bleach effluent,

Experimental evidence for the production of TOC and methanol at the
instantaneous chlorine-lignin reaction front {s presented. Produc-
tion of TOC due to hydrolysils of already reacted lignin between the
inlet of the bed and the reaction front {s shown to be significant.
The lignin content and kappa number of pulp undergoing dynamic chlor-
ination decreases with increasing chlorine charge. The "floor level”
11ignin content 1s approached when the chlorine charge on pulp 1is

abort 0,1 The chlorinated 1lignin formed at the {instantaneous
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chlorine-lignin reaction front is alkali socluble. Dynamic chlorina-
tion can be stopped when all reaction fronts have reached the bocttom
of the pulp pad. TOC removal is not a good measure of the CW lignin
content of pulp. Also the CW lignin content is a poor indicator of
the CWE lignin content and kappa number.

The much faster carbohydrate degradation in dynamic chlorination
compared to standard batch chlorination can be minimized by employing
low residence times and high chlorine water concentrations, which
lead to short contact times between pulp and chlorine,

The chlorine consumption by carbohydrates during dynamic chlorination
can be predicted from the chlorine-carbohydrates kineticg. The re-
ciprocal intrinsic pulp viscosity, [n], was shown to depend on oper

ating variables according to the following relationship:

1 1 lwe

- = a-ifs 1 +€ac° t
[n]tc ﬁﬂo eaMCLZCh 2 oo Ce r

The axial dispersed plug flow model with appropriate kinetics for the
chlorine~lignin and chlorine-carbohydrates reactions gives poor pre-
dictions of the chlorine breakthrough curves obtained for dynamic
chlorination of a pulp pad. The non-linear character of the
chlorine-lignin kinetics and the channelling flow mechanism are re-
sponsible for this result.

A so-called parallel plug flow model, based on complete segration

and Instantaneous chlorine-lignin and linear chlorine carbohydrates
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reaction kinetics, was formulated for dynamic chlorination of a pulp
pad. Good predictions of the chlorine and methanol breakthrough
curves are obtained when, respectively, the chlorine~lignin or meth-
anol-lignin stiochiometries in the model are chosen such that the

overall chlorine consumption or methanol production agrees with the

experimental values,

The radial penetration distance travelled by the reaction front dur-
ing dynamic chlorination is estimated from the Danckwerts' tarnishing
reaction provlem for diffusion and instantaneous reaction as 0.6 mm.
This 1s about one order of magnitude smaller than the scale of flow
non-uniformities of 5-10 mm in the radial direction, and explains why
the parallel plug flow model 1Is successful In representing dynamic
pulp chlorination of a pad of pulp fibers. The aspect ratio of about
100 and fiber diameter of about 30 microns result in flocculation of
pulp fibers and is responsible for the unique characteristics of pulp
fiber beds. The assumption of iInstantanecus reaction kinetics is
supported by the observed high initial chlorine-lignin reaction kin-

etics, Thke form of these kinetics leads to a "constant pattern”

behavior.




¢ 3

APPENDIX 3-1

PHYSICAL AND CHEMICAL PROPERTIES OF PULP USED IN THIS

EXPERIMENTAL STUDY.
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The pulp used in this experimental work was obtained from pulping

black spruce chips by the kraft pulping process. The chemical and physi-

cal properties of the pulp ere listed in Table 3-1.1. The weighted length

distribution as measured by the Kajaani FS-100 instrument is shown in

Figure 3-1.1. The weighted length discribution for each slze range was
obtained as fcllows: .

2

1 N1,

e ——atte~

)] le

3-1.1

where N and 1f are, respectively, the aumber and length of fibers in the

gsize range.

e e a e T i W RRRST M LA
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TABLE 3-1.1

Physical and Chemical Properties of Unbleached Pulp.

Chemical Physical
Kappa number = 29,5 C.S. Freenegss = 686 ml
Viscosity = 38 mPass Ragis weight = 60,7 g 0.D./m?

Breaking length = 7,94 km

Tensile index = 77.84 Nem/g

Burst index 5,88 kPaem? /g

Stretch = 2,77%
Bulk = 1,73 cni/g
Zero span

breaking length = 20,22 km
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Pigure 3-1.1 Weighted length distribution of unbleached kraft pulp.
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APPENDIX 4-1

DERIVATION OF DIMENSIONLESS AXIAL DISPERSION EQUATION
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A mass balance for an inert tracer over a section of the pulp pad
containing porous fibers with tracer adsorption on the fibers being neglii-

gible gives the following dimensional equation:

32¢ 3C aC an
&Dp 32 T %1Y 3w ~ f15c T s T &y T 4-1.1

The first term on the right hand side represents accumulation in the volids
external to the fibers while the second term represents accunulation with-
in the fibers, The second term can be rearranged as follows:

on oan aC

(ea - si) 3t " (ea - ei) 3C 3t 4-1,2

When local equlibrium is assumed

in _ aC -
2.8 4-1,3
Thus
an aC
(g —e) e =(ea — ) 3¢ b-1.4

The right hand side of equation 4-1.1 can then be written as follows:

ac
eis-t-+(e -€,) = g 4-1,5




339

Equation 4~1.5 can be substituted in 4-1.1 to give equation 4-1,6,

ac 32¢ 3C
€ 3¢ = €1DL 3z eiui % 4-1,6

Tauation 4-1.6 can be non-dimensionalized using the following dimension-~

less var fables

X = x/'H 4-107
and
T = tua/H
to glve
2(c
a(f_/LCO) i n, 3 ( /co) ) a(c/co) 4e1.9
aT Hui 3X< X *
where
D
L 1
m..i. 5 4-1,10



APPENDIX 4-2

COMPUTER PROGRAM TO CALCULATE MEAN RESIDENCE TIME AND PECLET NUMBER

FROM TRACER BREAKTHROUGH CURVES
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INTEGER I,N,TCOUNT,COUNT,M,KCOUNT, ITER
REAL X(99),Y(99),AREA(99),AREAB,PORATOT, FLO

REAL AREAA(99),P(99),Q(99),AREAAB,POREXT,SUM(99)
REAL SUMM,R,PECC,PECL,S,DIFF,CAREAB,CREAAB,CSUMM
REAL, ADDD, ADD(99) , PECCC,DIFFF,DVOL, padht,csarea
character*ll fname,dname

character fnameD(11),dnamen(11)

EQUIVALENCE (FNAME, FNAMED), (DNAME,DNAMED)

DATA FNAME/'GLUCO1A.ENG'/,DNAME/' DEXTO1A.ENG'/

DICT IONARY
DVOL DEAD VOLUME OF REACTOR

X(1) GLUCOSE DATA POINTS(TIME)

Y(1) GLUCOSE DATA POINTS(C/CO)

P(1) DEXTRAN DATA POINTS(TIME)

Q(1) DEXTRAN DATA POINTS(C/CO)

AREA(T) AREA OF INTERVAL(GLUCOSE,C VS T)
AREAA(I) AREA OF INTERVAL(DEXTRAN,C VS T)
SUM(T) AREA OF INTERVAL(DEXTRAN,CT VS T)
PORTOT TOTAL POROSITY

POREXT EXTERNAL POROSITY




¢

110

114

FLO

PECC

PECG

PADHT

CSAREA

COUNT

KCOUNT

SUMM

AREAAB

AREAB

N

M

CAREAB

CREAAB

CSUMM
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FLOWRATE OF WATER

CALCULATED PECLET NUMBER

GUESSED PECLET NUMBER

PAD HEIGHT

CROSS-SECTIONAL AREA

COUNTER

COUNTER

TOTAL AREA OF DEXTRAN (CT VS T)

TOTAL AREA OF DEXTRAN (C VS T)

TOTAL AREA OF DEXTRAN (C VS T)

NUMBER OF DATA POINTS (GLUCOSE)

NUMBER OF DATA POINTS (DEXTRAN)

CORRECTED ARFEA(DEAD VOLUME OF REACTOR)
SAME

SAME

Reading run number

WRITE(*,110)

FORMAT(' RUN NUMBER ?')

READ (*,114) FNAMED (5),FNAMED (6)

PORMAT (2A1)

DNAMED (5 )=FNAMED(5)

DNAMED ( 6 )=FNAMAED(6)
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Reading the flowrate

WRITE(*,111)
FORMAT(' WHAT IS TFE FLOW RATE (ML/MIN) ?')
READ(*,%) FLO

FLO=FLO/60

Reading the pad height

WRITE(*,112)

FORMAT(® WHAT IS THE PAD HEIGHT {(CM) 7')

READ (%*,%*) PADHT

Reading other data

CSAREA=44,05
PECC=2.0/R
AREAB=0,0
ITER=50
AREAAB=0,0
SUMM=0.0
ADDD=0,0

DVOL=20.0
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Reading glucose energraphics file

OPEN(5,FILE=FNAME)
Do 1 1=1,8

READ (5,%)
READ(5,%) N

DO 4 I=1,2

READ(5,%)

TCOUNT=(N-1)/2

MCOUNT=TCOUNT

Reading dextran energraphics file

OPEN (6,file=DNAME)
DO 11 I=1,8
READ (6,%)

READ (6,%) M

COUNT=(M-1)/2

KCOUNT=COUNT

no 10 1=1,N
READ(5,*) X(1),Y(I)

CONTINUE
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20

810

811

150

175
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GLUCOSE

Calculation of the zeroth moment from glucose BTC

THE FOLLOWING EXPRESSION TRANSLATES THE CURVE TO STEP

DOWN AND THEN CALCULATES THE AREA BELOW THE CURVE

DO 20 I=1,TCOUNT

AREA(T)=((X{((2*1)+1)-X((2*1)-1))/6)*(1-Y ((2*1)-1))

% (1=Y+(2%1) )+(1-Y((2%1)+1)))

ARFEAB=AREAB+AREA(I)

CONTINUE
CAREAR=AREAB-(DVOL/FLO)
WRITE(*,810)

FORMAT('1', 'GLUCOSE RESULTS')

WRITE(*,811)

FORMAT(' ',"'- ")
WRITE(*,150)CAREAB

FORMAT(® ','AREA BELOW CURVE= ',F10.4)
WRITE(*,175)CAREAB

FORMAT(' ','THE MEAN RESIDENCE TIME FOR GLUCOSE IS=

',F10.4)
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CALCULATION OF TOTAL POROSITY FROM ZEROT!

MOMENT (GLUCOSE)

PORTOT=( CAREAB*FL0O) /PADHT*CSAREA)
WRITE{*,200) PORTOT

FORMAT(' ','THE TOTAL POROSITY IS= ' F10.4)
1

Calculation of the first moment from glucose BTC

DO 45 [=1,MCOUNT
ADD(I)=(((X((2%I)+1)-(DVOL/FLO)) )= (X ((2*1)-1)
-(DVOL/FLO)) ) /6.0%(( (1=(Y((2*1)=))Y*((X((2*1)-1))
~(DVOL/FLO) ) W {4,0%( (1-Y(2%1)) ) *(X (2*1)-(DVOL/FLO)))

+(((1=¥((2%T)+1)) )* (X( (2*1)+1)=(DVOL/FLO})))

ADDD=ADDD+ADD (1)

CONTINUE

WRITE(*,575) ADDD

FORMAT(' ','THE AREA BELOW THE CT VS T CURVE(GLUCOSE)=
*,F15.4)

K=(2.0*ADDD~( CAREAR*CAREAB) )/ (CAREAB*CAREAB)
PECCC=2,0/K

DO 74 1=1,ITER
DIFFF=(2.0%PECCC**2,0~2,0*PECCC*(1.0-EXP(-PECCC)))

-K¥PECCC**3.0) /(-2.0%PECCC+4.0%(1.0-EXP(~PECCC) )~
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707

30

40
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2. 0%PECCC**2 ,0%¥EXP(~PECCC))
PECCC=PECCC-DIFFF

1F (ARS((~DIFFF)/PECCC).LE.1E~6) GO TO 3
CONTINUE

WRITE(*,707) PECCC

FORMAT(' ','PECLET NUMBER FROM GLUCOSE BTC= ',F10.4)

DEXTRAN

Calculation of the zeroth moment from dextran BTC

PO 30 I=1,M
READ(6,%) P(1),Q(I)

CONTINUE

THE FOLLOWING EXPRESSION TRANSLATES THE CURVE TO STEP

DOWN AND TAHEN CALCULATES THE ARFEA RELOW THE CURVE

DO 40 I=1,COUNT
AREAA(T)=( (P((2*1)+1)-P((2*1)-1))/6)*(1-(Q((2*I)-1))
+4%(1-Q(2*1) )+(1-Q((2%1)+1)))

AREAAB=ARFEAAB+AREAA(I)

CONTINUE

CREAAB=AREAAB~(DVOL/FL0)+0.0

WRITE(*,824)
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824

825

826

400

450

500
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FORMAT(' ')

WRITE(*,825)

FORMAT(' ','DEXTRAN RESULTS')

WRITE(*,826)

FORMAT(' ','~ Y)
WRITE(*,400)CREAAB

FORMAT(' ','AREA BELOW CURVE= ', F10,4)
WRITE(*450)CREAAB

FORMAT(' ','THE MEAN RESIDENCE TIME FOR DEXTRAN=

', F10.4)

CALCULATION OF EXTERNAL POROSITY

POREXT=( CREAAB*FLO)/(PADHT*CSAREA)
WRITE(*,500) POREST
FORMAT(' ', (THE EXTERNAL POROSITY OF THE PULP PAD=

' F10.4)

Calculation of the first moment from dextran BTC

DO 50 I=1,KCOUNT

SUM (I)=( (P((2*I)+1)=(DVOL/FLO)))=(P((2*1)-1)
-(DVOL/FL0)))/6.0%(((1-(Q((2*1)-1)))*
((P((2%1)-1) )-(DVOL/FLO)) W (4*((1-0(2*1))))

*(P(2%1 )=(DVOL/FLO) ) )+(((1-Q((2*1)+)))
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*(P((2*1)+1)-(DVOL/FL0))))

SUMM=SUMM+SUM (1)

CONTINUE

WRITE(*,600)SUMM

FORMAT(' ','THE AREA BELOW THE CT VS T CURVE(DEXTRAN)
IS= ',F10.4)

R=( 2*SUMM~( CREAAB*CREAAB) ) / (CREAAB*CREAAB)
PECC=2.0/R

DO 72 I=1,ITER
DIFF=(2,0%¥PECC¥*2,0~2,0*PECC*(1.0-EXP(-PECC))
=R*PECC**3,0) /{~2.0%PECC+4 .0%(1,0-EXP(~PECC))
~2.0%PECCX*2, O*EXP (-PECC) )

PECC=PECC-DIFF

IF(ABS((-DIFF)/PECC)Y.LE.1/=6) GO TO 2

CONTINUE

WRITE(*,700)PECC

FORMAT(' ','PECLET NUMBER FROM DEXTRAN BTC= ',F10.%)
close(5)

STOP

END
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Glucose Results

Area below curve = 638,43,
The mean residence time for glucose = 68,43,
The total porosity, €, 0.932,

The area below CT vs. T curve = 246,71,

Peclet number, P 37.1.

Dextran Results

Area below curve = 57,25,

The mean residence time for dextran = 57.25.

The fiber wall and inter~fiber porosity = 0,779.

The Peclet number, P = 23,3,
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DIMENSIONS OF WATER SWOLLEN FIBER
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For dry black spruce fibers, the diameter of the lumen has been
measured as 18.4 microns and the fiber coarseness (mass of fiber per unit
length) as 0.29 mg/m. Upon pulping these wood fibers, the diameter of
the lumen remains essentially unchanged. For the present black spruce of
Kappa number 29,5 the pulping yield is 48.5% giving a coarseness of the
water swollen fibers of 0.485*%0,29 = 0,14)1 mg/m. Therefore the volume of

the lumen per mass of fiber, V., can be calculated as:

1!

V1 = (lumen volume/m fiber)/0.D. mass of fiber/m fiber)

= [(7*18,4*%1076/2)2/(0.141%103)] = 1,88 cm3/g 0.D. fiber

The pore volume of the fiber wall of the present pulp was determined by
the solute exclusfon technique as 1.46 cm3/g 0.D. pulp., The volume occu-
pied by the solid wood in the fibers is 0.67 em3/g 0.D. fibers based on a
wood density of 1.50 g/cm® independent of wcod species for low yield
pulp. The present volume of the water swollen fibers 1is 1.88 + 1.46 +
0.67 = 4,01 em3/g 0.D. fiber. This corresponds to a fiber diameter in

0.5

the swollen state of [4%swollen volume*coarseness/n) = [4%4,01%1076%-

]0.5

0.141%1073 /n = 26,8%¥1076 m, The corresponding fiber wall thickness

1s (26.8-18.4)/2

4,2 microns. The fiber wall porosity, e, can be
obtalned from the wood density (1.50 g/ecm3) and the pore volume of the

fiber wall (1.47 cm3/g) as e, = 1.46/(1.46 + (1/1,50) = 0,687,




)

APPENDIX 4-4

EQUIVALENT DIAMETER OF FIBERS IN PULP PAD
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The Carman equation is

- 2
Zre Ap ] (1 ei) 150 ng —t1
Z 3 . .
H pf(eiui) €3 P ey Yy 2re
and can be simplified to
- 2
AP _ _3__-(1 U 150 ~E i beb, 2
H ei 1;;2e =4
and further to
ap O €)% 150 MYy 4ot
H €, < 4 ri
or
1- ey fis0 MY
e © €y 4 (AP/H 4=4.4

The external fluid porosity, ei, can be calculated from the total pad

volume and the swollen fiber volume of 4.01 em3/0.D. pulp to be 0.565.

Also,
95 mm Hg
AP/H - 6 cm
u 250 cm? /min

54,05 cmé*0,565
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using the results from Figure 4,2l.

or
95%13,6%9 .81 Pa
AP/H — 6%10-Z
u, 250%10-6 m3/s __
60%44 . 05%10 **0,567 m2

= 12618%10% (Paes/m?)

= 1,2618%108 kg/m3.s.

Noting that the fluid viscosity, Nes 1s 1*¥1073 kg/mes and using the above

values in equation 4-4.4 we get

_1-0.565 150 _ 1¥103
Te © 70.565 % 1.2618*%108

1-0.565 S TSIASIT
re = 5565 v2,97*%10

1.327%1075 m

2]
1]

or de the equivalent diameter 26.5 microns. It is interesting to note
that this equivalent diameter is similar to the fiber diameter of 26.8

microns (Appendix (4-3)).
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CALCULATION OF RADIAL DISPERSION COEFFICIENT, DR
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The radial dispersion coefficient, D, for glucose can be

R’
obtained from
€
1 1 i
= + 4-5.1
PeR Pet,R 1.5 Ree-Sc
where
1 0.09
Pe = 4=5,2

t,R 1+ 10/Ree-Sc

Now at T = 20°C, u = 0.082 cm/s and €, = 0.565

1%106¢26,5%1076.8,2%10~%

Ree = pdeuoln = 1
= 2,17%1072
- N 1 -

S¢ = oh- = ov-gxio-Tv - 1667

Thus
D
1 _ R 0.09 + 0.565 - 0.081

Pey uide 1+ 10/(2.17%10 2+1667) & 1.5¢2,17%10 2+1667 *

or
8,2%10™%
= 0 —cm——— 4 -6 o -9
Dg = 0.081 5568 25,5%10 3.11%10™9 m2 /s
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APPENDIX 6-1

CALCULATION OF HYDRODYNAMIC DIAMETERS OF Cl

2

AND GLUCOSE
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According to the Efnstein-Stokes equation the molecular diameter

is related to the diffusion coefficient according to the following formu-

la:

—— 6-1.1

Diameter = 37nDN

where R 1is the gas constant = 8,314 J/mol K, T is the absolute tempera-
ture, n is the viscosity of water = 1,002 g/mes at 20°C, with D as the
diffusivity of glucose = 0,661%10™° m?/s at 20°C or the diffusivity of
chlorine = 1,48%107° m?/s at 20°C.

Substitucring these values into the above equation leads to a mole-

cular diameter of about 6.5 A for glucose and about 2,9 A for chlorine.
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1. The expression for calculating the breakthrough time of each chan-

nel, t ., is shown in Chapter 7 to be

b

SLLC. [ k.t
00 e ¢ o)+t 6-2.1

b kCe r
¢ 0 8

The cumulative net inflow of chlorine for a single channel when tc > tb

({.e. after the reaction front has reached the exit of the channel) is

-k t
cr
= C (u (t))e dat - Cee u (e )e dA (¢, - t,)
6-2.2
- kctr
= Co(“a(tr))eadA e ~ (tc - t:b)e 6-2.3

where tc is the reaction time.

When tc < tb (1.e. before the reaction front has reached the end
of the channel) the mass balance is

IN-OUT = C (u_(t_))e_dAt 6=2.4
0 ar a (o}

The cumulative net inflow for all channels regardless of the location of

the reactor front is

1 F(trc) - kctr
IN-OUT = CoAuaea|;{ cch(cr) - £ (tc - tb)e dF]
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F(trc) is the critical value of F at trc which is defined as

SLLC kt
0o 0

f cre
tc "%xce |€ il trc 6-2.6
coa
Since
T =tu/H 6-2.7
c ca
and
Tb = tbua/H 6-2.8

equation 6-2,5 can be reduced to

F(trc) -k t

IN-OUT = AHe C T - [ (T -T)e °©FdF| 6-2.9
a o} C o c

with

e © -1+ tu /H 6-2.10
r a

eS¢ -1)+t u/H 6-2.11
rc a
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2. The cumulative net inflow of chlorine determined from the experi-
ment 132
t
c
INOUT = ue A [ (C_=-C)dt 6-2,12
aa 5 o c

Equations 6-2.9 to 6-2.12 can be solved together to yield the chlorine-

lignin stoichiometry, SLo'
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APPENDIX 6-3

DERIVATION OF SLOPE OF THE AXTAL DISPERSION MODEL COMBINED

WITH A SINGLE INSTANTANEOUS REACTION
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If it is assumed that a reference frame moves with the speed of
the reaction front in a bed of pulp fibers undergoing chlorination, then

the equation describing this situation is

aC 32c

(uo v) % EiDL Y 0 6-3.1
where v is the speed of the reaction front.
The boundary conditions are:
1) Lapamdc=c atx=-o 6-3.2

e an o X .
and
(2) C=0 at x = X¢ 6-3.3
where X 1s the location of the reaction front in the bed.
Integrating equation 6-3.1,

aC

(uo v)C eiDL i Kl 6=3.4
Applying boundary condition 1 (equation 6-3.2)

Kl = (uo - v)Co 6-3.5

Equation 6-3.4 can then be re-written as

{ aC
Ei.DL Frialie (u0 - v)(C0 - Q) 6=3.6
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Integrating equation 6-3,6, we get

co d(Co - C) (u° -v) *¢
- f O] = - ) f dx 6-3.7
(Co - 0) o 1L X
C (uo - v)
- 1n = - - (x,. = x) 6-3.8
Co [ eiDL f
C uo -v
= exp (x, = x) 6-3.9
Co [ eibL f
or
(uo - v)
C/C° =]1=-exp |- eiDL (xf - x) 6-3.10

The speed of the reaction front, v, 1in equation 6-3.10 is needed. From a
mass balance, including the reaction front as one boundary, and neglecting

the carbohydrate-chlorine reaction:
Inflow-Outflow = Reaction + Accumulation

uaeaACodt -0 = SLOLOCfAdxf + eaCoAdxf

80

dxf uacaco
V=3 "SLLcC *ecC 6-3.12
oo f ao
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for kcxf/ua << 1

Integrating equation 6-3.12

Xg te u_e_C_dt
[ ax;=] g1 ovec 6-3.13
X t oof a o
where
uaeaco
xf -X = - L +cC (¢t - tf) 6-3.14
o of ao

Substituting equation 6-3.14 into 6-3.10, we get

C [ ea(uo - V) uaco
= =1 - exp (¢ = t.) 6-3.15a
Co siDL(SLoLOCf + EaCo) f
i ui(uo - v) Co
=1 - exp (¢t - t,.) 6-3.15b
DL(SLOLOCf + EaCo) f
Now B
d(C/Co) _ (uo - v uiCo oxp (uo - v) uiCo(t - tf)
dt DL(SLOLOCf + eaCo) DL(SLoLon + eaCO)
) 6-3.16
s0
d(C/CO) ) (u0 - v) “1Co 6317
+ e
O B SL_LC, + €,C)
Now,
T = tua/H 6-3.18
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Substituting equation 6-3.18 into 6-3.17 gives

a(c/c) e (u - v) HC
0 - a o o
dT ¢ = tf eibL(SLoLOCf + eaco)
Since
P = "iH/DL
and
u e, = U e =
then
d(C/CQ) } PCo u, = v - Pl )
aT “SLLC, +eC u vity
t = tf oo f a o a

If initial breakthrough occurs at t = tbi’ then the average

6-3.19

6-~3.20

6-3.21

1 - v/uo)

6-3.22

breakthrough

time, ;b’ can be found as follows from the chlorine breakthrough curve:

o

ty <ty = tj (1 -c/c)) dtg
bi
or
t = -p Y (1 -1 - -
ty "ty = £ exp Py (1 u°>(t ty) d(t - t)

which gives

6-3.23

6-3.24

6-3025
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rR +%% 1 6-3.26

or in non-dimensional form

- 11 1
T = Tos ¥ 5 Gy - v/a,) 6-3.27

or

_ d(c/c,)
Tb = Tbi + 1 -——d-,i,-—— t = tbi 6-3.28

Also valid is

A('t';b - W/u) ue C =SLL CAH 6-3.29
or

_  SL_LMHC. +He C_

t, A = H/v 6-3.30
or

Tb =u/v 6-3.31

Combining 6-3.27 and 6-3,31

1 1 1
"oV = Tt TP G T vay) 6-3.32
Now
d(C/Co) 1
3 lec=1¢t = P — (1 - v/uo) 6-3.33

bi Tb
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or

d(C/Co)

-9 T = -1 -
I7 L=t -Tb = Pl1l - 6-3.34
bi e T
ab

when C/Co = 0.5, then from equation 6-3.15 it follows that

6-3,35

Thus

d(c/c ) (u_ - v)

_.d_.2_. =X p 2 exp(~ 0.693) 6-3.36
t u

C/CO = 0,5 0

da{c/c ) 0.5 P (u - v)
o o

Ty 6-3.37

C/C0 =0,5 0

da(c/c ) U - v
—_
dT

[
o
“n
o
|<

v
= 0,5 P— (1~ v/u)
C/Co = 0,5 Ua Yo Uq °

6-3,38

From equation 6-3,31

80

d(c/c ) - 1
.2 'Tb = 0.5 P ( - = ) 6-3,39

C/C0 = 0.5 eaTb
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T(C/Co = 0.5) hags to be determined.

Equation 6-3.35 can be written in non-dimensional form

1

1 1
T{C/C = 0.5] Ty * 0893 F QAT T= v 6-3.40
[0} a a
Also from equation 6-3,32
1 1 1
Toy = /Y " P G/ (T = v/
a 0
Thus
1 1 1
Tere =0.5) = /¥ " 035 Ry T eovu) 6734
o a o

From equation 6-3,31, ua/v = ib
Thus

T -7 -0.307( 27 —~2—mr 6-3.42

(c/c =0.5) b ) P b(l _ 1 ) )
b
Combining equations 6-3.39 and 6-3.42
d(c/c )
T =05pf1-—1 |- 0.153
¢ ¢ Jc/c = 0.5 e T
0 ab
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The chloride concentration at any position Xe along a single plug
flow channel in the pulp pad, assuming instantaneous reaction between
chlorine and 1lignin, 1is the sum of the following contributions: (1)
excess free chloride in the feed, [Cl']f, (11) formed by reaction between
chlorine and lignin, [Cl']RL, and (111) formed by reaction between chlor—
{ne and carbohydrates before the reaction front, [Cl']RC. Both oxidation

and substitution reactions are assumed to be taking place at the reaction

front. Thus

[c1'1xf = [c1"]f + [c:r]RL + [cr]RC 6-4,1
Now,
- 1
(17 lgy, = ('2' s+ 0)'[C12]xf,as 1= 6-4.2

where S is the fraction of chlorine used for lignin substitution reactions

and 0 the fraction used for lignin oxidation reactions or, since

(S+0) =1 6-4.3
-1 = f1 -1\, -
(€170 (1 2 s) [Clzle,as o1~ 6-4.4
also
- kcttf
[c1 ]RC 211 - e )-Co’88 c1- 6-~4.5

where trf is & variable residence time in a channel,

Equation 6-4.4 can be expressed in terms of the chlorine concentration

at the inlet, Clo,as c1-
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1 - kctrf
[c1 ]RL = (1 -3 S) e Co.as c1- 6~4,6

Substituting 6-4.5 and 6-4.6 into 6~4.1 we get

- kctrf

[c1 ]xf = [C1 ]f + (1 - e )-co’as c1-

6=4.7
-kt
1 crf
+ (1 2 S)( e )Co,as c1°
or
- k t N
- _ - N crf -
CRMEC 1+ (1 L s.e )cm8 o 6-4.8

This chloride concentration reaches the end of the channel ((n - xf)/ua)
seconds later, i.e. the time to travel between the reaction front and the

end of the channel, The total time, tc’ for this concentration to reach

the bed exit is given by:

SLoLon kctrf
tc = (e - 1) + t s + H/ua - xf/ua 6-4.,9
aoc
or
SL L Cf kctrf
t =—29"(e -1l + ¢ 6-4.10
c e Ck r
aoc
or
kctz'f eacokc
e =t -t )\sgx o vl 6-4.11

or
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1 Eacokc
tg ™ TZ"[“ (tc- tr) SR A 1] 6=4,12
¢ oo f

Substituting equation 6-4,12 into 6-4.8 and defining

Eacokc

S K 6-4.13

oof

so that

et 1

[K(t = cr) + 1]

we get

[c17] ,,, = [C17]g + 1~ [4s/1k(t - £ ) + 1]] *Cy ascl-

6-4.14

Thus for each haunel at any time t

[C17] =0 when t <t 6-4,15

ce r
n1” = -} + - - + -4,
[c17] , = [c17], c, [&scollx(c t) 1]] 6=4.16
ekctr -1
vhen t <« +t
¢ K r
and
- = 0 -
[c1 ]ce [c1 ]f + Co,asCl“ 6-4,17
k t
e -1
when t_ > +t
c K r
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Summing over all channels at any time t

1

[c1 ]ce’t = (f) [cr]exit’t dF 6-4.18

By solving equations 6-4,15-18 with knowledge of the experimental
chloride breakthrough, the fraction of chlorine used for lignin substitu-
tion reactions, S, can be found at different times during the experiment.

The division of the pulp pad into channels as needed by equation 6-4,18 is

obtained from the preceding glucose tracer curve,




APPENDIX 6-5

DERIVATION OF EQUATIONS TO EVALUATE R




P

R is defined as

g methanol produced
g initial lignin, Lo

The net outflow from a single cha

t
R
OUT-IN ﬁ-; ua(tr)sadA {

369

6~5.1
nnel in the pulp pad gives
c
[co]xf 6-5.2
r

where [Co]x is the concentration of chlorine at the reection front

£
located at xf.
Since
-kt
(¢ ] =C e crf
o xf o

6-5,3

with te = xf/ua and from Appendix 6-4

£

- kctrf
e = l/(K(tc -t)

+ 1) 6-5.4

where K = ¢ Ck /SL L C_, equation 6-5,2 becomes
aoc oo0f

t
1

[
R
IN-OUT = -—-—Co(ua(tt)) eadA{ R(e, =ty 71 dt, 6-5.5

SL
0

when t t t
r < e = b

r
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Furthermore, OUT-IN = 0 when tc < tr and

R » 1
OUT=IN = §Z;'Co(“a(tr)) € dA { R(t_-t)+1 dt,

r
6-5.6

when t >t
c b

The net outflow of methanol for all channels at any time tc

. F(;rc) ;b .
OUT=IN = =— C u_€_A — - dt dPF(t )
SL, oaa o t (K(tc tr) +1; c r
6-5.7
F(t) t
0 1 dt_ dF(t )
+ t t
Pt )t &, =t ) +1] e r

where F(t ) 1s the value of F at t where t is calculated from the
re re re

equality

After integration

RAHL C, Fe,.)
OUT-IN = —=—= 1 [ [en(K(t, - t ) +1)] dF(t)
k t o
cr
6~5.9
F(tc)
+ ta(K(t = t )+ 1)] dr(t.)
NG CORRSEEMES

rc




n

Experimentally, the net outflow of methanol from the pulp pad 1is

t
c
OUT-IN = u_€_A £ [Methanollex1t de,
6-5.10
T
c
= eaAH { [Methanol]exit ch

Equating the experimental (6-5.10) and theoretical (6=5.9) expressions we

get
ch [Methanol]
exit
dT
o] c
o o
R ua 1 ! (trc)
= -S_IT-T*_E f [f.n(Ptc(tb - tr) + 1)] dF
o )
F(tr)
+ [  an(R(t -t )+ 1) dF
e r
F(crc)

6-5.11

R can be found from equation 6-5.11 by a trial and error procedure at any

reaction time.
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APFENDIX 6-6

CONSUMPTION OF CHLORINE

BY CARBOHYDRATES
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The total amount of chlorine consumed by carbohydrates in a single

plug flow channel of cross—sectional area A is

t:xf
[ [ e,dn (= rgy ) dxdt 6=6.1
0o 2

It was shown in Chapter 5 that (- T ) = ch. Equation 6-6.1 then be-
2

come s

txf
[ e dA (chx ) dxdt 6=6.2
oo f

For plug flow and first order chlorine-carbohydrates kinetics it follous

(- kcxf/ua)
that Cx = Coe so that equation 6-6.2 becomes
f
t g (- k_x./u_)
£ £ e dAk C e dxgdt 6-6.3

or

t (kcxdua) (- kcxf/ua)
- €, dAC u, J f e d(= k x./u ) dt
o o
6-6.4

and finally

t (- kcxf/ua)
e, dAC u, { (1-e ) dt 6-6.5
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Using Taylor expansion and keeping first order terms only, equation 6-6.5

can be approximated by

t
€ dAC u f(kx/u)dt 6-6,6
a oe.0 cf a c

when k‘:xf/'u8 << 1,

This condition is equivalent to assuming that Cx /Co = 1, {,e. the de-
f

crease in chlorine comncentration due to chlorine—carbohydrates reaction
upstream of the reaction front is negligible. It was shown in Chapter 6

that the breakthrough time, tb’ for a single channel is

SLLC, (k H/u_)
oo ¢t c a H
tb -E-—C-—k—— <e 1) +U— 6=~6.7
8 0¢ a
By changing the variable- tb and H to tc and X one obtains
SL L¢C (k x_/u ) X
t =a—220f cf 8 g\t 6-6.8
c € Ck u
aoc a

Using the condition that kcxf/ua << 1, equation 6~6.3 can be re—~written

as

eacokctc/SLoLocf
6-6,9

kcxf/ua = e C
a o

SLoLon

1+
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Substituting equation 6-6,9 into 6-6.6 and integrating, the amount of

chlorine consumed by carbohydrates becomes

€ C

a o
(SLLC) k t2

oo f cc

Eaco 2
<1+SLLC)
oof

When breakthrough has taken place or when t > tb’ the amount of chlorine

a o a

consumed 1Is

€ Cu dAk t2
aoa c

SLLon
z[-9-—--+1]
e C

a o

+ eadAchOH(tc - tb) 6-6.11

The fraction of fluid in the pulp pad effluent which has a residence time

between t and (¢t + dt ) is dF, so that
r r r

€ u dA
dF = =2 6-6.12

™
ct
L.

where ;a and Ea are the average superficial velocity and average acces-
sible bed porosity of the entire pad.
Insertion of equation 6~6.12 into 6-6.11 and 6-6.10 followed by integra-

tion over all channels gives



1
o,
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F(t ) - - 2 - -
rec eaCouaAkctb 1 eacouakc -
f L L UL A | R —_— e dF
o SLoLon F(e_) 2 LoLon
|~ 4 re + 1
e C e C
a’o Ao
Flepe) e Au_k CH(t - t)
+ f dF 6-6.13
u
o a

where F(t ) 18 the value of F at t vhere
re re

t o= =22 f (T ) 4y 6-6.14

when P >> 1 then the variations in €, and Cf around the average value Ea

and Ef are small so that as a first spproximation €q and Cf in equation

6-6.13 can be replaced by ;a and Ef. The condition P >> 1 also assumes

that the variation of U, around Ga are relatively small, 1In addition,
since u, varies approximately linearly with F over the central part of the

residence time distribution curve, the error incurred when replacing ua by

ug in equation 6-6.13 is relatively small. With the replacement of ugs €4

and Cf by, respectively, Ga’ ;a and Ef, equation 6-6.13 can be simplified
to
€,Coughk Fle, ) £,C ki At2
| t2 dF (1 - ®t_))
SL LC b - re
oof o SL L C,
2 | ———— ] oo f
= 9|22 4+ 1
e C -
ao e C
a o
£, Au_k CH Flege)
+ i (¢ -t ) dF 6-6.15
- c b
u o

to
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When the bars are removed from Ea’ Ga and Ef, €a0 uaand Cf still represent
the average values based on the whole bed. The amount of chlorine

consumed by carbohydrates for the entire bed becomes

F(t_ )

eacouaAkc re eaCokcuaAt%
2 -

ST_L_C, £ tydF + SL_L_C, (1 - Fle,))
2[——-+ 1] R e 1]

e C e C

a o0 a o

F(t )
frc ( ) d 6-6.16
4+ ¢ Ak CH t -t F -6,
a co o c b

Division by the amount of pulp in the bed, AHCf, and using Er = H/ua gives
as a final expression the weight of chlorine consumed by carbohydrates per

weight of pulp in the entire bed.

€ 0ok Fe ) e s eacokcti(l - F(t )
2 [——SL°L°Cf + 1] c.t {’ k 2[——-—SL°L°Cf + 1] c.t
Eaco fr eaCo fr
eacokc F(tr ) -
+ T { (tc - tb) dF 6-6.17

when P>> 1 and k E «z 1,
cr
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COMPUTER PROGRAMS FOR BOTH VERSIONS OF MODEL 1
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VERSION 1




000001
000002

000003

000004

00005
000006
000007
006008
200009
000010
000011
000012
000013
000014 605
000015
000016

STATISTICS:

FORTRAN 77 V10L31 DATE 88.11.20 TIME 11.19.14

IMPLICIT REAL*8(A-H,0-2)

COMMON/BLOCK1/ Y(lOO),YCV(IOO),YDIP(IOO),CCFLG(IOO),CCFLC(IOO),
CA1G(100, ,A1C(100),A2G(100),A2C(100),AP(100),AN(100},
CAS(100),AC(100),APT(100),PT(100),QT(100),CCPTS(100),
CA1PTS(100),A2PTS(100), STEP

CGHMON/BLOCKZ/DIFLI(IOO),DIFL2(100),CCOLD(IOO),AIOLD(IOO),
CAZOLD(]OO),T,DT,PEC,DN,DS,FN,FS,DENOM,PE,COUNT,CI,CZ,CC,

CAO,R1 R2,R3,H,YEL,POR,M1,M2,M3,N, ITER, ITRMAX, ITERAT

COMMON/BLOCK3/A11(100),A22(100),DIFL3(100}),DEV1,DEV2,DEV3, STO1,
csTo2,A,B,C,D,C3,A1,A2,A3 A4 ,A5,A6,A7,TEM, ITER], ITER2, ITERS

CALL VALUES

CALL GRID

DO 605 ITER=-1,ITRMAX
COUNT=COUNT+1

T=T+DT

CALL CALC

STEP=1.0D0
IF(COUNT.NE.N) GO TO 605
CALL OUTPUT

CONTINUE

STOP

END
16 STEPS, PROCEDURE SIZE= 150 BYTES, PROGRAM NAME=MAIN
23 LINES, PROGRAM S1ZE~ 542 BYTES, DIAGNOSTICS = 0

REMAINING SIZE= 166K BYTES,

HIGHEST SEVERITY

CODE=00

8Lt



©00017

000018
000019

00002¢

000021

000022

060023
000024
000025
000026
000027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
000040

000041

000042
000043

000044

000045
000046
000047
¢00048
000049
000050
000051
000052
000053
000054
000055
000056

[eNp]

00

an Q0

11

FORTRAN 77 V10L31 DATE 6v.11.20 TIME 11.19.14

SUBROUTINE OMAR

IMPLICIT REAL*8(A-H,0-2)

COMMON/BLOCK1/ Y(100),YCV(106),YDIF(100),CCFLG(100),CCFLC(100),
CA1G(100),A1C(100),A2G{100),A2C(100),AP{110),AN(100),
CAS(100),AC(100),APT(100),PT(100),QT(100), CPTS(100),
CAIPTS(100),A2PTS(100),STEP

COMMON/BLOCKZ/DIFLl(lGO),DIPL2(100),CCOLD(100),AlOLD(lOO),
CA2OLD(100),T,DT,PEC,DN,DS,FN.FS,DENOM,PE,COUNT.CI,C2,CC,
CAO,R1,R2,R3,h,VEL,POR,M1,M2,M3,N, ITER, ITRMAX, ITERAT

COMMON/BLOCK3/A11(100),322(100) ,DIFL3(100),DEV1,DEV2,DEV3, STO1,
CcSTO2,A,B,C,D,C3,A1,A2,A3,A4,A5,A6,A7, TEM, ITERL, ITER2, ITERS

ENTRY VALUES

PEC=35D0

STO1=1.50D0

STO2=1.80D0

POR=0. 93D0

CON=111.0D0

A0=0.0430D0

CC=2.20D0

H=6.0DO

VEL=0.082D0

A=1.51D0

B=1.61D9

C=1.84D0

D=0G.55D0

TEM=325D0

Cl=16.1D0

C2~(5.89*(10**10) *(DEXP(-7670/TEM)})
C3=0 001214DC
Al*((STOl*CON'H’Cl)'(AO"A)'(CC‘*(B-I.0)))
C/(VEL*POR)

A2+ { { STO2*CONTH*C2) * (AO**C) * (CC** (D)
C))/(YEL*POR2CC)

A3~ {H*C3)/VEL
Ad~{(AO**[A-1.0)*({CC**B)*C1*H*(A~1.0)))
C/VEL

AS=((AO**({C-1.0))*(CC**D)*C2
C*H=*(C~1.0))/VEL

A6~(A*A4)/(A-1.0)

A7=(C*A5)/(C-1.0)

M1~70

M2=M1-1

T=0.0D0

DT=0.01D0

N=50

COUNT=0

ITRMAX=100

STEP=0.0DO

DO 11 J=1,M1

CCFLC(J)=0.0D0

*4

6L¢



000057
000058
000059
000060
0006061
000062
000063
000064
060065
000066
000067
000068
000069
000070
000071
000072

000073

000074

000075
000076
000077
000078
0006079
000080
000081
000082
000083
000084

000085

000086

000087
000088
000089
0000%0
000091
009092
¢00093
003094
000095
000096
000087
000098
00CG99
000100
000101
000102
000103

Qo 0O 0N

an an oo

a el

21

40
51
90
7589
7590
7591

10

20

30

7586
7587

7588
9599

6592
296

FORTRAN 77 V10L31 OMAR

DO 21 J=1,M1
CCOLD(J }=0.0D0
DO 31 J=1,M1
Al1OLD(J)}=0. 6500
LO 40 J=1,M1
A20LD(J)=0.25D0
DO S1 J=1,M1
A1C(J)=0.0D0

DO 90 J=1,M1
A2C(J)=0.0D0

DO 7589 J=1,M1
CCPTS(J)=0.0D0
DO 7590 J=1,M1
A1PTS(J)=0.65D0
DO 7591 J=1,M1
A2PTS(J)=0.252D0

RETURN
ENTRY GRID

Y(1)=0.D0

DY~1.D0/(M1-1)

DO 10 I=1,M2

Y(I+1)=Y(I)+DY

DO 20 I=2,M1

YDIF(I)=Y(I)-Y(I-1)
YCV(1)=0.5D0*YDIF(2)

DO 30 I=2,M2
YCV(1)=0.5DO*(YDIF(I)+YDIF(I+1))
YCV(M1)=0.5D0*YDIF(M1)

RETURN

ENTRY CALC

IF (STEP.EQ.0.0) GO TO 9999
DO 7586 J=1,M1
CCPTS(J)=CCFLC(J)

DO 7587 J=1,M1
A1PTS(J)=A1C(J)

DO 7588 J=1,M1
A2PTS(J)=A2C(J)

ITERAT=0

ITERAT=ITERAT+1

IF (ITERAT.GT.20) GO TO 800
DO 296 J=1,M1

IF (A1OLD(J).LT.1E-5) GO TO 6592
Al1(J)={A1*(AIOLD(J)**A))
GO TO 296

Al1(J)=0.DO

CONTINUE

DO 297 J=1,Ml1

DATE €8.11.20 TIME 11.19.14

08¢t



000104
000105
000106
000107
000108

009109
000110
000111
000112
000113
000114
000115
000116
000117
000118
000119
000120
000121
000122
000123

000124

000125
000126
000127
000128
000129
000130
000131
000132
000133
000134
000135
000136
0001237
000138
000139
000140
000141
000142

000143
000144
000145
000146
000147
000148
0001498
000150

aocnoa

6593
297

8762

3139

FORTRAN 77 V10L31 OMAR DATE 88.11.20 TIME 11.19.14

IF (A20LD(J).LT.1E-5) GO TO 6593
A22(J)~=(A2*(A20LD(J})**C))

GO TO 297

A22(J)=0.D0O

CONTINUE

MAIN BECQUATION

ITERS=0.0DO

ITERS=ITERS+1.0D0

IF (ITER5.GT.20) GO TO 300

FN=1.0D0

DN=1.D0/PEC/YDIF(Ml)

PE=FN/DN

APP=DMAX1(0.D0, (1.D0-0.5D0*DABS(PE)))

AS({1)=0

AN(1)=DN*APP+DMAX1({-FN,0.D0)

APT(1)=YCV{1)/DT

IF (CCOLD(1).GT.1E-4) GO TO 8762
AC(1)=APT(1}*CCPTS{1)+1.0D0
AP(1)=AN(1)+APT(1)+(A3%YCV (1))

GO TG 3139
AC(1)=(APT(1)*CCPTS(1))+((All(1)*(B-1.0)*{CCOLD(1)
C**B))*YCV(J;)+1.0D0
AP(1)Y=AN(1)+AS(1)+APT(1)+1.0D0-(((-B*A11(1)*(CCOLD(1)
C**(B-1.0)))-((D*A22(1)*(CCOLD(1)**(D)))/(CCOLD(1)))-
C(A22(1)*(1.0D0-D)*(CCOLD(1)**D)/(CCOLD(1)))-A2))
C*YCV(1)

DO 50 J=2,M2

FN=1.DO

DN=1.D0/PEC/YDIF(J+1)

PE=~FN/DN ,

APP=DMAX1(0.D0, (1.D0~-0.5DO*DABS(PE)))
AN(J)=DN*APP+DMAX1(~-FN,0.D0)

FS=1.D0

DS=1.D0/PEC/YDIF(J)

PE=FS/DS

APP=DMAX1(0.D0, (1.D0-0.5DO*DABS(PE)))
AS(J)=DS*APP+DMAX1(FS,0.D0)

APT(J)=YCV(J)/DT

IF {CCOLD(J) GT.lE-4) GO TO 2197
AC(J)=APT(J)*CCPTS(J)
AP(J)=AN(J ) rAS{J)+APT(J )+ (A3*YCV(J})

GO TO 50

2197 AC(J)=(APT(J}*CCPTS(J))~((A11(J)*(B-1.0)*(CCOLD(J)**B))*YCV(J))

S0

AP(J)=AN(J}+AS(J)+APT(J) - (((-B*A11({J)*(CCOLD(J)**(B-1.0)))-
C((D*A22(J)*(CCOLD(J)**(D))}/(CCOLD(J)))~(A22(J)*
C(1.0D0-D)*(CCOLD(J)**D}/(CCOLD{J)))-A3))*YCV(J)

CONTINUE

FS=1 DO

DS~1.DO/PEC/YDIF(M1)

PE=FS/DS

APP=DMAX1 (0.D0, (1.D0~0.5DO*DABS(PE)))

AS({M1)=~DS+*APP+DMAX] (FS,0.D0})

AN(M1)=0 DO

APT(M1)=YCV(M1)/DT

18¢



000151
000152
000153
000154
000155

00015¢

000157
000158
000159
000160
000161
000162
000163
000164
000165
000166

000167
000168
000169
000170
0003171
600172
000173
000174
000175
000176
000177
010178

000179
000180
000181
000182
000183
000184
000185
aoo0l18¢6
000187
00c188
000189

000190

Vi

2198

aanaa

2200

200

ot
<

ANQACGON

233

234

23S

236
237

aaoaonn

6790
675

7953
7989

FORTRAN 77 V10L31  OMAR DATE 88.11.20 TIME 11.19.14
IP (CCOLD(H1).GT.1E-4) GO TO 2198

AC{M1)=APT(M1)*CCPTS(M1)

AP (M1)=AN(M1}+AS(M1)+APT(M1)+(A3*YCV(M1))

GO TO 2200
AC(M1)=(APT(M1)*CCPTS(M1))+((A11(M1)*(B-1.0)*(CCOLD(M1)**B))
C*YCVY(J))
AP(M1)=AN(M1)+AS(M1)+APT(M1)-(((-B*A11(M1)*%(CCOLD(M1)**(8-1.0))}-
C((D*A22(M1)*(CCOLD(M1)#**(D)))/(CCOLD(M1)))-(A22(M1)*®
C(1.0D0-D)*(CCOLD(MI1)**D)/(CCOLD(M1)))-A3)}*YCV(M1)

SOLYING MAIN EQUATION

PT(1)=AN(1)/AP(1)
QT(1)=AC(1)/AP(1)

DO 200 J=2,M1
DENOM=AP(J }-AS (J) *PT(J-1)
PT(J)=AN(J}/DENOM
QT{J)=(AC(J)+AS(J)*QT(J~1))/DENOM
CCFLC(M1)=QT(M1)

DO 210 JJ=1,M2

J=M2-JT+1

CCFLLC(J)=PT(J) *CCFLC(J+1)+QT(J)

TESTING FOR CONVERGENCE IN MAIN EQUATION

DO 233 J=1,M1
DIPLl(J)“DABS(CCPLC(J)*CCOLD(J))
DO 234 J=1,M1

DEV1=DIFL1(J)

IF (DEV1.GT.1E-3) GO TO 236
CONTINUE

DO 235 J=1,M1

CCOLD(J )=CCFLC(J)

GO TO 670

DO 237 J=1,M1

CCOLD(J )=CCFLC(J)

GO TO 2

FIRST RATE EQUATION

ITER1=0.0DO

ITER1=ITER1+1.0D0

IF (ITER1.GT.40)} GO TO 800
AN(1)=0.D0

AS(1)=0.DO

APT(1)=YCV(1)/DT

IF (CCOLD(1).GT.1E-4) GO TO 7953
GO TO 7989

IF (A1OLD(1).GT.1E-5) GO TO 2201
AC(1)=APT(1)*A1PTS(1)
AP(1)~APT(1)

GO TO 2202

=N

[4'1)



006191
000192

000153
C001934
000195
000196
000197
000193
000199
000200
000201
000202
000203

000204

000205
00020%
000207
000208
000209
000210
000211
000212
000213
000214
000215

000216

000217
0co0218
000219
000220
000221
000222
000223
000224
0004325
000226

000227
000228
000229
00230
000231
0c0232
200233

?

aaoaon

NnOaao

2201 AC(1)=APT(1)*A1PTS(1)+((A4*(AIOLD(1)**A)*(CCOLD(1)**B))*YCV(1))

2292

7954
7950

203

300

7855
7991

2205 AC{M1)=APT(M1)*AL1PTS(M1)+YCV(ML)*(A4*(A1OLD(M1)**A)

22006

400

410

7€0

7ol

FORTRAN 77 V10L31 OMAR

AP(1)=APT(1)+YCV(1)*A6%( (AIOLD(1)**(A~1.0))*
C(CCOLD({1)**B))

DG 300 J=2,32

AN(J)=0.D0

AS(J)=0.D0

APT(J)=~YCV(J)/DT

IF (CCOLD(J).GT.lE-4) GO TO 7954

GO TC 7990

IF (AIGLD(J).ST.1E-4) GO TO 2203
AC(J)=APT(J)*AiDTSLJ)

AP(J)=APT(J)

GO TO 300
AC{J)=APT(J)*A1PTS(JI)+{(A4*(ALOLD(J)**(A))*
C(CLOLD(J)**B} ) *YCV(J))
AP(JV=APT(J}+YCV{J)*A6*( (A1CLD(J)**(A~1.0))*
C(CCOLD{J)**B)"

ONTINUE

AN(M1)=0.00

AS(M1)=0.DO

APT(M1)=YCV{M1)/DT

IF (CCOLD(M1).GT.1E-4) GO TO 7955

GO TO 7991

IF (A1OLD(M1).GT.1E-5} GO TO 2205
AC(M1)=APT(M1)*A1PTS(M1)

AP{M1)=APT(M1)

GO TO 220¢€

C*(CCOLD(M1)**B})

AP (M1} =20T(M1)+YCV(M1)*A6*( (A1OLD(M1)**(A-1.0))*

C(CCOLD(M1)**B)}
SOLYING FIRST RATE EQUATION

VYT (1)=AR{1)/AP(1)
QT(1)=AC(1)/AP(1)

DY 400 IJ=2,M1

DENOM=AP{J )~AS(J)*PT(J-1)
PT(J}=AN(J ) /DENOM
QT(J)=(AC(J}+AS(J)*QT(J-1) ) /DENOM
AIC(M1)=QT(M1)

DO 410 JJ=1,M2

J=M2-JJ+1
A1C(J)=PT(J)*AIC(J+1)+QT(J)

TESTING FOR CONVERGENCE(FIRST RATE EQUATION)

DO 760 J=1,M1
DIFL2(J)=DABS(A1C(J)-A10LD{J))
DO 761 J=1,M1

DEV2=DIFL{J)

IF (DEV2.GT.1E-3) GO T0 762
CONTINUE

G0 TO 764

DATE 68.11.20 TIME 1i.19.14
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000234

000235
000236

000237
000238
000239
000240
000241
000242
000243
000244
000245
000246
000247
000248
000249
0002590
000251

000252

000253
000254
000255
000256
000257
000258
000259
000260
000261
000262
000263

000264
000265
000266
000267
000268
000270
000271
000272
000273
000274
000275

000276

nacoon

-
e

FORTRAN 77 V10L31 OMAR

762 DO 763 J=1,M1
763  A1OLD(J)=(A1C(J)+A10LD(J))/2.0
763 AlOLD(J)=A1C(J)

GO TO 675

DATE 88.11.20 TIME 11.19.14

SECOND RATE EQUATION

764 ITER2=0.0D0
DO 777 J=1,M1
777 A1OLD(J )=A1C(J)
765 ITER2=ITER2+1.0D0
IF (ITER2.GT.40) GO TO 800
AN(1)}=0.DO
AS(1)=0.DO
APT(1)=YCV(1)/DT
IF (CCOLD(1).GT.1E-4) GD TO 7956
GO TO 7992
7956 IF (A20LD(1).GT.1E-5) GO TO 2207
7992 AC(1)=APT(1)*A2PTS(1)
AP(1)=APT(1)
GO TO 2208
2207 AC(1)=APT(1)*A2PTS(1)+((AS*(A20LD(1)**C)*
C(CCOLD(1)**D})*YCV(1})
AP(1)=APT(1)+YCV(1)*A7*( ({A20LD(1)**(C-1.0))
C*(CCOLD{1)**D))
2208 DO 500 J=2,M2
AN(J)=0.Df
AS(J)=0.D
APT(J)=YC /DT
IF (CCOLD(J,.GT.1E-4) GO TO 7957
GO TO 7993
7957 IF (A20LD(J).GT.1E-S) GO TO 2209
7993 AC(J)=APT(J)*A2PTS{J)
AP(J)=APT(J)
GO TO 500
2209 AC(J)~APT(J}*A2PTS(J)+({AS*(A20LD({J)**C)*(CCOLD{J)**D})
C*YCY(J))
AP(J)=APT(J)+YCV(J)*A7+( (A20LD(J)**(C-1.0))*(CCOLD(J)*4D))
500 CONTINUE
AN(M1)=0.DO
AS{M1)=0.D0
APT(M1)=YCV(M1)/DT
IF {CCOLD{M1}.CT.18-4) GO TO 7958
GO TO 7994
7958 IF (A20LD(M1).GT.1E~5) GO TO 2211
7994 AC(M1)=APT(M1}*A2PTS(M1)
AP(N1)=APT(M1)
GO TO 2212
2211 AC(M1)=APT(M1)*A2PTS(M1)+((AS*(A20LD(M3)**C)*(CCOLD(M1)**D))
C*YCV(M1))
AP(MI1)=APT(M1)+YCV(M1)*A7%( (A20LD(M1)**(C~1.0))*(CCOLD(M1)**D})

s’

SOLVING SECOND RATE EQUATION

8¢




FORTRAN 77 VIOL31 OMAR DATE 86.11.20 TIME 11.19.14
000277 2212 PT(1)=AN(1)/AP(1)
000278 QT(1)=AC(1)/AP(1)
000279 DO 600 J=2,Mil
000280 DENOM=AP(J)-AS(J)*PT(J-1)
000281 PT(J)=AN(J)/DENOM
000282 600 OQT(J)=(AC(J)+AS(J)*QT(J-1))/DENOM
000283 A2C(M1)=0QT(M1)
000«84 DO 610 JJ=1,M2
000285 J=M2-JJ+1
000286 610 A2C(J)=PT(J)*A2C(J+1)+QT(J)
c
c
(o4 TESTING FOR CONVERGENCE(SECOND RATE EQUATION)
c
c
000287 DO 770 J=1,M1
000288 770 DIFL3(J)=DABS(A2C(J)-A20LD(J))
000289 DO 771 J=1,M1
000290 DEV3=DIFL3(J)
000291 IF (DEV3.GT.1E-3) GO TO 772
000292 771 CONTINUE
000293 GO TO 776

000294 772 DO 773 J=1,M1
000295 773 A20LD(J)=A2C(J)
000296 GO TO 765

000297 776 DO 778 J=1,M1

000298 778 A20LD(J)=A2C(J)

000299 IF (ITER1.NE.1) GO TO 1
000300 IF (ITER2.NE.1) GO TO 1
000301 RETURN

000302 800 WRITE(6,900)
000303 900 FORMAT('0',' CONVERGENCE NOT OBTAINED')

000304 STOP
C
o4
000305 ENTRY OUTPUT
c
(o
000306 N=N+20
000307 WRITE(6,1000)
000308 1000 FORMAT('0')
000309 WRITE(6,1325)
000310 1325 FORMAT({'0')
000311 WRITE(6,2000) T
000312 2000 FORMAT(® AT THE TIME OF 'yF19.6)
000313 WRITE(6,3000) CCFLC(M1)
000314 3000 FORMAT(' THE EXIT CONCENTRATION 1S ',F19.6)
000315 WRITE(6,1975)
000316 1875 FORMAT('0')
000317 WRITE(6,4000) A1C(M1),A2C(M1)

000318 4000 FORMAT(' ‘','A1C(Ml)= ',F19.6,15X,‘A2C(M1)= ',F19.6)
000313 RETURN

000320 END
STATISTICS: 304 STEPS, PROCEDURE SIZE= 7182 BYTES, PROGRAM NAME=OMAR
401 LINES, PROGRAM SIZE= 10698 BYTES, DIAGNOSTICS =

REMAINING SIZE=- 76K BYTES,
SPECIFIED OPTIONS: OPTIMIZE(2),0BJECT, LANGLVL(66)

/
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HIGHEST SEVERITY CODE=00

g8t




—

-y

386

VERSION 2




FORTRAN IV G1

0001
0002

0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013

RELEASE 2.0 MAIN DATE = 88325 15/35/44

CWATFIV ,MNOEXT,NOWARN, TIME=600

605

IMPLICIT REAL*8(A-H,0-2)

COMMON Y(100),YCV(100),YDIF(100),CCFLG(100),CCFLC(100),
CA1G(100),A1C(100),A2G(100),A2C(100),AP(100),AN(100),
CAS(100),AC(100),APT{100),PT(100),QT(100),A1INI(100),
CA2INI(100),DIFL1(100),DIFL2(100),CCOLD(100),A10LD(100),
CA20LD(100),T,DT,TINIT,PEC,DN,DS,FN, FS,DENOM, PE, COUNT ,M1,M2,M3,
CN, ITER, ITRMAX, ITERAT,C1,C2,CC,AO,R1,R2,R3, L, VEL, POR,
DEV1,DEV2,R4,C3

CALL VALUES

CALL GRID

DO 605 ITER=1,1TRMAX
COUNT=COUNT+1
T=T+DT

CALL CALC
IP(COUNT.NE.N) GO TO 605
CALL OUTPUT
CONTINUE

STOP

END

L8¢



FORTRAN IV G1 RELEASE 2.0 MAIN DATE = 88325 15/35/44
c
c
0001 SUBROUTINE OMAR
c
c

0002 IMPLICIT REAL*B(A-H,0-32)

0003 COMMON Y(100),YCV(100),YDIF(1060),CCFLG(160),CCFLC(100),
CA1G(100),A1C(100),A2G(100),A2C(100),AP(100),AN(100),
CAS(100),AC(100),APT(100),PT(100),QT(100),A1INI(100),
CA2INI(100),DIFL1(100),DIFL2(100),CCOLD(100),A10LD(100),
CA20LD(100),T,DT, TINIT, PEC,DN,DS,FN,FS, DENOM, PE, COUNT, M1 ,M2,M3,
CN, ITER, ITRMAX, ITERAT,Ci,C2,CC,AO,R1,R2,R3,L,RHOF, VEL, POR,
DEV1,DEV2,R4,C3

c

0004 ENTRY VALUES

¢

0005 M1=40

0006 T=0.0D0

0007 TINIT=0.0DO

0008 COUNT=0

0009 DT=0.01D0

0010 N=50

0011 IF(TINIT.NE.0.DO) GO TO 4

0012 DO 19 J=1,M1

0013 19  CCOLD{J)=0.0D0

0014 PO 24 J=1,M1

0015 24  A1OLD(J)=0.50D0

0016 DO 26 J=1,M1

0017 26  A20LD(J)=0.30D0

0018 4 ITRMAX=50

0019 M2=M1-1

0020 M3=M2-1

0021 C1=0.1236D0

0022 C2=0.0025D0

0023 C3=0.001214D0

0024 €C=0.55D0

0025 DO 29 J=1,M1

0026 29  AlINI(J)=0.50GH00C)

0027 DO 33 J=1,M1

0028 33 A2INI(J)=0.3000DC

0029 AO=0.043D0

0030 L=4.0D0

0031 VEL=0.020D0

0032 CON=111.0D0

0033 POR=0.930D0

0034 R1=(C1*CC*L/VEL)

0035 R2={C2*CC*L/VEL)

0036 R3=(1.37*A0*CON)/{POR*CC)

0037 R4={C3*L/VEL)

0038 DO 3 J=1,M1

0039 3 AIC(J)=ALINI{J)

0040 DO 9 J=1,Ml

0041 9 A2C(J)=A2INI(J)

0042

PEC=20.0D0

88¢



FORTRAN IV G1
0043

0044

0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055

0056

0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088

RELEASE 2.0 OMAR DATE = 88325

RETURN

C

C
ENTRY GRID

C

C
Y(1)=0.DO

10
20

o0 Q0

38
39

41
25

13

21

DY=1.D0/(M1-1)

DO 10 I~1,M2

Y(I+1)=Y(I)+DY

DO 20 I=2,M1

YDIF(I)=Y(I)-Y(I-1)
YCV(1)=0.5D0*YDIF(2)

DO 30 I=2,M2
YCV(1)=0.5D0*(YDIF(I)+YDIF(I+1))
YCV(M1)=0.5D0*YDIF(M1)

RETURN

ENTRY CALC

IF(ITER.FQ.1) GO TO 25

DO 38 J=1,M1
CCOLD(J)=CCFLC(J)

DO 39 J=1,M1
A1OLD(J)=A1C(J)

DO 41 J=1,M1
A20LD(J)=A2C(J)

ITERAT=0

A1G(1)=A1C(1)

DO 13 J=2,M1

Al1G(J)=A1C(J)

DO 21 J=1,M1

A2G(J)=A2C(J)
ITERAT=ITERAT+1
IF({ITERAT.GT.20) GO TO 800
AS(1)=0.D0

AN(1)=0.D0

AC(1)=1.D0

AP(1)=1.D0

DO 50 J=2,M2

FN=1.D0
DN=1.D0/PEC/YDIF(J+1)
PE~FN/DN

APP=DMAX1(0.D0, (1.D0-0.5DO*DABS(PE)))
AN(J )=DN*APP+DMAX1(-FN,0.D0)
FS=1.D0

DS=1.D0/PEC/YDIF(J)
PE=FS/DS

APP=DMAX1(0.DO0, (1.D0-0.5DO*DABS(PE)))
AS(J)=DS*APP+DMAX1 (FS,0.D0)
APT(J)=YCV(J)/DT
AC(J)=(APT(J)*CCOLD(J))

15/35/44

68¢




FORTRAN IV G1 RELEASE 2.0 OMAR DATE = 88325 15/35/44
0089

0090
0091
0092
0093
0094
0095
00936
0097
0098

0099
0100
0101
0102
0103
0104
0105
0106
0107
o108

0109
0110
0111
0112
0113
0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130

aQanaaon

nnnoaan

50

200

210

300

AP(J)=AN(J)+AS(J)+APT(J)+(R3I*YCV(J)*R1*A1G(J))+(RI*YCV(J)
C*R2*A2G(J) )+(R4*YCV(J))

FS=1.D0

DS=1.DO0/PEC/YDIF(M1)

PE=FS/DS

APP=DMAX1(0.D0, (1.D0-0.5DO*DABS(PE)))
AS(M1)=DS*APP+DMAX1(FS,0.D0)

AN(M1)=0.D0

APT{M1)=YCV(M1) /DT

AC(M1)=(APT(M1)*CCOLD(M1))
AP(M1)=AN(M1)+AS(M1)+APT(M1)+(R3*YCV(M1)*R1*A1G(M1))+(R3I*YCV(M1)
C*R2*A2G(M1))+(R4*YCV(M1))

SOLVING MAIN EQUATION

PT(1)=AN{1)/AP(1)
QT(1)=AC(1)/AP(1)

DO 200 J=2,M1
DENOM=AP (J ) -AS (J ) *PT(J-1)
PT(J)=AN(J ) /DENOM
QT(J)=(AC(J)+AS(J)*QT(J~1))/DENOM
CCFLC(M1)=QT(M1)

DO 210 JJ=1,M2

J=M2-JJ+1
CCFLC(J)=PT(J ) *CCFLC (J+1)+QT(J)

FIRST RATE EQUATION

AN(1)=0.D0

AS(1)=0.D0

APT(1)=0.5%YCV(1)/DT
AC(1)=APT(1)*A10LD(1)
AP(1)=("CV(1)/DT)+(R1*CCFLC(1)*YCV(1))
DO 300 J=2,M2

AN(J)=0.DO

AS(J)=0.D0O

APT(J)=YCV(J)/DT
AC(J)=APT(J)*A10LD(J)
AP(J)=(YCV(J)/DT)+(R1*CCPLC(J)*YCV(J))
AN(M1)=0.DO

AS(M1)=0.D0

APT(M1)=YCV(M1)/DT
AC(M1)=APT(M1)*A10LD(M1)
AP(M1)=(YCV(M1}/DT)+(R1*CCFLC(ML)2YCV(M1})
PT(1)=AN(1)/AP(1)

qT(1)=AC(1)/AP(1)

DO 400 J=2,M1
DENOM=AP (J ) -AS(J)*PT(J-1)

PT(J )~AN(J ) /DENOM

400 QT(J)=(AC(J)+AS(J)*QT(J-1))/DENOM

06¢
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FORTRAN IV Gl

0131
0132
0133
0134

0135
0136
0137
2138
0139
0140
0141}
0142
0143
Q144
015
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160

0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174

RELEASE 2.0 OMAR DATE = 88325

AIC(M1)=QT(M1)
DO 410 JJ=1,M2
J=M2-3J+1

410 A1C(J}=PT(J)*AL1C(J+1)+QT(J)

c

c /

c SECOND RATE FQUATION

(o

c

anoon

500

600

610

700

701

702

703

800

AN(1)=0.D0

AS{1)=0.D0

APT(1)=YCV(1)/DT
AC(1)=APT(1)*A20LD(1)
AP(1)=(YCV(1)/DT)+(R2*CCFLC(1)*YCV(1))
DO 500 J=2,M2

AN(J)=0.D0

AS(Jy=0.D0

APT(J)=YCV(J) /DT
AC{J)=APT(J)*A20LD(J)
AP(J)=(YCV(J)/DT)+(R2*CCPLC(J)*YCV(J))
AN(M1)=0.D0

AS(M1)=0.D0O

APT(M1)=YCV(M1)/DT
AC(M1)=APT(M1)*A2CLD(M1)
AP(M1)={YCV(M1)/DT)+(R2*CCFLC(M1)*YCV(M1))
PT(1)=AN(1)/AP(1)

QT(1)=AC(1)/AP(1)

DO 600 J=2,M1
DENOM=AP (J )-AS(J)*PT(J-1)
PT(J)=~AN(J ) /DENOM

QT(J)=(AC(J)+AS(J) *QT(J-1))/DENOM
A2C(M1)=QT(M1)

DO 610 JJ=1,M2

F=M2-JJ+1

A2C(J3)=PT(J)*A2C(J+1)+QT(J)

TESTING FOR CONYERGENCE

DO 700 J=1,M1
DIFL1(J)=DABS(A1C(J)-A1G(J))
DO 701 J=1,M1
DIFL2(J)=DABS(A2C(J)-A2G(J))
DO 702 J=1,M1

DEV1=DIFL1(J)

IF (DEV1.GT.1E-3) GO TO 1
CONTINUE

DO 703 J=i,M1

DEV2=DIFL2(J)

IF (DEV2.GT.1E-3) GO TO 1
CONTINUE

RETURN

WRITE(6,900)

15/35/44
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FORTRAN IV G1

0175
0176

0177

0178
0179
0180
o181
0182
0183
0184
0185
0186
0187
0188
0189
0190
0191
0192

RELEASE

Q0o Q0

900

1000
1325
2000
3000
1875
4000

2.0 OMAR DATE = 88325 15/35/44

FORMAT('0', 'CONVERGENCE NOT OBTAINED')
STOP

ENTRY OUTPUT

N=N+20

WRITE(6,1000)

FORMAT('0')

WRITE(6,1325)

FORMAT('0*)

WRITE(6,2000) T

FORMAT(' AT THE TIME OF ',F19.6)
WRITE(6,3000) CCFLC(M1)

FORMAT(' THE EXIT CONCENTRATION IS ',F19.6)
WRITE(6,1875)

FORMAT('0"')

WRITE(6,4000) A1C(M1),A2C(M1)

FORMAT{' ','AlC= ',F19.6,15X,'A2C= ',F19.6)
RET!URN

END

- M
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APPENDIX 7-2

APPLICATION OF AXIAL DISPERSION TO "CONSTANT PATTERN" BEHAVIOUR

IN FIXED PULP FIBER BEDS.

SRR TP -
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<
-
The transport equation including axial dispersion in a single channel is
ac 1 3¢
3T 1-¢c, L1 2 7-2.1
PC 1+ 1000 Pe SLo 7
o
The contribution of axial dispersion to "constant pattern” behavior can be
assessed hy evaluating the coefficient of the second order term. For the
following typlical values
P = 35
c
pg = 1.5 g/cm?
e = 0,93
a
SLo =1.0¢g Clz/g lignin
Lo = 0.0475 g 1lignin/g pulp
and Co = 1.1 g/1.
The coefficient is 4.86%1073 or approximately 5%¥1073, Thus the spreading
of the "constant pattern” concentration in a single channel due to axial
dispersion can e neglected.
>




APPENDIX 7-3

DISPERSION CALCULATIONS IN RADIAL DIRECTION FOR

FIXED PULP FIBER BEDS
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2
<
1, Estimation of a in Danckwerts "tarnishing"” raaction problem
As shown in equation section 7.4
e Co -
B = —— /1 a exp(a?) erf(a) 7-3.1
1 €, 1000pfSL°Lo
B can be estimated from the experimental values
e = 0,93
a
Pe = 1.50 g/cmd
L, ='0.0475 g lignin/g pulp
to be 0,19 C /SL .
o o
Taking SLo = 1 and noting that the range of inlet chlorine water concen-
trations to be 0.55 to 2.20 g/1, § can be calculated to be 0.10 to 0,42,
Allowing for different SLo values, a range for B of between 0.1 to 0.5 1s
appropriate for most experiments 1in this study. From equation 7-3.1 the
corresponding range for a 1s 0.2 to 0.5.
2, Estimation of radial dispersion coefficient,DR
The radial dispersion coefficient DR for chlorine can be ¢btained
from
€
1 1 i
= + [7.55)
PeR Pet,R 1.5 Ree Sc
where
0.09
L/Pe r = TH10/(Re, 50) [7.56) |
with
26.50%1076 m « 8,20%10"% m/s -
= 2 ———————————— - * 2
Reg deuo/v 7.19%10°7 m< /g 3.02+10
L 1ar 3 7-3.2
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and

= v = 7°19*10—7 = %102 -
Se = 5= = TR T © 4000 7-3.3

Thus
0.09 = 5.35%102

1/Pe, ¢ = TT 10703, 02%10-2)(4,86%107)

From equation [7.55]

1 - 0.569 } i
Pey 5.35 x 107 + §57T86%107) (3. 02%10- 7.93 x 10

Thus PeR = 12,6,

Then

D = dety _ £26.5%1076 n).(0.082%10~2 m/s)
R Pey 12,6 x 0.56

or

Dp = 3.03%1079 m/s.
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