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ABSTRACT

The aim of bleaching is to increase the brightness of the pulp by reducing the amount of 

the residual lignin and to provide the pulp with specific physicochemical properties. It is known 

that the brightness of the pulp depends on its ability to reflect the light, which can be reached by 

discoloration of the coloring agents contained in the unbleached pulp or by their removal.  The 

coloring  agents  are  generally  different  chromophoric  groups  in  the  residual  lignin  whose 

properties strongly depend on the method of pulp cooking, nature of wood and the bleaching 

agents.

The  subjects  of  the  research  were softwood kraft  pulp  after  oxygen-alkali  treatment 

(Kappa number 10-14) and softwood kraft pulp without oxygen-alkali treatment (Kappa number 

30).

In the present work, softwood kraft pulp samples were bleached according to the following 

schemes: HO—A—P—D—P(a) and  A—P—D—P(a), where

HO – Oxygen-alkaline treatment stage;

A –Acidic bleaching stage where sulphuric acid or sulphuric dioxide water is used as a 

reagent;

P – Alkaline bleaching stage where hydrogen peroxide is used as a reagent;

D – Acidic bleaching stage where chlorine dioxide is used as a reagent;

P(a) – Acidic bleaching stage where hydrogen peroxide is used as a reagent.  

The pulp stiffness and brightness were determined to illustrate the efficiency of the acid-

catalytic  activation  of  pulp.  The  dependences  of  the  delignification  degree  and  hydrogen 

peroxide conversion  on time according  to  the  scheme H0 — A—P were defined.  The pulp 

viscosity and paper mechanical characteristics such as breaking length and tear resistance as 

well as chemical oxygen demand (COD) of bleaching filtrates were estimated. 

The  results  provided  better  understanding  of  elemental  chlorine  free  bleaching  (ECF-

bleaching)  with  low  chlorine  dioxide  consumption  (“soft”  ECF  bleaching).  Moreover,  a 

conclusion was made that “soft” ECF-bleaching was the most optimal process because it was 

more environmentally friendly than ECF and cheaper than total chlorine free (TCF) bleaching.

Key words: softwood kraft pulp, soft ECF-bleaching 
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1. INTRODUCTION

1.1 Background

Nowadays pulp-  and paper plants  pay great  attention to  the environment  protection and 

production  of  ‘green’ paper.  Innovative  technologies  dealing  with  effluent  treatment  and  plant 

emissions,  waste  reclamation  and  minimization  of  the  effluent  formation  are  becoming  very 

important [1 – 3]. Bleaching of pulp is one of the processes that have to be improved to make pulp- 

and paper products more environmentally friendly and hence more competitive. There are two main 

types of pulp bleaching, Elemental Chlorine Free (ECF) bleaching and Total Chlorine Free (TCF) 

bleaching.  ECF is  bleaching  without  the  use  of  molecular  chlorine  or  hypochlorites.  Chlorine 

dioxide is  usually used instead of these bleaching agents.  TCF is  bleaching without  the use of 

molecular chlorine and chlorine compounds. Enzymes, peroxy acids, oxygen, ozone, and hydrogen 

peroxide are the main bleaching agents. TCF bleaching of pulp is the best way to produce pulp with 

high brightness and mechanical characteristics but it has one sufficient disadvantage – high cost. 

The development of soft pulp bleaching with decreased chlorine dioxide consumption (soft 

ECF-bleaching) is thus an important issue since it is a relatively cheap and efficient method of 

bleaching.  The  soft  ECF  bleaching  of  pulp  allows  decreasing  the  amount  of  chlororganic 

compounds in the final products and in the waste water discharged into the environment.

1.2 Scope of the present work

The scope of the present work was to study soft ECF-bleaching of softwood pulp, to investigate the 

influence of sulphuric acid on hydrogen peroxide bleaching activation and the impact of oxygen-

alkaline step on pulp properties.
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2. THEORY

2.1 Advantages and disadvantages of oxygen-alkaline treatment 

 Oxygen-alkaline treatment (H0) followed by ECF or TCF bleaching of pulp is widely 

used  all  over  the  world.  This  combination  is  especially  effective  in  bleached  kraft  pulp 

production when the waste filtrate after oxygen-alkaline bleaching stage can be used for the 

counter-flow wash of unbleached pulp and then go to cooking chemicals regeneration system 

together with the black liquor. As a result of oxygen-alkaline bleaching stage the lignin content 

in pulp before bleaching decreases (approximately by 28-67% for hardwood pulp and by 29-

55% for softwood pulp) and additional removal of the cooking liquor residuals from the pulp 

occurs (87-90%, depending on equipment) [4]. 

2.1.1Oxygen role in oxygen-alkaline treatment of pulp

The process of oxygen-alkaline treatment is based on the ability of the molecular oxygen 

in  alkaline  medium  to  oxidize  lignin  in  unbleached  pulp  leading  to  different  chemical 

transformations [5-9], for example:

1. formation of carbanions from phenolic and enol structural units of lignin in alkaline 

medium,  further  formation  of  carbonyl  and  conjugated  carbonyl  structures  upon  the 

influence of active oxygen, which are destructed later;

2. oxidation  of  aromatic  structures  (phenolic  and  non-phenolic)  by  hydroxyl  group 

followed  by  destruction  of  lignin  carbon-carbon  side  chains,  acryl-aryl  and  diphenyl 

bonds; 

3. formation of peroxide-anions from phenolic and enol structures in the presence of 

oxygen, which react with each other according to the intramolecular nucleophilic addition 

reaction and form intermediate dioxetane structure, which is destructed later.  

Comparing the effect of molecular oxygen and hydrogen peroxide on residual lignin it 

should be noted that:

1. chromophoric structures are formed upon lignin degeneration by molecular oxygen;

2. primary chromophoric structures are destructed by peroxide anions.

Thereby, different chemical species take part in interactions during the oxygen-alkaline 

treatment. These species can selectively react with certain lignin structures or compete with 

each other for reacting with the same lignin structures. Speies with both high and low oxidizing 
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ability take part in this process. In addition, during the oxygen-alkaline treatment, electrophilic 

and nucleophilic processes can occur. 

 Addition of magnesium sulphate during oxygen-alkaline bleaching decreases cellulose 

destruction  because  colloidal  magnesium hydroxide  sorbs  transition  metal  ions,  which  may 

destruct cellulose. 

2.1.2 Advantages of oxygen-alkaline treatment of softwood pulp 

1. decrease of  lignin content in pulp before bleaching;

2. increase  of  the  removal  degree  of  organic  and  mineral  substances  going  to 

regeneration;

3. decrease of bleaching chemicals consumption; 

4. reduced fresh water consumption, decreased discharge of wastes containing organic 

and chlororganic compounds; 

5. decrease of the amount of chlororganic compounds in the bleached pulp used for 

paper production.

2.1.3 Ecological problems of oxygen-alkaline treatment

From  the  30th of  October,  1999,  every  project  of  construction  or  substantial 

reconstruction of a paper plant within the European Union has to be approved according to the 

Integrаted Pollution Prevention and Control Directive (IPPC) independently on its production 

volumes. 

Decrease of environmental pollution by wood processing industry depends on the use of 

the advanced technologies. Strict regulations regarding environmental protection, especially in 

Europe, and intensive design of new equipment enable to reduce the effect of technological 

processes on the environment.

Maximum contaminant levels for wastewater of pulp and paper industry are presented in 

Table 1. 
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Table  1. Maximum contaminant  levels  for  pulp  and  paper  plant  wastewater  according  to  the 
Russian regulations (effluent amount is 10 – 20 m3/t) [7]. 

Plant type

Chemi
cal 

oxyge
n 

deman
d, mg 
O2/l

Biolog
ical 

oxygen 
demand, 
mg O2/l

Adsor
bable 
organi

c 
halide, 
mg/l

Total 
amou
nt of 
suspe
nded 

substa
nces, 
mg

Total 
amount 

of 
nitrogen 
containi

ng 
compou
nds, mg

Total 
amount of 

phosphorus 
containing 

compounds 
, mg

Bleached kraft 
pulp plant

10-23 0.3-1.5 0.0-0.25 0.6-2.0 0.1-0.25 0.01-0.03

Unbleached kraft 
pulp plant

5-10 0.5-0.7 0.0 0.3-0.1 0.15-0.2 0.01-0.02

Mechanical pulp 
plant

2.0 – 5.0 0.2-0.7 0.0 0.4-0.1 0.05-0.1 0.005 – 0.008

Table  2. Maximum permissible  concentration  (MPC,  mg/m3)  of  gases  emitted  during  oxygen-
alkaline treatment, according to the Russian regulations. 

Polluting substance MPC
One-Time 
MPC

Average 
Daily 
MPC

Class of hazard

Carbon oxide 20 5 3 4

Methanol 5 1 0.5 3

Methylmercaptan 4 0.0001 0.0002* 3

Chlorine 2 0.1 0.03 2

Chlorine dioxide 0.1 — — 1

 * - maximum permissible concentration in water.

2.2 Reduction of chlorine dioxide consumption in soft ECF bleaching

 Oxygen, ozone, hydrogen peroxide, and peroxy-acids are used as bleaching agents in 

ECF bleaching.  Chlorine  dioxide  is  believed to  be  the most  effective bleaching agent  as  it 

destructs aromatic cycles, ether bonds, structures like vinyl ester etc. At the same time chlorine 
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dioxide consumption is quite high. In addition it should be noted that chlorine dioxide as a 

bleaching agent leads to decrease of some mechanical characteristics of pulp [4, 10]. 

For TCF pulp bleaching enzymes, peroxy-acids, oxygen, ozone, and hydrogen peroxide 

can be used as bleaching agents.

Use of these bleaching agents may help to introduce closed process water cycle at pulp 

and paper plant in future. 

2.2.1 The problems of using chlorine dioxide for pulp bleaching

Synthetic chlorine dioxide used in ECF bleaching may often contain some amount of 

molecular chlorine. Further, molecular chlorine (Cl2) and hypochloric acid (HOCl) are formed 

in chemical reactions during bleaching with chlorine dioxide. These chemicals can react with 

substances released from wood and form chlor-organic compounds. Chlorate-ion (ClO3
-) may 

also be formed as an undesirable (because of its inactivity) by-product resulting in decreased 

bleaching efficiency.

Possible reactions of chlorine dioxide and its active intermediates in chlorine dioxide 

bleaching of pulp are shown in Figure 1. 

Chlorine  dioxide  reacts  with  pulp  losing  one  electron  according  to  reaction  1  and 

forming chlorine ion (ClO2
-),  which does not react with pulp directly.  Chlorine dioxide also 

reacts with pulp according to reaction 2 with formation of hypochloric acid (HOCl) which turns 

into molecular chlorine (Cl2) by hydrolysis reaction 3. Hypochloric acid and chlorine react with 

pulp  according  to  reactions  4-7 with  formation  of  chloride  ion  and  chlorinated  organic 

substances. Chlorine reacts with chlorite regenerating chlorine dioxide according to reaction 10 

while hypochloric acid reacts  with chlorine forming chlorate-ion according to reaction  8.  In 

acidic  medium chlorine  is  decomposed  into  chlorine  dioxide  and chloride-ion  according  to 

reaction 9.
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Figure 1. Reactions of chlorine dioxide with pulp during delignification and bleaching [9].

The picture shows that it is possible to reduce chlorate formation and by that means to 

increase delignification efficiency, or to reduce chlorine formation decreasing the formation of 

chloroorganic compounds.

Dry sediment formed during ECF-bleaching contains different chlorine compounds and 

has to be utilized as toxic waste. During burning of the waste dioxins are formed which are very 

toxic and have a negative effect on the environment. 

Chloride ions formed during chlorine dioxide bleaching are accumulated in the process 

water upon the use of closed water systems causing equipment corrosion.      

So, disadvantages of chlorine dioxide use are:

1. discharges of chlorine dioxide from bleaching towers, tanks and vacuum filters; 

2. formation of dioxins during toxic waste burning;

3. impossibility  of  using  closed  water  systems  without  local  system  of  filtrates 

treatment

Moreover,  the use of chlorine dioxide bleaching after oxygen-alkaline bleaching stage 

causes several problems listed below, which cannot be solved by the increase of the bleaching 

agent consumption:

1. increased Kappa number;

2. increased content of hydroxyl groups in residual lignin;

3. less disrupted dissolved lignin fragments 
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The  above  mentioned  problems  suggest  the  necessity  of  decrease  in  chlorine  dioxide 

consumption and search for an alternative to chlorine dioxide. 

2.2.2 Oxygen-containing reagents and enzymes in pulp bleaching

Bleaching process development is intended to totally exclude the use of molecular chlorine 

and  to  reduce  the  consumption  of  chlorine  dioxide  in  order  to  minimize  the  amount  of 

chloroorganic compounds both in the wastes and in the final products. 

When evaluating ECF and TCF bleaching, ECF-adherents [11] point out that during chlorine 

dioxide bleaching chlorides and low-substituted low-toxic chlorophenols are formed in the most 

cases, which do not have negative effect on the environment. Further, the use of local system of 

filtrates  treatment  is  believed  to  allow  the  use  of  closed  water  system in  pulp  and  paper 

production. However, the following things are not taken into account:

1. formation of molecular chlorine during the synthesis of chloride dioxide and chlorine 

dioxide bleaching;

2. high explosivity of chlorine dioxide, especially in summer;

3. possible presence of chloroorganic compounds in the final products

According to the experience of Scandinavian paper plants, the TCF pulp production cost 

is ca 10% higher than the ECF pulp production cost, while brightness and strength of the TCF 

pulp are lower. That is apparently the reason why mainly “soft” ECF-bleaching is used even in 

the European countries. 

Lately,  TCF  pulp  bleaching  has  become  more  economically  beneficial  due  to  the 

development of ozone bleaching. 

However, using ozone in pulp cooking process is senseless because of its instability and 

low solubility in water at high temperature.

2.2.2.1 Pulp bleaching with ozone

It is possible to use ozone at different pulp bleaching stages but the use of ozone as a 

delignifying  agent  at  the  beginning  of  the bleaching  process  is  more reasonable since  pulp 

contains relatively high amount of residual lignin protecting carbohydrates from destruction by 

ozone. Thereby, chlorine bleaching stage can be replaced by ozone treatment according to the 
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scheme Z – E – D – E – D where Z – acidic bleaching with ozone, E – alkaline extraction with 

sodium hydroxide, D – acidic bleaching with chlorine dioxide.

Application of this and similar bleaching sequences results in the pulp yield increase by 

2.3–2.6% accompanied by a slight decrease of brightness and viscosity [11]. Another variant of 

ECF-bleaching with ozone is  the use of  Ze Trac method developed by the company  Metso 

Paper with the following scheme Z – E – D – D, which allows decreasing total bleaching costs 

by 32% and reducing water consumption and waste water amount by 25% [11]. 

The use of ozone for bleaching after preliminary oxygen treatment enables to decrease 

ozone consumption required for bleaching.  In this  case,  bleaching is  done according to  the 

schemes Paa-PS-Z-PS and Paa-PS-Z-PS-D, where Paa – acidic bleaching with per-acetic acid, PS 

– alkaline bleaching with hydrogen peroxide and stabilizing agent, Z – acidic bleaching with 

ozone, D – acidic bleaching with chlorine dioxide.

The higher delignification degree the pulp has, the less destruction of polysaccharides 

occurs during bleaching of the pulp according to the scheme shown above. That means that the 

use of ozone for semi-bleached pulp treatment is also reasonable since pulp brightness increases 

while the strength of the pulp remains unchanged.   

Modern  equipment  and  technologies  offered  by  companies  Andritz  (Finland)  and 

Kvaerner Pulping AB (Sweden) enable to use ozone as a bleaching agent.

Bleaching with ozone is carried out in acidic medium (pH<3) because hydroxyl ions 

catalyze ozone decomposition in water. It is possible to acidify the pulp by sulfuric, sulfurous, 

acetic,  formic,  ethanedioic  and  other  acids.  Only  sulfuric  and  sulfurous  acids  are  used  in 

industry because of the high cost of the other acids.

Ozonation should be carried out at low temperatures because of ozone’s instability and 

low solubility  in  water.  Moreover,  carbohydrates  destruction  increases  significantly  at  high 

temperature. Ozonation at the temperature of 20 – 50°C and production conditions does not 

decrease delignification efficiency and pulp viscosity.

Oxidizing  action  of  ozone  is  not  sufficiently  selective.  Ozone  forms  intermediate 

radicals such as hydroxyl (HO·) and hydroperoxyl (OOH·) radicals which affect the pulp during 

reactions with lignin.

Hydroxyl  radicals  are  extremely  nonselective  as  they  break  all  kinds  of  bonds  in 

polysaccharides. Hydroperoxyl radicals are able to oxidize tail units of cellulose.

Interaction of ozone with pulp has topological character. The rate of interaction is not 

high because of the protective action of the cellulose crystalline structure. The main reaction is 
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the breakage of glycoside bonds according to the free radical oxidation mechanism initiated by 

ozone. 

Nowadays there are different methods to increase process selectivity:

1. changing process conditions (pH, temperature);

2. intermediate  washing  to  remove  the  destruction  products  of  lignin  and 

oligosaccharides;

3. addition of organic solvents or other compounds acting as destruction inhibitors [12].

As  an  example,  metal  ions  and  their  complexes  are  used  in  lignin  oxidative 

transformation [12]. It has been shown that the use of polyoxometalates Na5[PV2Mo10O40] helps 

to carry out selective delignification of wood. 

Addition of chelating agents that act as radical traps saves 10% of the bleaching agents 

and  increases  the  bleaching  degree.  Methanol,  ethanol,  ethylene  glycol  and  other  organic 

solvents can be used as chelating agents. 

Bleaching with ozone is a heterogeneous process. Overall ozonation rate is determined 

not by the reaction rate but by the rate of diffusion of ozone molecules to cellulose fibers. 

Another limiting factor is low solubility of ozone in water. That is why mass concentration of 

pulp is an important factor for ozonation. At low mass concentration (2 – 3%) ozonization of 

water phase is required that can be done by intensive stirring or carrying out the process at 

elevated pressure which increases ozone solubility in water.

At high mass concentration (up till 50%) ozone from the gaseous phase reaches quickly 

the cellulose fibers resulting in the possibility to use shorter ozonation time and atmospheric 

pressure  [12].  Ozonation  at  low  mass  concentration  is  more  selective  than  at  high  mass 

concentration, which is illustrated by low pulp viscosity decrease, especially at delignification to 

Kappa number 5. However, pulp concentration increase from 10 to 30 % increases bleaching 

efficiency [12].

In addition, evident increase of bleaching effect occurs at decreased ozone consumption 

independently of pH and mass concentration. The ozone consumption for kraft pulp bleaching is 

1– 1.5% of absolute dry pulp weight.

Independently of the amount of ozone consumed during bleaching, the ozone feed is 

exhausted to more than 95% because its presence in plant emissions is unacceptable. Gaseous 

emissions after pulp bleaching are treated in a special way in order to destruct the remaining 

ozone to oxygen, which is further used for bleaching or discharged to atmosphere. 
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2.2.2.2 Pulp bleaching with xylanase

It is known that pulp refining with xylan increases the content of it in paper by 2 – 3% 

because cellulose fibers sorb hemicelluloses (in this case,  xylan) easily and fast [12]. Xylanase 

enzymes  were  found  to  hydrolyze  residual  lignin  facilitating  lignin  removal  during  pulp 

bleaching [13]. 

Towards the end of 2001 many paper plants in different countries were using xylanase in 

order to reduce bleaching agents’ consumption and pollution of the environment [13]. Treatment 

with enzymes is successfully used both in traditional bleaching schemes and in TCF- and ECF-

bleaching.

Enzymes are biological substances catalyzing chemical reactions in human body. Every 

enzyme is very specific because it is able to transform only one specific type of substrate. It 

makes it possible to use enzymes for pulp bleaching.

Similar to catalysts, enzymes are not consumed and are needed in small amount for a 

specific reaction. For example, cellulase catalyzes cellulose hydrolysis while xylanase catalyzes 

xylan hydrolysis.

In pulp and paper industry hemicellulose enzymes are widely used. The industry makes 

two  types  of  hemicellulose  enzymes:  endo-1,4-В-D-xylanase  (xylanase)  and  endo-1,4-В-D-

mannase (mannase). But xylanases are more used for pulp bleaching. Commercial xylanases 

have different molecular structure and hence different properties, which affect their stability and 

determine  pH  and  temperature  optimal  for  the  best  performance  of  the  enzyme.  Enzyme 

stability in  its  tern determines  the number of  catalytic  cycles  during which an enzyme can 

preserve its activity. 

Most of the enzymes are active in neutral medium but some of them function at alkaline 

and acidic pH. 

Most commercial enzymes are stable at ambient temperature during six months but long 

enzymes storage requires low temperature in order to preserve optimal activity.  

The effect  of enzymes on pulp bleaching depends on the bleaching scheme,  residual  lignin 

content in the pulp, final brightness of the pulp and environmental aspects. The main purpose of 

pulp bleaching with enzymes is to reduce the consumption of chlorine-containing chemicals in 

the bleaching process thus decreasing the amount of adsorbable organic halide in the waste 

water. The enzyme treatment was successfully used both in ECF- and TCF-bleaching schemes 

with oxygen, hydrogen peroxide and ozone, and in traditional bleaching schemes [5] such as 

C/D – E – D – E – D where C/D – acidic bleaching with chlorine gas and chlorine dioxide, E – 

alkaline extraction with sodium hydroxide, D – acidic bleaching with chlorine dioxide. 

13



Pulp has a developed capillary structure of cellulose fibers with large 4 – 6 nm pores, 

which enable xylanases to penetrate deep into the pulp structure.

It has been shown that almost 50% of hemicelluloses are available and can be removed 

from the pulp at very high enzymes dosages without hydrolysis of cellulose [5].

Theoretical fundamentals of pulp bleaching are studied all over the world and enzyme 

technologies favor the development of the bleaching process. It has been shown by the recent 

research [13] that 30 – 40% of residual lignin can be removed from the kraft pulp by treatment 

with  cellulase  and  xylanase.  It  should  be  noticed  that  none  of  these  enzymes  breaks  the 

repeating units of lignin. 

Enzyme treatment allows decreasing:

1. chemicals consumption (especially chlorine dioxide);

2. the amount of chloroorganic compounds in the waste water;

3. the costs per ton of pulp (by $1 – 3). 

2.2.3 Theoretical possibilities of chlorine dioxide consumption decrease in pulp bleaching

It is possible to apply acidic treatment instead of enzymes to reduce chlorine dioxide 

consumption due to the fact that xylan adsorbed on the pulp fibers, contained in the kraft pulp 

fibers and bound to lignin can be hydrolyzed in acidic medium [11 – 14]. In addition, acidic 

treatment enables to remove transition metal ions thus increasing the efficiency of bleaching 

with hydrogen peroxide. 

2.2.3.1 Acid-catalyzed activation of residual lignin

The following aspects of acidic treatment effect on pulp bleaching were examined in the 
scientific studies [15-18]:

1. activation and oxidation of lignin in the kraft pulp bleaching processes;

2. mechanism of lignin activation and oxidation by hydrogen peroxide;

3. kraft pulp delignification by hydrogen peroxide after acid-catalyzed activation of 

lignin; 

4. the effect of acidic treatment on residual lignin in hardwood kraft pulp at elevated 

temperature.

14



The authors report that the increase of the acidic treatment temperature up to 70 – 100°C 

leads  to  acid-catalyzed  activation  of  lignin.  Hydrolysis  of  ether  bonds,  decrease  of  lignin 

molecular weight and dissolution of lignin occur during the activation.

At the same time, the formation of carbonyl  groups dramatically activates lignin for 

nucleophilic  interaction  resulting  in  lignin  fragmentation.  The  pulp  brightness  after  acidic 

activation followed by hydrogen peroxide bleaching increases by 15 – 20% and the Kappa 

number decreases by 18 – 20 units while without acidic treatment stage at the same treatment 

conditions the Kappa number decreases by 40 – 52 units.

In addition, acidic treatment favors decomposition and removal of sulfides (in the form 

of hydrogen sulfide) adsorbed on the unbleached kraft pulp from the cooking liquor. Sulfide can 

react with hydrogen peroxide increasing its unnecessary consumption. Thereby, sulfide removal 

makes pulp bleaching more efficient.

2.2.3.2 Acid-catalyzed activation of pulp of different nature

It  can  be expected that  acidic  pretreatment  has  different  effect  on residual  lignin in 

hardwood and softwood pulp because of their different structure. Theoretically, acidic treatment 

is more effective for hardwood pulp because the residual lignin of softwood pulp contains more 

inactive lignin than hardwood pulp. It means that removing of the inactive lignin of softwood 

pulp at the acidic treatment requires higher concentration of acid solution than the removing of 

inactive lignin of hardwood pulp. Moreover, the effect of acidic pretreatment on pulp can vary 

depending on its initial Kappa number. 

Acidic  hydrolysis  of  a  ligno-carbohydrate  complex  (LCC)  is  characterized  by  the 

breakage of bonds in the LCC. The fact that hardwood contains more five-carbon sugars as 

compared  to  softwood  affects  the  efficiency  of  the  pulp  bleaching  process.  After  LCC 

destruction and hydrolysis of xylan absorbed on the fibers, the residual lignin in hardwood kraft 

pulp becomes more accessible and easily removed. Oxygen-alkaline bleaching may affect the 

efficiency of these processes. 

2.2.3.3 Hydrolysis of easy hydrolysable sugars during acidic treatment

According to the study by Koroleva [19] the treatment of hardwood with sulphuric acid 

at pH 3 – 4, temperature 80 – 100°С for 2 – 4 hours decreases the content of all metal ions and 

the Kappa number by 5 units. The reason for that is the removal of hexenuronic acid (Hex A) 

formed from 4-ortho-methylglucuronoxylan during kraft cooking of hardwood. During sulfuric 

acid treatment of hardwood pulp dissolution of easy-hydrolysable sugars is carried out at pH 4 – 
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5. At pH 2 – 3 Hex A is dissolved more intensively but the Kappa number does not decrease. 

Solubility of hexenuronoxylane does not depend on the treatment time [19]. 

Hexenuronic acid increases the consumption of the bleaching agents while enol ether 

form of this compound hampers the subsequent hydrogen peroxide bleaching stage [19].
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2.2.3.4 The effect of transition metal ions on hydrogen peroxide bleaching and research 
objects

It is known that iron, manganese, copper and other transition metal ions catalyze both 

hydrogen peroxide and oxygen destruction of pulp. 

The presence of the transition metal ions in the pulp:

1. increases expensive hydrogen peroxide consumption;

2. has a negative effect on the quality of bleached pulp;

3. is environmentally hazardous and creates problems with process water recirculation.

Chelating  agents  are  used  to  achieve  higher  stability of  peroxy-reagents.  They form 

water-soluble  stable  complexes  with  metal  ions  hence  decreasing  hydrogen  peroxide 

decomposition rate. Carboxyl-containing complexes such as diethylenetriaminepentaacetic acid 

(DETPA)  and  ethylendiaminetetraacetic  acid  (EDTA)  [20  –  21]  are  widely  used.  Essential 

disadvantages of these agents are high cost and difficult biodegradability [22]. Acidic treatment 

is used before hydrogen peroxide bleaching of pulp in order to remove transition metal ions 

[23]. 

However, along with hydrogen peroxide destruction, transition metal ions also catalyze 

the oxidation of residual lignin destruction products increasing bleaching efficiency. It has been 

shown  that  catalytic  destruction  of  phenolic  structures  in  model  compounds  of  lignin  by 

transition  metal  ions  has  a  positive effect  on their  ozonation [24 – 25].  In  the  presence of 

transition metal ions, hydrogen peroxide reacts not only with residual lignin structure but also 

with its decomposition products [26].  
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3 EXPERIMENTAL PART

3.1 Bleaching of softwood kraft pulp according to the schemes Ho—A—P—D—Pa (I), and A—
P—D—Pa (II)

3.1.1 Materials

Pulp I:  Softwood kraft  pulp after  oxygen-alkali  bleaching stage (Ho),  performed 

according to the Oxy TracTM technology (Metso Paper) in the  up-flow reactors in 

two steps (delignification degree after Ho is 60 – 70 %, lignin content is decreasing 

down to 1.5 – 2.1%).   

1. At the first step mass concentration is 10—12 %, P=0.8 МPа, t= 85°С, τ=30 

min.

2. At the second step mass concentration is 10—12 %, P=0.4 МPа, t= 95°С, 

τ=60 min.

After oxygen-alkali bleaching stage, the Kappa number is decreased from 30 to 

10—14 which corresponds to lignin content of 4.5 %, viscosity700 dm3/kg. 

Pulp II: Softwood kraft pulp without Ho bleaching step with the Kappa number 28. 
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3.1.2 Pulp bleaching conditions

Pulp is treated with different amount of sulfuric acid, varying temperature (90 - 95°C) and time of 

treatment (90 – 120 min) in laboratory conditions. 

1. Bleaching of unbleached softwood pulp with Kappa number 12 after acidic-alkaline treatment.

1.1 Pulp is treated with sulphuric acid at the following conditions:

Mass concentration 10%

Sulphuric acid consumption 5% of air-dry pulp mass

Temperature 90°C

Treatment time 90 min 

1.2 After that pulp is separated, washed and treated with a mixture of hydrogen peroxide, 

sodium hydroxide, and magnesium sulphate at the following conditions:

Mass concentration 10%

Hydrogen peroxide consumption 2.5% of absolutely dry pulp mass

Sodium hydroxide consumption 1.6% of absolutely dry pulp mass

Magnesium sulphate consumption 0.4% of absolutely dry pulp mass

Temperature 80°C

Treatment time 120 – 180 min 

1.3 Then pulp is separated, washed and treated with different amounts of chlorine dioxide at 

the following conditions:

Mass concentration 10%

Chlorine dioxide consumption 0.3 – 0.7% of absolutely dry pulp mass

Temperature 70°C

Treatment time 180 min 

1.4 After pulp is separated, washed and treated with a mixture of hydrogen peroxide and 

sodium hydroxide at the following conditions:
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Mass concentration 10%

Hydrogen peroxide consumption 1 – 1.1% of absolutely dry pulp mass

Sodium hydroxide consumption 1% of absolutely dry pulp mass

Temperature 90°C

Treatment time 120 – 180 min

1.5 Then pulp is dried.

2. Bleaching of unbleached softwood pulp with Kappa number 28 after cooking, washing and sorting.

2.1 Pulp is treated with sulphuric acid at the following conditions:

Mass concentration 20%

Sulphuric acid consumption 7% of air-dry pulp mass

Temperature 95°C

Treatment time 120 min 

2.2 After that pulp is separated, washed and treated with a mixture of hydrogen peroxide, 

sodium hydroxide, and magnesium sulphate at the following conditions:

Mass concentration 10%

Hydrogen peroxide consumption 2.5% of absolutely dry pulp mass

Sodium hydroxide consumption 1.6% of absolutely dry pulp mass

Magnesium sulphate consumption 0.4% of absolutely dry pulp mass

Temperature 80°C

Treatment time 180 min 

2.3 Then pulp is separated, washed and treated with different amounts of chlorine dioxide at 

the following conditions:

Mass concentration 10%

Chlorine dioxide consumption 0.5 – 1.5% of absolutely dry pulp mass

Temperature 70°C

20



Treatment time 120 min 

2.4 After pulp is separated, washed and treated with a mixture of hydrogen peroxide and 

sodium hydroxide at the following conditions:

Mass concentration 10%

Hydrogen peroxide consumption 1.5% of absolutely dry pulp mass

Sodium hydroxide consumption 1.1% of absolutely dry pulp mass

Temperature 90°C

Treatment time 120 min

      2.5 Then pulp is dried.

Further experimental details are presented in Table 3.  

Table 3.  Experimental conditions of soft wood pulp bleaching according to the schemes:  A — P 

— D — Pa* and Ho— A — P — D — Pa*                 
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test Conditions

1 stage

H2SO4, %*./

time, min/ t,0С

2 stage

Н2О2, %/

NaOH,%/ time, 

min

3 stage

ClO2, 

%/time, 

min

4 stage

Н2О2, %/

NaOH,%, time, 

min

Kappa number12

1 5/90/90 2.5/1.6/120 0.3/180 1.0/1.0/120

2 5/90/90 2.5/1.6/120 0.5/180 1.0/1.0/120

3 5/90/90 2.5/1.6/120 0.7/180 1.0/1.0/120

4 5/120/95 2.5/1.6/180 0.6/180 1.0/1.0/180

5 5/120/95 2.5/1.6/180 0.7/180 1.0/1.0/180

6 5/120/95 2.5/1.6/180 0.6/180 1.1/1.0/180**

 Kappa number28

7 7/120/95 2.5/1.6/180 0.5/120 1.5/1.1/120

8 7/120/95 2.5/1.6/180 0.7/120 1.5/1.1/120

9 7/120/95 2.5/1.6/180 1/120 1.5/1.1/120

10 7/120/95 2.5/1.6/180 1.2/120 1.5/1.1/120

11 7/120/95 2.5/1.6/180 1.5/120 1.5/1.1/120

12 7/120/95 2.5/1.6/180 1.5/120 1.5/1.1/120

*% of air-dried pulp mass 

** stabilizing agent (sodium silicate) 0.04%
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3.2 Methods of viscosity, brightness and mechanical indices determination 

3.2.1 Determination of brightness 

Pulp brightness was estimated by spectrophotometer L&W Elrepho SE 070R. 

3.2.2 Determination of pulp viscosity  

Viscosity of the pulp in 1 M cupriethylenediamine solution was estimated using two capillary 

viscosimeters by measuring the time required for the pulp solution to pass through the capillary at 

25°C. 

The amount of pulp was taken according to the expected viscosity of the sample (see Table 4).  

Table 4. Viscosity and corresponding amount of pulp required for the experiment 

Viscosity, (ή), ml/g Pulp dry weight, g

400 -500 0.25

651 – 850 0.2

851 – 1100 0.15

1101 – 1200 0.13

1201 – 1300 0.12

1301 - 1400 0.11

The required amount of pulp was placed into a polyethylene test-tube, 25 ml of distilled water and 

few  pieces  of  copper  wire  were  added.  The  tube  was  shaken  until  the  pulp  was  completely 

disintegrated. After that, 25 ml of cupriethylenediamine solution was added, residual amount of oxygen 

was removed from the test-tube, and the tube was shaken until complete dissolution of pulp. 

Pulp solutions and viscosimeter were heated to 250C prior to the measurement.

3.2.3 Determination of mechanical characteristics of paper

The method is based on the determination of load required to tear the sample. Four pieces of 

paper with defined length placed on each other were used as a sample.  

Absolute tearing strength F, mN, is calculated according to Equation 1.

                                                                                                                              (1)
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Where f – mean value from the indicator, gram-force

Р – scale-division value (8 gram-force)

n – number of samples

9.81 – coefficient for conversion of non-SI units into SI units [26]

Breaking length was determined by horizontal tensile-testing device. A sample of paper was fixed in 

the clamps of the device, and the force under which the sample of paper broke was determined. 
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3.2.4 Determination of the Kappa number 

The Kappa number shows the residual lignin content. The Kappa number is determined by the 

amount of a 0.1 M potassium permanganate solution consumed for the oxidation of lignin contained in 

1g of absolutely dry pulp at the standard conditions.  

Prepared amount of dried unbleached pulp is dispersed in 370 ml of water avoiding fiber cutting 

until pulp agglomerates disappear. A mixture of 50 ml of a 0.1 M potassium permanganate and 50 ml for 

a 4 M sulphuric acid solution is added to the pulp suspension under continuous stirring and diluted with 

water  to  the  total  volume  of  500  ml.  After  10  minutes,  potassium  permanganate  consumption  is 

estimated by iodometric  method:  10 ml of a  1  M potassium iodide solution is  added to  react  with 

remaining potassium permanganate:

2KMnO4 + 10KI + 8H2SO4 → 6K2SO4 + 2MnSO4 + 5I2 + 8H2O,

Free iodine formed in the reaction is titrated by a 0.2 M solution of sodium thiosulfate. 

I2 + 2Na2S2O3→2NaI + Na2S2O4.          

The Kappa number is calculated according to Equation 2. 

                                                                                                            (2)

Where d — converting coefficient into 50% potassium permanganate consumption determined based on 

the value of v;

т — the amount of dry pulp, g;

 [1 +0.013(25t)] — temperature correction term; 

t — average temperature of the reaction mixture measured 5 minutes after the reaction start, °С; 

v —the volume of 0.1 M solution of potassium permanganate required for titration, ml

                                                                                                                          (3)
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Where v1 — the volume of a 0.2 M solution of sodium thiosulphate required for titration of the blank 

sample without pulp (ml) calculated as  v1=а— (0,5а—b), where  а — theoretical volume of a 0.2 M 

solution of sodium thiosulphate required for titration of 50 ml potassium permanganate solution, ml 

(а=25 ml);

b — the volume of a 0.2 M solution of sodium thiosulphate required for titration of 25 ml of a 0.1 

M potassium permanganate solution, ml; 

v2 — the volume of a 0.2 M solution of sodium thiosulphate required for titration of the sample 

with pulp, ml; 

с — concentration of sodium thiosulphate solution, M [26]. 

The volume of potassium permanganate consumed for residual lignin oxidation is determined as 

a difference between the blank sample and the test sample recalculated on 1g of pulp. 
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3.2.5 Determination of residual hydrogen peroxide 

50 ml distilled water, 10 ml of a 5 N aqueous solution of sulphuric acid and 1 g of solid potassium 

iodide are  added to  50 ml of  filtrate  collected after  hydrogen peroxide bleaching step.  Solution is 

shaken and kept in a dark place for 15 minutes. After that the solution is shaken one more time and 

titrated by a 0.1 N aqueous solution of sodium thiosulphate.  The amount of the residual hydrogen 

peroxide is calculated according to Equation 4.

                                                                                                                              
(4); 

 Where а – the volume of a 0.1 N solution of sodium thiosulphate required for titration, ml [26]. 

3.2.6 Determination of COD of bleaching filtrates

Chemical  oxygen  demand  (COD)  is  the  amount  of  oxygen  (or  another  oxidizing  agent 

recalculated into oxygen) in mg/l required for total oxidation of organic compounds contained in 1 

liter of the sample (carbon, hydrogen, sulphur, phosphorus and other elements (except nitrogen) form 

oxides).  

20 ml of filtrate are put in a beaker, then 10 ml of potassium bichromate (0.02 – 0.1 N), 30 ml of 

concentration sulphuric acid and 0.3 – 0.4 g of silver sulphate are added to the filtrate. The obtained 

mixture is boiled for 2 h. After cooling, the mixture is diluted with water to 300 ml. Then 3-4 drops of 

N-phenylanthranilic acid are added and excess of bichromate is titrated by the solution of Mohr’s salt 

(ferrous ammonium sulfate).  

The blank experiment is carried out with 50 ml of distilled water instead of filtrate.

COD is calculated according to Equation 5. 

                                                                                                         (5)

Where а – volume of  Mohr’s salt solution, consumed for the titration of the blank sample, ml;

b – volume of the Mohr’s salt solution consumed for the titration of the test sample, ml

N – normality of the Mohr’s salt solution;
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V – sample volume, ml;

8 – equivalent of oxygen [26].

4 RESULTS AND DISCUSSIONS

4.1 Brightness and the Kappa number of pulps after acidic treatment (1 stage) 

The results of pulp bleaching at the conditions described in Table 3 are presented in Table 5.

Table 5. Final brightness of soft-wood pulps with different initial Kappa number after bleaching

Test

Oxidizer consumption, %

Brightness, %1 stage

H2SO4

2 stage

H2O2

3 stage

ClO2

4 stage

H2O2

Kappa number 12

1 5 2.5 0.3 1.0 85.5

2 5 2.5 0.5 1.0 86.4

3 5 2.5 0.7 1.0 87.1

4 5 2.5 0.6 1.0 86.7

5 5 2.5 0.7 1.0 87.5

6 5 2.5 0.6 1.1 85.6

Kappa number 28

7 7 2.5 0.5 1.5 73.6

8 7 2.5 0.7 1.5 75.7

9 7 2.5 1.0 1.5 79.4

10 7 2.5 1.2 1.5 81.3

11 7 2.5 1.5 1.5 84.8

12 7 2.5 1.5 1.5 85.0

As can be seen from Table 5, the brightness of the pulp with initial Kappa number 12 is 87.5% 

when oxidizer consumption is 0.7% whereas for pulp bleached without oxygen-alkali bleaching stage 

(initial stiffness is 28 Kappa number) the brightness is 85% when oxidizer consumption is 1.5%. It 

means that bleaching of softwood pulp without oxygen-alkali bleaching stage is much less effective.
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The final bleaching stage of softwood pulp with Kappa number 12 (Table 5, test 6) is taken in 

the present of stabilizing agent and higher consumption of hydrogen peroxide compare to the tests 1-5. 

As can be concluded from comparing the final brightness of the pulp bleached according to test 4 and 

test 6 (Table 5) at the same consumption of chlorine dioxide,  increasing of hydrogen peroxide amount 

at the 4th bleaching stage is not at all sensible for getting high pulp brightness. 

Table 6. Characteristics of pulp after acidic treatment (1 stage) and hydrogen peroxide bleaching 

(2 stage)

Initial data H2SO4, %/time, 

min

1 stage 2 stage

Pulp after oxygen-alkaline treatment and acidic treatment

H2SO4, %/time, min 5/90

The Kappa number
12 9.2 7.1

Brightness, %
41.7 46.2 60.6

Pulp after oxygen-alkaline treatment and acidic treatment

H2SO4, %/time, min 5/120

The Kappa number 12 8.3 7.3

Brightness, %
41.7 46.6 61

Pulp after acidic treatment

H2SO4, %/time, min 5/120

The Kappa number 28 25.3 15.2

Brightness, %
28.4 30 51

Development of “soft” ECF-bleaching for softwood pulp requires determination of the influence 

of  acidic  treatment  on  the  decrease  in  lignin  content  and  brightness  for  pulps  with  oxygen-alkali 

pretreatment and without it [15].

As can be seen from Table 6, acidic treatment decreases the Kappa number of the softwood pulp 

by 2-3 units (with oxygen-alkali bleaching stage and without it) that is approximately two times less as 

compared to hardwood pulp [15]. The reason for that is much lower content of pentosans adsorbed on 

the fibers and hydrolyzed during the acidic treatment.  

The increase in acidic treatment time from 90 to 120 minutes has no significant influence on the 

brightness and the Kappa number of pulp. 
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4.2 Factors influencing hydrogen peroxide bleaching (2 stage)

Kinetics study during the hydrogen peroxide bleaching stage (2 stage) was done including:

1. hydrogen peroxide concentration as a function of  time (Figure 2) and its conversion      as a 

function of time (Figure 3);

2. lignin oxidation level parameter as a function of  time (Figure 4). The lignin oxidation level 

parameter indicates the content of oxidized carbonyl (aldehyde, cetonic) and carboxy groups 

in  lignin.  The  high  value  of  this  parameter  means  that  solution  of  lignin  contains  high 

amount of oxidized carbonyl and carboxy groups. Hence, it  can be said that high lignin 

oxidation level parameter declare high level of lignin oxidation.

Table 7. Lignin oxidation level parameter

№ Time, min D347 D286 D286/D347.

1 30 2.026 0.879 0.434

2 60 2.674 1.268 0.474

3 90 2.764 1.143 0.413

4 120 1.485 1.050 0.707

5 150 2.21 1.319 0.597

D – transmission density of bleaching filtrate at a certain wavelength

Figure 2. Hydrogen peroxide concentration as a function of time at the second bleaching stage
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Figure 3. Hydrogen peroxide conversion as a function of time at the second bleaching stage

Figure 4. Lignin oxidation parameter D286/D347 as a function of time

In addition acidic treatment before hydrogen peroxide bleaching stage is necessary for removal 

of  transition  metal  ions–  catalysts  of  unwanted  hydrogen  peroxide  decomposition.  It  is  taken  into 

consideration by Equation 6 – overall kinetic chemical equation of hydrogen peroxide decomposition at 

the present of lignin in alkaline medium.

                                                          (6)                     
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where k – effective rate constant dependent on  lignin concentration L; kΣ = k1 + k2[L]

k1[H2O2] – decomposition of hydrogen peroxide by transition metal ions

k1[H2O2]·[L]  –  decomposition of  hydrogen peroxide on the molecules of  water  (H2O)  and 

hydro-peroxide anions (HO2
 – ) which is used for the oxidation of lignin.

 As we can see from Figure 4, the measured lignin oxidation parameter D286/D347 is changing 

insignificantly during the period of time from 30 to 90 minutes and has a maximum value at  120 

minutes. It can be expected that oxidation of lignin takes place after 90 minutes of treatment and slows 

down after 120 minutes of treatment. The data in Figures 2 and 3 indicate that the duration of the 

second bleaching stage should be increased from 120 to 180 minutes to achieve higher conversion 

coefficient of hydrogen peroxide. The study with model compounds of lignin [15] in the presence of 

transition metal ions has shown that the conversion of phenol increases since iron and manganese ions 

catalyze the destruction of phenol compounds.

4.3 The effect of chlorine dioxide dosage on pulp brightness at the third bleaching stage

The series of experiments is taken for the determination of the effect of chlorine dioxide dosage 

on pulp brightness. Softwood pulp with Kappa number 12 is bleached according to the scheme H0 – P – 

D at the following conditions:

Mass concentration 10%

Chlorine dioxide consumption 0.5 – 1.5% of absolutely dry pulp mass

Temperature 70°C

Treatment time 180 min.

Table 8. Pulp brightness after chlorine dioxide bleaching stage

№ Chlorine dioxide 

consumption, %

Brightness, %

1 0.5 (Ho− P−D) 78.5

2 0.7 (Ho−P−D) 80.4

3 1 ( Ho−P−D) 83

4 1.5  (Ho − P−D) 84

5 1.5 (Ho− A−P−D) 87
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The  increase  in  chlorine  dioxide  consumption  from 1  to  1.5  %  increases  pulp  brightness 

insignificantly (by ca 1 %) whereas introduction of acidic treatment as the first bleaching stage leads to 

brightness increase by 3 % for the same dosage of chlorine dioxide.

4.4 Influence of hydrogen peroxide bleaching conditions on final pulp brightness at the fourth stage

Figure 5. Pulp brightness after bleaching according to the scheme: *Ho – A – P – D – P (chlorine 

dioxide dosage is 0.6 %; 8.8 units of available chlorine)

As can be seen from Figure 5, the increase of hydrogen peroxide consumption at the 4th stage of 

pulp bleaching enhances brightness of pulp, especially at low reaction time (120 min). The increase of 

the  bleaching  time  at  the  same  concentration  of  hydrogen peroxide  leads  to  the  decrease  of  pulp 

brightness. 

From there it can be concluded that the most optimal parameters of pulp bleaching at the 4th 

bleaching stage are high consumption of hydrogen peroxide (1.1%) and small reaction time (120 min).

Table 9. Mechanical characteristics of softwood paper

Industrially 

produced pulp

(Mondi)

This work

1. Breaking length, km 10.7 10.64
2. Tearing strength, N/mm2 74 74
3. Viscosity, dm3/kg (initial/after 

bleaching). - 700/659
4. Brightness, % 88 87.5
5. Kappa number 0.75 0.8
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The data in Table 9 shows that it is possible to achieve the same mechanical characteristics of 

softwood pulp using only one chlorine dioxide bleaching stage instead of three used in the industrial 

bleaching scheme. (For the comparing, the pulp which has the most similar parameters to the 

industrially produced pulp is used. The bleaching parameters which are required for producing this pulp 

can be seen from Table 5).

4.5 Chemical oxygen demand (COD) of bleaching filtrates

Figure 6. COD of filtrates after bleaching the softwood pulp with oxygen-alkali pretreatment and 

without it

Figure 7. COD as a function of time during hydrogen peroxide bleaching stage

The data indicating bleaching filtrate toxicity with oxygen-alkali pretreatment and without it are 

represented in Figure 6. As we can see from the figure, chemical oxygen demand of filtrate formed 
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during  bleaching  with  oxygen-alkali  pretreatment  is  significantly  higher  than  that  formed  during 

bleaching  without  oxygen-alkali  pretreatment.  When  acidic  bleaching  stage  filtrates  are  treated  by 

hydrogen peroxide, COD of bleaching filtrates is decreasing considerably (see Figure 7). 
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5 CONCLUSIONS

Soft ECF-bleaching of softwood pulp was successfully studied. The impact of oxygen-alkali 

treatment on pulp bleaching, influence of sulphuric acid on hydrogen peroxide bleaching activation, 

the effect of chlorine dioxide dosage on pulp bleaching characteristic, and the influence of hydrogen 

peroxide bleaching conditions on the final brightness of pulp were investigated.

Soft  ECF-bleaching  is  the  most  suitable  way  of  producing  ‘green’  pulp  and  paper  with 

sufficiently high brightness, mechanical strength, and  low cost. The bleaching scheme may have 

different numbers and sequences of bleaching stages but should include an oxygen-alkali treatment 

that  allows  achieving  higher  brightness  characteristics  of  pulp  with  less  chlorine  dioxide 

consumption. 

It should be taken into account that pulp has to be treated by sulphuric acid before  hydrogen 

peroxide  bleaching  stage  to  remove  transition metals  ions  that  catalyze  hydrogen  peroxide 

decomposition. It is better to have four bleaching stages in the bleaching scheme of pulp including 

hydrogen peroxide bleaching stage than three stages since this  makes it  possible  to halve chlorine 

dioxide consumption making the final product more environmentally friendly.

It  should  also  be  noted  that  nowadays  there  is  a  high  interest  to  the  reagents  with  higher 

oxidizing ability (e.g. ozone) for normative brightness characteristic.
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