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Abstract:

Industrial chemical bleaching of Kraft pulp is performed in multistage bleaching sequence using both
chlorine based agents and oxygen-based agents. Chlorine based agents include elemental chlorine (Cl,),
chlorine dioxide (CIO,), while oxygen based bleaching agents comprise molecular oxygen (0,), hydrogen
peroxide (H,0,) and ozone (0,). The primary goal of bleaching is to increase pulp brightness by removing
or modifying residual lignin. Chlorine bleaching is though effective, is environmentally harmful due to the
production of large quantities of chlorinated organics. Chlorine dioxide replaces elemental chlorine and
more selective delignifying agent, in removing lignin but still generates chlorinated by products at lower
levels and is expensive. Therefore, due to environmental concern, Totally Chlorine Free (TCF) bleaching
seems more attractive. Oxygen-based bleaching systems, including ozone (0,), molecular oxygen (0,),
superoxide radical (0,e-), hydrogen peroxide (H,0,), perhydroxyl radical (HOO+) and hydroxyl radical
(HOe). These species are highly reactive and contribute to the breakdown of lignin structures. While,
mechanical pulp bleaching, is only moditied the chromophoric groups present in residual lignin to
increase the brightness of pulp.

The article reveals the mechanism of action of chlorine based and oxygen-based delignification and the
bleaching reagents in modified residual lignin and carbohydrate molecules.

Keywords: Pulp bleaching, Multistage bleaching sequence, bleaching agents, bleaching stages,
ECF and TCF bleaching
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INTRODUCTION

The pulp bleaching process is an important step in the
pulp and paper industry. 1t is a chemical treatment that
principle aims to enhance the brightness by removing or
modification the color-causing components from the pulp.
The chromophoric groups of lignin are principally responsible
for colour. Removal of residual lignin and other impurities
during bleaching is regarded as a continuation of pulping
process but it is done in a gentler, less destructive way, hence
it is carried out in different bleaching stages to get cleaner
and whiter final product and loweringenvironmental impact.
The residual fiber lignin is structurally heterogeneous and
contains saturated and unsaturated carbons of the methylene
type.These saturated features contributing to the difficulty in
removing the last portion of lignin in kraft pulps is the presence
of chemical linkages between lignin and carbohydrates. All
the major polysaccharides in the fiber, viz. cellulose, xylan
and glucomannan, have been found to be linked to lignin,
probably with benzyl ether linkages being the predominant
mode of coupling.

Bleaching is an essential step in the production of high-grade
paper specially used for printing, writing, and packaging.
The pulp bleaching process involves various stages where it
needs to utilize different chemical agents and technologies to
achieve the desired brightness and quality while minimizing
environmental impact.The pulp bleaching are two principally
different methods for chemical and mechanical grade pulp.

. Lignin-removing bleaching of pulp
. Lignin-preserving bleaching/brightening of pulp
Multiple Bleaching Sequences

A bleaching sequence consists of a number of stages. Each
stage has a specific function. Single applications of chemicals
have alimited effect in brightness improvement or in
delignification.Multistage application of bleaching chemicals
can provide much greater benefits (Reeve 1996a). The early
part of sequence is designed to remove major portion of
residual lignin in the pulp. The latter stages in sequence are
called as brightening stages in which chromospheres in the
pulp eliminated and the brightness increased toa high level
(Nelson 1998). Cost and selectivity are two very important
aspects of establishing the proper sequence of bleaching
chemicals. The bleaching process involves a sequence of
chemical treatments.

 Delignification Stage: chlorine, oxygen, ozone, or chlorine
dioxide to break down lignin.

» Brightening Stage: Hypochlorite, hydrogen peroxide or
chlorine dioxide to achieve the desired brightness.

¢ Final Washing and Neutralization: Ensures the removal of
residual chemicals and stabilizes the pulp.
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The main reason for a multi-step treatment is the inability to
combine simultaneously brightening and effective removal
of the oxidized material. Oxidation with electrophiles
typically requires acidic conditions and generates carboxylic
acids. The solubility of these carboxylic acids in water is not
very high, especially in cases where the molecular weight
of the oxidized lignin remains high after the application of
moderate amounts of the electrophile. Solubility increases
under alkaline conditions, because the addition of caustic
soda as a nucleophile generates the more soluble sodium
salts of the carboxylic acids. Therefore, electrophile
oxidation is normally followed with an alkaline treatment-
an extraction of the oxidized material.

Bleaching Process

Bleaching processes are classified according to their use
of bleaching agents containing chlorine. Conventional
bleaching, elemental chlorine free (ECF) bleaching and
totally chlorine free (TCF) bleaching are the three main ways
to bleaching chemical pulps.Inconventional bleaching
process, all kind of bleaching reagent can beused including
chlorine gas whereas molecular chlorine is not used in

ECF process. In TCF bleaching no chlorinated bleaching
agents used.

Chlorine-containing chemicals used in bleaching process
lead toformation of AOX (Absorbable Organic Halogens)
and actual toxicity in bleach plant effluents. The presence
of these toxic effluents in thepulp mill effluents are the
major environmental issues in the world.Totally elimination
of these toxic effluents in the bleach plant ispossible with
TCF bleaching technologies in the mills

InIndia, CEpHH, CEopHD, DEpD, ODEpD, OZ/DEpD are used
for brightness pulp (more than 85% to 90%ISO brightness)
are the most commonly used bleaching sequences. Possible
environmentally benign TCF bleaching sequences are OZP
OZEP, OZ(EOP)P, 0(QZ)Q(PO) and OZEpD for 85% to 90%
(1SO) brightness.

Bleaching Chemicals

Bleaching chemicals play the key role for the destruction of
chromophores and decreasing the conjugation of electrons
in a colored molecule. Conjugation in a molecule can be
altered by reduction and oxidation. Oxidations accept
electrons and are reducedthe substance they react with
give up electrons and are oxidised. To stop a conjugation
is the cleavage of a double bond- the destruction of the
molecule by a strong oxidizer. On the other hand a more
mild reaction is a reductive treatment, simply adding
electrons to the colored compound. The use of strong
selective bleaching chemicals must be evaluated to remove
the lignin there by protecting the maximum cellulose and
hemicelluloses. The commonly bleaching chemicals with
their symbols are present in Table 1.
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Table1: Chemicals used in bleaching processes

Symbol | Chemical Symbol | Chemical

C Chlorine Z Ozone

D Chlorine dioxide E Sodium hydroxide
H Hypochlorite X Enzymes

(6] Oxygen Q Chelating agent

P Hydrogen peroxide A Acid

Y Sodium Dithionate

Classification of bleaching reaction types:
Bleaching reactions are classified in two categories.

1. Electrophilic reaction: It initiates lignin degrading
bleaching process especially electron rich phenolic and
ethylenic structure in lignin and involves cations (acidic
media) and radicals (in acidic, alkaline and neutral media).

The bleaching agents C, P O, and Z are important and
commonly used oxidants which cause depolymerisation and
create new hydrophilic groups. Each bleaching chemicals has
different OXE equivalent which is present in Table 2:

2. Nuclephilic reaction: 1t occurs in lignin retaining
bleaching, these reactions take place primarily in alkaline
media and involve anion and to much lesser extent, radicals.
These reactions are reductive and involve carbonyl and

Table 2: Oxidation equivalent (OXE) value of bleaching agents COﬂ]Ugath Carbony] Contammg structures.

Molecular | Mol e / mol
Bleach Chemical Moass (g/mol) OXE/Kg L ‘\ | |
c 35 22 - L ey i = o
NaOCl H 74.5 2 372 26.8 \/\7 / Q < DU
A \/\Dc T H‘\
Clo, D 67.5 5 1315 74.1 e .
0, 0 32 4 8 125 ko e
H,0, P 34 2 17 588 p——— "
L z ol 8 & 12 Fig 1: Site of attack by electrophiles and Nucelophiles
Types of bleaching reaction mechanisms
Reaction Mechanism | Bleaching chemicals Target Effect
Electrophilic reaction Chlorine, Hypochlorous acid, Unsaturated structures (-C=C-) Chlorination of lignin
mechanism Ozone, Chlorine dioxide and [lignin, Hex A, extractives] and Oxidation of lignin
Per acid, Paa
Nucleophilic reaction Hydrogen peroxide, Electrophilic carbon atoms, such as Brightening effect, oxidation of
mechanism Hypochlorous acid and Per carbonyl structures (C=0) [lignin, lignin
acid, Paa extractives]
Radicals reaction Chlorine dioxide, Ozone and Phenolic and non phenolic Brightening effect, oxidation
mechanism Oxygen structures with C102, Os and and chlorination of lignin
Phenolic structure with O,
Bleaching Stages

Bleaching is a multistage bleaching process. Each stage has its optimal operating conditions,specific advantages and
disadvantages which may change depending upon the location of the specific stage within the bleaching sequence. There are
different bleaching sequences which are as follow:

0Oxygen Delignification (0 Stage)

Oxygen delignification is a three-phase mass transfer process with lignin dispersed within a solid fiber matrix, a bulk alkaline
liquor phase, and gaseous oxygen. The primary reaction step in the oxygenation of a phenolic structure is the slow electron
transfer from the phenolate anion to oxygen with formation of a superoxide ion and a phenoxy radical. The phenoxy radical,
stabilized by resonance, reacts with a second molecule of oxygen to form an organic peroxy radical which rapidly is reduced to
a hydroperoxide or, alternatively, reacts directly with a superoxide ion. In subsequent steps, the organic hydroperoxide isomers
will react further and the aromatic ring can be either degraded, or eliminated from the rest of the lignin macromolecule. After
pulping, the residual pulp lignin contains about 30 phenolic hydroxyl groups per 100 phenylpropane units. After a subsequent
oxygen stage, this number is reduced to values around 10-15 in the fiber lignin. The use of the O stage delignification is typically
limited to 40- 50% for hardwood pulps and 35-40% for agro-residue pulps. The reaction path ways is as given in Fig 2:

Fig 2 illustrates that The product of the first step is a negatively charged ion called the superoxide anion, which can combine
with a H+ ion to form the hydroperoxy radical (HOO.) Both have the higher oxidation potential than their parent oxygen. The
radical (HOO.) is not sufficient stable and dissociated form hydrogen peroxide. In next step when hydrogen peroxide accepts
one electron to form and hydroxide ion and a hydroxyl radical. Finally the hydroxyl radical can acquire another electron to form
hydroxide ion and water.
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Fig 2: Reaction pathways of oxygen

Carbohydate degradation reaction:

The reactions of carbohydrate and oxygen in pulp can be divided into two categories: one is random chain cleavage by radical
species, and the other is carbohydrate peeling reactions. Random chain cleavage occurs at any glycosidic linkage along the
chain like molecule, while in carbohydrate peeling reactions, individual sugar units on the end of the chain are attacked and
successively removed one unit at a time. The carbohydrate degradation reaction is as given in Fig 3:
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Fig 3: Major carbohydrate reaction in the O-stage

Chlorination stage

Chlorine is delignifying bleaching agent. In aqueous chlorine system, chlorine can exists in three different forms depending
upon the pH of the solution. There are molecular chlorine, hypochlorous acid (HOCI) and its anion OCI-. In the region up to pH
5, a concentration- dependent equilibrium exists between molecular chlorine and hypochlorous acid (HOCI), while at higher pH
values hypochlorous acid (HOCI) and its anion OCl-are both present in proportions directly determined by the pH of the solution.

The chlorine water syatem is as given in Fig 4:
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Reaction of Chlorine molecule with lignin

It is @ more lignin selective delignifing bleaching agent.
The type of reactive species present in the chlorination
stage is significant because hypochlorous acid reacts
with the pulp components by different mechanism than
does chlorine. HOCI reacts less selective with lignin are
mainly oxidative reaction. OCl- leads to a decreased

Bleaching of Pulp and its Chemistry, a Brief Introduction

Ch + H0 === H" + Cl" + HOCl pk=34
HOCI === H + (0" pk=75

cellulose viscosity and decreased pulp strength. But three i e
types of reactions occur with chlorine during; addition, g0 | L 55
substitution and oxidation reaction. All of these reactions 8 _
contribute directly or indirectly to the breakdown of the 2 ke ——— [~ :'g)
lignin macromolecules into small fragments to be soluble =40 | 60 &2
in the acidic. The substitution and addition reactions ES
are much faster than oxidation reaction and lead to the 201 @1 o0
formation of chlorinated organic. In chlorination stage o L -
ionic reaction predominates with lignin and radical 6 1 2 3 a4 9
reaction predominates with carbohydrate. The chlorine 22
and lignin reaction is as given in Fig 5: Fig 4: Chlorine water system
Alkaline Extraction stage
cé,] ~Lignin ccn’]-l-ianln e g}—l-ionin Alkaline extraction stage facilitates the lignin made
. _i:n':"—on . H’é’o cooH potentially soluble by the previous acidic oxidising
A-/ Clz, aq. . stage and to reactivate the pulp to further oxidation.
gt Soom, ) 'Ck o S An extraction stage removes over 90% of the remaining
TRE o - lignin. The solubilization of the salts (RCOO Na+) and
o - Sl . their diffusion from the fiber takes just a few minutes.
I o (Gimi:l;n)one °°‘?{£uc_°n;9 acia  Thespeed of the extraction reaction is more dependent
B = Electrophilic displacement o ed_l - ervatve)  upon temperature and_ con;istency. A temperature
S i 10& above 60°C and retention time of about one hour
iEarmoiomdi yield good lignin removal. Various factor affecting
i fragments the E-stage i.e addition of oxygen and peroxide,
Gt éiiﬁ,‘;', substitution of chlorine with chlorine dioxide, effect of

Fig 5: Reaction of Chlorine molecule with lignin
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Fig 6: Formation of chemical blocking groups in alkaline extraction stage

i ~NaOM NaCl + Na2C0O3 + Activated Lignin
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o
iig.
Gl CxugcH H ) o
i E&z" = NaC! + Na2CO3 + Activated Lignin
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cl ® cl cl OH
NaoH NaCl +
c OCH, c ocH,

Fig 7: Reactivation reactions occurring with chemical blocking groups
in alkaline extraction stage

Fig 6 &7 reveals that chloro lignin layers forms in the fiber walls & constitutes a barrier to further chlorine by limiting the motion
of CI2. Extraction stage removes the physical barrier and allow expose of unreacted lignin to further oxidation. Chlorolignin layer
forms around lignin which is distributed heterogeneously in the fiber wall. Chlorine could access the whole wall at macro level.
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At present, chlorine dioxide constitutes the most important bleaching agent for chemical pulps. The gradual replacement of
elemental chlorine with chlorine dioxide in the industry has been driven by the concern that bleaching effluents originating
from chlorine bleaching contains harmful chlorinated substances. With chlorine dioxide, the residual lignin in chemical pulps is
efficiently oxidized and degraded although chlorination also occurs to a limited extent.

Chlorine dioxide is a strong oxidizing chemical. It reacts with free phenolic

groups and aliphatic double bonds, resulting in demethylation and ring cleav-

age in the lignin structure. Chlorine dioxide is relatively unreactive toward fully

etherified phenolic units in lignin and is nearly inert toward cellulose and other

carbohydrates in pulp. On oxidation, the aromatic ring in lignin is rapidly degraded with formation of muconic acid and

quinone structures as predominant end products as shown in Fig 8.

Fig illustrates the changes in oxidation state and pathway of the reactive
intermediates during chlorine dioxide bleaching of pulp. It reacts with
pulp transfer 1 e-to produce chlorite ion ClO2-. 1t does not react with pulp
directly with pulp. Chlorine dioxide also reacts with pulp. To form HOCI
and converted chlorine molecules by hydrolysis. Both react with pulp
producing chloride ion and chlorinated organic material. Chlorine reacts
with chlorite produce chlorine dioxide, while HOCI acid reacts with chlorite
to form chlorate ion (ClO3-). The initial consumption of chlorine dioxide
by the pulp is very fast and within a matter of seconds, the concentration
of chlorine dioxide has been reduced to a considerable extent. Whereas
chlorite ions may still participate in the overall reactions of pulp lignin,
the formation of chlorate is undesirable since this ion is inert and cannot
contribute to any further pulp reactions. In addition, the chlorate ion is
biologically active and may cause environmental problems.

Hypo stage

Calcium hypochlorite is a brightening bleaching agent. This chemical is
more selective than elemental chlorine, but less selective than chlorine
dioxide; 1t is important to maintain the pH above 8 because below this pH
hypochlorite is in equilibrium with significant amounts of hypochlorous
acid which is a powerful oxidant of carbohydrates, Since the pH is high,
lignin iscontinuously extracted as it is depolymerized. Cellulose is oxidized
along its chain, forming aldehyde groups and making random cleavage
more likely.

Hydrogen peroxide stage:

Hydrogen peroxide in alkaline media has been used since a long time
for the bleaching of chemical and mechanical pulp. It is auto-catalyst
bleaching chemical work as oxidation and reducing agent. At alkaline pH,
hydrogen peroxide is in equilibrium form per hydroxyl anion, the active
compound in bleaching reactions.

H,0, + OH- ] H,0+HOO-

The per hydroxyl anion acts as a nucleophile- it adds to quinone structures
and eliminates side chains from lignin. The radical species present in a
peroxide stage will contribute to the oxidation of lignin but also to a certain
oxidation of the polysaccharides. The latter oxidation will give rise to a
further drop of pulp viscosity. To preservation of carbohydrate also added
sodium silicate in order to stabilize the peroxide and to provide a buffering
capacity to the bleaching system.

[123]
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Fig 8: Reaction of chlorine dioxide with lignin

It can react with lignin and form quinone methide
from phenolic benzyl alcohol structures. Thereby,
a nucleophilic addition of a peroxy anion is made
possible and, in subsequent reaction steps, a
lignin side chain carbonyl group and double
bonds to oxidise lignin and and change the
structure of chromophoric group to be of colorless..
The reaction is shown in Fig 9.

0zone bleaching of pulp:

Growing concern about the environmental
ozone is an effective bleaching and delignifying
agent for all types of chemical pulpsin terms of
delignification, efficiency, low costs and reducing
ecological impact. 1t has the cabability of reacting
with the main chemical groups present in the
residual lignin; Free and etherified phenolic
group; Double bond conjugated to the aromatic
ring & split into carbonyl species; more condensed
aromatic structures split into carbonyl species.
Ozone plays a key role in the development of
closed bleaching processes. It is powerful oxidiser
106 times more reactive towards lignin than
towards carbohydrate. Ozone generation is a pure
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|
o,CH3 H / \C
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o
Il
HC OH
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HO™{or HO HC Lignin Fig 10: Reaction of ozone with lignin
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Fig 9: Reaction of alkaline peroxide with (Beta-0-4) structure of lignin

on site technology requiring only energy and oxygen. Ozone is
produced from oxygen in an electrical field at a concentration of
12%(w/w).To produce 1 Kg ozone needs only 8.3 kg Oxygen and
10 kwh power while only 0.3KWh energy required to produce 1
kg oxygen, in addition ozone is highly viable bleaching chemical
1.2 to 1.5 times less costly than chlorine dioxide.

Reaction of ozone with lignin

Ozone bleaching agent works as electrophile under acidic
condition. During bleaching it reacts with C=C, double bond
and aromatic structure of lignin are cleaved and form muconic

Bleaching chemical characteristics

acids. Hydroxyl group are introduced into the ring and
radical are generated.

The hydroxyl radical is often invoked as the species that is
responsible for carbohydrate deterioration. The reaction of
ozone with lignin is given in Fig 10.

Environmental Impact of Pulp Bleaching

Traditional bleaching processes have been associated
with pollution due to the release of chlorinated organic
compounds into water bodies. However, modern
advancements such as ECF and TCF bleaching have
significantly reduced the environmental footprint of the
paper industry. Sustainable practices, recycling efforts, and
closed-loop water treatment systems further contribute to
minimizing the ecological impact.

Table 3: indicated the lower, moderate and higher bleaching chemical characteristics of each bleaching agents

Bleaching Eq. Eq. Efficiency Reactivity Selectivity Dirt Environmental
chemicals wt cl Removal implication

Cl 35.5 1.00 H H H H H

ClO, 13.5 2.63 H M H H M

0, 8 4.44 L L M M L

H,0, 17 2.09 L L M L L

0s 8 4.44 H H M L L

NaOCl 372 0.93 M M M H H

Mechanical pulp bleaching:

Mechanical pulp bleaching is often referred to as brightening and is often performed in only one or two stages. In mechanical
pulp bleaching, the residual lignin is not removed. Rather, chromophores within the pulp fibers are modified so they reflect
light rather than absorb light. Unfortunately, upon exposure to heat or sunlight, these modifications tend to reverse resulting in
significant brightness reversion and yellowing in mechanical pulps.

The main bleaching chemicals employed in mechanical pulp bleaching are hydrogen peroxide and sodium hydrosulfite.
Sometimes, a chelant such as DTPA (diethylene triamine penta acetic acid) or EDTA (ethylene diamine tetra acetic acid) is used
prior to peroxide treatment to remove transition-metal ions from mechanical pulp in a pretreatment stage, called the chelation
stage (Q stage). Sodium hydrosulfite can be purchased in either a solution or powder form. It can also be produced as a solution
on site by the reaction of sodium borohydride and sodium hydroxide to reduce sulfur dioxide or sodium bisulfite.

[124]
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CONCLUSION

Pulp bleaching is an essential process in the paper industry, ensuring high-quality, bright paper products while meeting environmental
regulations. With the shift towards sustainable bleaching techniques such as ECF and TCF, the industry is moving towards a greener
future. By embracing innovative and eco-friendly methods, paper manufacturers can continue to meet the demand for high-quality
paper while reducing their environmental impact. By understanding the pulp bleaching process and its advancements, businesses
and consumers alike can make informed choices that support sustainability in the pulp and paper industry.
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