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Abstract: 

 

The purpose of the study was to investigate how different types of filtrates (oxidized and 
unoxidized) would effect on oxygen delignification for softwood pulp, as well as study its 
impact on yield final-pH, viscosity and kappa number. The pulp and filtrates used in the 
testing was collected from Gruvön mill in Grums. 

Oxygen delignification uses oxygen and alkali to remove a substantial fraction of the 
lignin that remains after cooking in order to improve the properties of the pulp. Oxygen 
delignification can be applied to all pulp types. The process uses an elevated 
temperature and pressure at high or medium consistency in single or multiple stages. 
Effluent from the oxygen delignification stage was recycled to the chemical recovery 
system and it is reducing environmental pollution such as AOX, COD, color and BOD. 

The oxygen delignification of the pulp made by autoclaves where rotated in a PEG bath 
for different times and filtrates concentration. 

The results show that the yield of all pulp samples were between 95,5-98,8%. The 
highest yield gets when clean pulp used (only water without filtrate) at 30 min, and the 
lowest yield gets when heavy unoxidized filtrates used at 120 min. 

The reduction of viscosity of the pulp depends on the filtrate type and time when the 
temperature and alkali concentration are unchanged. The highest viscosity (1145 ml/g) 
gets when clean pulp used at 30 min, and the lowest viscosity (912 ml/g) gets when 400 
kg unoxidized filtrate used. That means viscosity decreases only 58 units (5%) of the 
clean pulp and 308 units (25%) of 400 kg unoxidized/ t in the worst conditions. 

The final pH varied between 9,74-12,26 depending on the type of filtrate and time. Final 
pH levels dropped when 150 kg unox filtrates used at 120 min. 

Oxidized filtrate is useful to decrease fiber kappa number because of the oxidized 
filtrate does not consume chemicals compared to unoxidized filtrate. The lower kappa 
number gets when 125 kg oxidized filtrate used at 120 min. Filtrate kappa number of 
clean pulp is lower than filtrate kappa number for both oxidized and unoxidized filtrate. 
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Övergripande sammanfattning: 

 

Ansatsen till projektet kom ursprungligen från Ulf Germgård, professor i massateknik vid 
Karlstads Universitet, och gick ut på att undersöka hur kappatal, slutligt pH, viskositet 
och utbyte påverkas av olika mängder av ooxiderad och oxiderad filtrat i 
syredelignifieringen.  Under projektet varierades mängden och typen av filtrat samt 
tider. Alkalit som användes under arbetet var natriumhydroxid. 

Syrgasdelignifiering kan ses som ett sista steg i kokningen och även som ett första steg 
i den efterföljande bleksekvensen och går ut på att massan delignifieras med syrgas i 
alkalisk miljö under högt tryck. 

Detta steg har flera fördelar, då det först och främst reducerar ligninmängden som finns 
kvar i massan efter kokningen och genom detta minskar behovet av blekkemikalier i de 
efterföljande stegen. Detta i sin tur reducerar utsläppen av AOX (om klordioxid används 
i blekeriet) och COD, samtidigt som kemikaliekostnaderna blir mindre, och sekvensen 
kan göras kortare. Andra fördelar med syrgasdelignifieringen är en reducerad mängd 
extraktivämnen samt att selektiviteten dvs massans viskositet vid given kappatal blir 
högre. 

Ett lägre kappatal efter ett syredelignifieringssteg resulterar i att en mindre 
kemikaliemängd behövs för att bleka massan. Detta resulterar i besparingar i klordioxid 
för att uppnå önskad ljushet. Dessutom, kan filtraten från ett syredelignifieringssteg 
recirkuleras till kemikalieåtervinningssystemet vilket gör att miljöpåverkan minskar. 

Dessutom är det välkänt att en tillämpning av syrgasdelignifiering vid höga kappatal kan 
leda till en ökning av massautbytet. Den största nackdelen med ett 
syredelignifieringssystem är att selektiviteten hos processen är låg, så att kommersiellt 
har delignifieringen traditionellt begränsats till ca 50%. En annan nackdel är den höga 
kapitalkostnaden för installera en syredelignifieringssystem. Syrgasdelignifiering utförs 
kommersiellt vid medelkonsistens (10% - 12%).   

Delignifieringen är snabb under de första fem minuterna av syrgassteget, och fortsätter 
sedan med en mycket långsammare takt för den återstående delignifieringstiden. 
Delignifieringens kinetik tros hindras genom överföring av syre och alkali i cellväggen 
och kvarvarande lignin delar som finns i massan. 

Att tvätta massa före syredelignifiering är mycket viktigt, eftersom hög inkommande 
tvättförlust från kokning har visat sig minska delignifieringen och extra syre och alkali 
förbrukas. 
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En liten mängd av ooxiderat filtrat leder till en liten minskning i delignifierings hastighet, 
men denna minskning i delignifiering påverkade inte på det totala borttagning av lignin 
från massan. Borttagning av lignin från massor med oxiderat filtrat var högre än ren 
massa i syrgassteget.  

Kappatalet minskas med ungefär 1 enhet för varje 50 kg ooxiderat filtrat/ton masa. Vid 
syrgassteg, minskar viskositeten när kappatalet minskar. Vid samma kappatal ger 
ooxiderat filtrat lägsta viskositet jämfört med ren massa och/eller oxiderat filtrat. För alla 
massor, minskar viskositeten med tiden.  

 

Symbols and abbreviations: 

1- Ox: Oxidized filtrate. The filtrate discharged from the oxygen reactor and recycled 
back through the system. 

2- Unox (black liquor or carryover): Unoxidized filtrate. The filtrate carried forward 
from the digester and this filtrate has not been through the oxygen reactor. 

3- Clean pulp: Using only water in oxygen delignification instead of filtrate (not 
filtrate). 

4- COD: Chemical Oxygen Demand. 
5- Odtp: oven dry ton of pulp. 
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Purpose: 

The purpose of the project is to investigate how kappa number, final pH, viscosity and 
yield are affected by different amounts of black liquor (carryover) and oxidized filtrate 
with different times during oxygen delignification. 

1. Introduction: 

Oxygen delignification is defined as the use of oxygen and alkali to remove a substantial 
fraction of the lignin from the unbleached pulp. This process is becoming increasingly 
important in modem pulp bleaching technology. Oxygen delignification kinetics are very 
important for understanding the reaction mechanism and in the design and control of 
oxygen delignification reactions. Extending oxygen delignification without loss of fiber 
strength and pulp yield will be an important topic in pulp bleaching research for the near 
future. A lower kappa number following an oxygen delignification stage results in a 
lower active chemical charge required to bleach the pulp. This results in savings in 
chlorine dioxide charge and other chemical requirements to achieve the target 
brightness. Furthermore, the effluents from an oxygen delignification stage (oxidized 
filtrates) can be recycled to the chemical recovery system. Consequently, the 
environmental impact from color, COD, AOX and BOD in bleach plant effluent is 
reduced. [5] 

In addition, it is well known that an application of oxygen delignification at high kappa 
numbers can lead to an increase in pulp yield. The biggest drawback of an oxygen 
delignification system is that the selectivity of the process is low compared to CIO2 

bleaching so that commercially the delignification has been traditionally limited to about 
50%. Another disadvantage is the high capital cost of installing an oxygen delignification 
system. Oxygen delignification is practiced commercially using medium consistency 
(10%- 12%). [10] 

One and two stage medium consistency oxygen delignification systems are available 
commercially. In one-stage oxygen delignification system, the chemicals are charged 
before the reactor and the temperature increases with the retention time. [17] 

In two-stage medium consistency system, caustic, MgSO4 and steam are added to the 
pulp prior to going to the standpipe of a medium consistency pump, which provides the 
motive power to the pulp and the total pressure in the oxygen delignification reactors 
and has the capability of raising the temperature and introducing additional caustic and 
oxygen in the second stage reaction vessel. Oxygen gas is then added to the pulp 
ahead of an oxygen mixer, which reduces the size of the oxygen gas bubbles and 
produces intimate contact between the pulp and oxygen. The pulp then proceeds 
through an up flow tower having a residual time of 20 to 30 minutes.  
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Typically the temperature is 85 ºC. The pulp then goes to a steam mixer to increase the 
temperature to reach the desired reacting temperature. The pulp then proceeds through 
a second medium consistency reactor. In the second reactor the reaction time is 
typically 50 to 60 minutes. The pulp from the second medium consistency reactor goes 
to a tank where the off gases are released. The off gases consist of water vapour, 
carbon dioxide, carbon monoxide, nitrogen, unreacted oxygen, and any inert gases 
present in the oxygen initially. The pulp from the tank then proceeds to a post oxygen 
washing. [5] 

Delignification proceeds rapidly during the first five minutes of the oxygen stage, and 
then proceeds at a much slower rate for the remaining delignification time. The 
delignification kinetics are thought to be hindered by transfer of oxygen and alkali into 
the cell wall and by refractory residual lignin moieties present in the pulp resulting from 
the pulping conditions. [33] 

Washing before oxygen delignification is very important, because high incoming wash 
loss from cooking has been shown to reduce the oxygen delignification response and to 
consume additional oxygen and alkali. A small amount of unoxidized filtrate entrainment 
(carryover) leads to a small drop in the delignification rate, but this drop in delignification 
did not affect the overall removal of lignin from the pulp. As a matter of fact, the removal 
of lignin from pulps with entrained oxidized filtrate was higher than clean pulp in oxygen 
stage. [19, 20, 21] 

The results showed, the kappa number was reduced by approximately 1 unit for every 
50 unox kg/t. In oxygen stage, the viscosity decreased when the kappa number 
decreases. At the same kappa number gave unoxidized filtrate lowest viscosity 
compared with the clean pulp and / or oxidised filtrate. For all pulps, the viscosity 
decreased by time. The viscosity at 30 min was higher than the viscosity at 60 and / or 
120 minutes. After 120 minutes, the highest viscosity when using clean pulp (1050 ml/g) 
and the lowest viscosity existed when using 150 kg unox/t filtrate (960 ml/g). There was 
a large decrease in the alkali content and drop in pH with heavy unoxidized filtrate 
compared with the clean pulp (water only) or oxidized filtrate. 

There was a big difference between oxidized and unoxidized filtrate. The unoxidized 
filtrate was 30 times higher of NaOH concentration (NaOH/l) than the oxidized filtrate. 
The solids content of the unoxidized filtrate was 5.7 times higher dissolved solids (ds) 
than the oxidized filtrate. The temperature was 90°C and the pressure was 5 bar oxygen 
delignification. The pulp dryness was determined to be 36.9%. 100g dry pulp was used 
in the oxygen stages. 
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2. Theoretical Background: 

 

2.1 Oxygen delignification: 

Introduced on a mill scale for the first time in 1970, oxygen delignification is today an 
integral part of any new fibreline to be built in the world. The benefits of oxygen 
delignification have been recognised for many years. Perhaps the most important 
benefit is the possibility of improving the overall pulp yield apart from environmental 
reasons or reducing pollution.  [1] 

Several researchers have noted that it is possible to improve pulping yield by cooking to 
a higher kappa number to avoid the residual phase of the kraft cook and instead remove 
the lignin via oxygen delignification. [3,4]. For softwood (SW) kraft pulp having a cooking 
kappa number greater than 40, oxygen delignification to a kappa of about 15 has been 
reported to increase the overall bleached pulp yield by 2-6 % on wood. [2] 

Oxygen delignification is becoming an increasingly important tool for extending 
delignification following Kraft cooking. Traditionally, oxygen delignification was selected 
for environmental reasons and for savings in bleach plant chemicals, primarily chlorine 
(Cl2). In this strategy extended delignification was performed in the digester. Effluent 
from the oxygen delignification stage was recycled to the chemical recovery system. 
This reduced the environmental impact of bleach plant effluent such as AOX 
(Adsorbable Organic Halogens), COD (Chemical Oxygen Demand), color, and BOD 
(Biochemical Oxygen Demand). Reductions in bleach plant effluent in COD and BOD 
(45 to 50%) colour (60 to 85%) and organochlorine compounds (AOX, phenolics and 
chloroform) are evident. [5] 
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Carryover containing black liquor from cooking to the oxygen stage affect both alkali 
and oxygen consumption, because of the competing reaction between pulp lignin and 
dissolved material in the liquor. This lowers the delignification rate, especially in the 
second delignification stage, because of the smaller amount of alkali available. [5, 6, 7]                           

There is also some evidence that if carryover containing black liquor from cooking to the 
oxygen stage has a high concentration of residual alkali, small amount of this kind of 
liquor might even benefit delignification in the oxygen stage. [8, 9] 

Oxidized filtrate that is counter-currently circulated from the post-oxygen washer to the 
oxygen stage consumes less oxygen than black liquor carried over from cooking. Also, 
already oxidized dissolved material lowers the pH in the oxygen stage, which increases 
the need for alkali in the reactor. Because of the lower residual alkali, this kind of 
carryover can lower the delignification rate, though it has almost no effect on pulp 
viscosity [6, 11].  In addition to its impact on selectivity and delignification rate, the 
carryover to the oxygen stage also affects final bleaching. The kappa number of the 
pulp arriving at the bleach plant is higher, mainly because of the lower delignification 
rate in the oxygen stage. This means higher chemical consumption and a higher 
effluent load from the bleach plant. [12] 

2.2 Kinetics: 

Oxygen delignification reactions of pulp take place in two phases; a rapid initial phase 
and a slower second phase. The initial phase is essentially bulk delignification reaction 
and appears to be completed in 5 minutes. The second phase is a more gradual 
delignification reaction, almost linear over time for many pulps. [13, 14, 15] 

2.3 Dissolved solids: 

A medium-consistency oxygen system has two identifiable types of dissolved solids. 
These are: 

1- Raw black liquor solids (RBLS): the dissolved solids carried forward from the digester 
and pre-oxygen washing. These solids have not been through the oxygen reactor. 

2- Oxidized solids (OS): the dissolved solids discharged from the oxygen reactor and 
washed back through the system. These solids are the sum of the raw black liquor 
solids carried into the reactor and the dissolved solids resulting from the oxygen 
delignification process. In a closed medium-consistency system, the raw black liquor 
solids and the oxidized solids will combine to result in the total level of dissolved solids 
entering the oxygen reactor. [8] 
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2.4 Pulp consistency: 

For all cases of extended delignification it is of utmost importance to keep the pulp 
consistency on a relatively high level, 11-12% dry content. Extended delignification 
means that a relatively large amount of gas has to be added to the pulp. A high pulp 
consistency as well as an efficient mixing of gas into the pulp is essential to avoid gas 
channelling. A higher pulp consistency in a given reactor volume will give a longer 
retention time and a higher alkali concentration at a given charge. This will favour the 
delignification and give a lower kappa number pulp out from the reactor. [10] 

 

2.5 Extended oxygen delignification 

It can be used to replace the final part of cooking to start the oxygen delignification at a 
higher kappa number level. Another reason to extend the oxygen delignification can be 
to reduce the kappa number of the pulp going to the bleach plant. This will lead to 
reduced chemical consumption and reduced emissions for example of COD, from the 
bleach. For TCF pulp it will also make it possible to reach higher brightness levels. [16] 

Oxygen delignification can be extended in different ways: 

A- Extended oxygen delignification in one stage: 

In a single stage oxygen delignification system with extended retention time, the 
chemicals are charged before the reactor and the temperature increases with the 
retention time as the reaction heat is developed. [17] 

B- Extended oxygen delignification in two stages: 

Conditions for the process of a two-stage oxygen concept are made progressively 
harsher in the second stage to permit more of the difficult-to-remove lignin moieties to 
be removed. It also permits additional oxygen and alkali to be added to compensate for 
reactant losses due to reaction with carried over black liquor solids. A two-stage concept 
should enhance control of the kinetics of both the delignification reactions and those 
with the solids carry-over, resulting in reduced organic black liquor carryover solids 
(TDS) to recovery.  

A two-stage concept consists of two reaction vessels with a mixer preceding each 
stage, and has the capability of raising the temperature and introducing additional 
caustic and oxygen in the second stage reaction vessel. The first vessel typically has a 
residence time of 15 minutes and corresponds to the first phase of the reaction, while 
the second vessel has a residence time of 60 minutes.  
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The two-stage concept permits the process conditions to be optimized for the first and 
second phases of the reaction. The second stage is used to adjust alkali concentrations 
for optimum COD control and its effect on process variables such as temperature and 
CO3

-2 formation. [5] 

The first stage is lignin degradation. It is done by added high initial alkali concentration, 
and it is important to keep the temperature on relatively low level to avoid too severe 
cellulose degradation. The second stage is lignin extraction. It is done by high 
temperature and long retention time. When high pressure is applied in the first stage, 
the selectivity is improved if the pressure is lowered to the second stage compared to if 
it is kept on a high level also in the second stage. A high carryover of recirculated filtrate 
from the oxygen stage showed a positive effect on the selectivity. [18] 

 

 

 

Figure 1: Two stage oxygen system (Miller et al 1998) 
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2.6 Pulp washing: 

Brown stock washing plays a key role in achieving effective and selective oxygen 
delignification. The washing loss to the oxygen stage is the sum of the dissolved 
material from the digester (unoxidized filtrates) and the material coming counter-
currently from the oxygen stage with washing filtrate from the post oxygen washing 
(oxidized filtrates) (19). It has also been clearly shown that delignification efficiency in 
the oxygen stage depends not only on the COD level but also on the character of the 
dissolved organic material in the filtrate carried over. [20] 

One purpose of pulp washing is to remove soluble components from the pulp 
suspension using as small an amount of wash filtrate as possible. The washing result, 
the wash loss, is usually evaluated by measuring the amount of chemical oxygen 
demand (COD) and it is expressed in units’ mg O2/l or kg O2/odtp. Washing before 
oxygen delignification (brown stock washing) is very important, because high incoming 
wash loss from cooking has been shown to reduce the oxygen delignification response 
and to consume additional oxygen and alkali. Wash loss into oxygen delignification 
originates from the dissolved material from cooking (unox) and oxygen delignification 
(ox). The latter comes with the filtrate from post-oxygen washing, which is recycled 
counter-currently to the oxygen delignification feed. The wash filtrate from post-oxygen 
washing may also contain some chemical compounds (degradation products) from 
bleaching, because some of the alkaline filtrates in bleaching may be recirculated back. 
[21, 22, 23] 

In optimizing the efficiency of lignin removal by oxygen delignification in regard to pulp 
washing, it is important to decrease the amount of dissolved solids carried over to the 
oxygen reactor. An important criterion for designing a medium-consistency oxygen 
delignification system is the number of pre-oxygen and post-oxygen wash stages. Both 
of these wash systems have an impact on the type and amount of dissolved solids that 
will be carried into the oxygen reactor. [8] 

The degree of pre-oxygen and post-oxygen washing will determine not only the total 
amount of solids entering the reactor but also how much of each of the raw black liquor 
solids and oxidized solids. 
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Pulp washing before oxygen delignification (brown stock washing) is very important, 
because high incoming wash loss from cooking (black liquor wash loss) has been 
shown to reduce the oxygen delignification responses and to consume additional 
oxygen and alkali. The wash loss originating from cooking (black liquor wash loss) 
seems to be more detrimental to oxygen delignification than the wash loss coming with 
post-oxygen filtrates which are recirculated counter currently [21, 24, 7]. The effect of 
black liquor wash loss is not always negative and there are also results showing that 
some low amount of black liquor wash loss enhances the oxygen delignification 
responses to some extent: kappa number [20] and brightness [5], but also selectivity [9] 
and viscosity [25]. Black liquor wash loss has a higher residual alkali level than oxygen 
stage wash loss; with a lower level of COD it increases the amount of alkali and thus 
enhances the delignification. In addition to organic compounds, black liquor contains 
inorganic sulphur compounds, which are also oxidized during COD determination. [26] 

 

2.7 Pre-O2 Filtrate Reaction Mechanisms: 

The pulp liquor following exposure to oxygen has lower final pH values, despite higher 
residual alkali levels, compared to a clean delignification stage because of a high 
concentration of carryover of black liquor solid to an oxygen reactor leads to the 
increases formation of organic acid and possible evolution of CO2 relative to the case of 
low or not carryover. It is well known that hydroxyl groups (R-OH) on the carbohydrates 
can be oxidized to carboxylic groups (R-COOH) which would be dissociated (R-COO-) 
with the formation of proton (H+). This, in addition hydroxyl ion consumption, would 
lower the pH of the resulting spent liquor. Also if the oxidation is carried far enough the 
carbon dioxide would be given off. There would be a shift (lowering) in pH as hydroxyl 
ions are consumed and carbonate ions are formed in the liquid phase. [33] 
 
2 OH- (l) + CO2 (l) = CO3

= + H2O 
There would be a further shifting of the equilibrium as hydrogen reacts with carbonate 
ion to form bicarbonate according to the carbonate-bicarbonate equilibrium: 
 
CO3

= + 2H+ = 2HCO3
- 
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When carryover solids are present, additional hydroxyl ion is added to the liquor. 
However additional organic solids are available to consume oxygen and also hydroxy 
ion over and above that consumed by reaction with lignin and carbohydrates. This 
competitive consumption would have an effect on the pulp delignification and 
carbohydrate degradation reactions as well. [27] 
 
 
2.8 Reactions of oxygen with raw black liquor solid: 
 
The data for the no carryover pulp suggest that COD is being produced as low 
molecular weight solids diffuse from the cell wall because of oxygen and alkali reactions 
with the pulp. When raw black liquor solids are added to the pulp, oxygen and caustic 
can react with raw black liquor.  In the case of raw black liquor solids, the oxygen may 
be reacting with the organic solids and/or reduced sulfur compounds. The solids as 
carry-over and the solids diffused from the cell wall are then both free to react with 
oxygen and alkali, in the following simplified reaction equations: [5] 
 
 
Carry-over COD + O2 + NaOH → CO2 (g) + H2O + Degradation Products 
Pulp + O2 + NaOH → Pulp COD + CO2 (g) + Organic Acids + Residual lignin 
Pulp COD (l) + O2 + NaOH → CO2 + H2O + Degradation Products 
CO2 (g) + 2 NaOH (l) = H2O + CO3

- (l)   
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2.9 Kappa number  
It is a measure of the amount of lignin remaining in pulp. The higher the kappa number 
value, the higher the use of bleaching chemicals required to brighten the pulp. 
The kappa numbers of pulps leaving the digester are typically about 30 for softwoods 
and 20 for hardwoods in bleached kraft mills that employ conventional cooking 
methods. Several modifications to conventional cooking, known collectively as extended 
cooking, have enabled kappa numbers to be further reduced in the digester in ways that 
minimize yield and strength losses. Kappa numbers associated with extended cooking 
are about 20 for softwoods and about 14 for hardwoods. [28] 
 
 
2.10 Residual alkali (Hydroxide ion content): 
The content of hydroxide ions that can be determined by potentiometric titration as 
specified in this Standard. The hydroxide ions can result when sodium (or potassium) 
hydroxide is dissolved in water and sulphide ions are hydrolysed. This SCAN-test 
Standard describes a procedure for determining the content of residual alkali in kraft 
black liquors having dry matter content up to 40 %. If the dry matter content of the 
sample exceeds 40 %, the sample needs to be diluted with distilled water to dry matter 
content around 20 %. [29, 30, 31] 
 
2.11 Solids content of black liquor 
 
This method is designed to measure gravimetrically the solids content of weak and 
strong black liquors as they exist, or will exist, at the point of injection into the recovery 
furnace and it can be used to calibrate rapid or routine control procedures. Solids 
content of black liquor will measure the “solids” remaining after removal of water and 
other non-aqueous volatile materials normally lost in commercial evaporation systems. 
[32] 
 
 
 
3. Methods: 
 
3.1 Preparation: 
 
All experiments and tests were conducted in Karlstad University laboratories. All filtrates 
and softwood pulp were collected from Gruvön mill in Grums. The pulp was washed 
with water and dried with a centrifuge, then samples from the wet pulp took and put in 
oven at 105 ºC under night to estimate the dryness of pulp. 
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The dry content of the pulp was determined to 36.9%. 100g dry pulp was used in the 
oxygen stage. All the pulps placed in the bag to keep the dryness. The samples 
between 1-48 took about 2 hours, and the samples between 49-84 took different times 
(30, 60, 120) min in oxygen stage. 
 
 
 
3.2 Collected pulps and filtrates  
 

 
Figure 2 shows the sampling positions of pulp and filtrate. 

 

 (PD1 = pressure diffuser 1, AD = atmospheric diffuser, WP = wash press, O2 = oxygen 
delignification, PD2 = pressure diffuser 2) 

A- pulp collected  
The pulp used in experiments was collected after wash press and before oxygen 
delignification (no 1 in figure 3). 
 

B- Filtrates collected 
 
The filtrate used in experiments was collected from two different places: 

1- Unoxidized filtrate was collected from the digester (no 2 in figure 3) 
2- Oxidized filtrate was collected from pressure diffuser 2 after oxygen 

delignification (no 3 in figure 3). 
 
According to the amount of COD which should be added to the pulp, the filtrate diluted 
to the required amount in order to add it to the pulp in oxygen stage. Then 20 ml of 
NaOH and 0.2g of MgSO4 added to filtrate to enhance oxygen delignification. 
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3.3 Conditions: 
All experiments were performed two times: 

Temperature 90 ºC Oxygen pressure 5 bar 
Time 30, 60, 120 min Pulp consistency 10% 

Pulp dryness 36,9% Dry weight 100 g 
NaOH 2% MgSO4 0,2% 

 

3.4 Measuring of pH and conductivity: 

PH and conductivity are measured for three different types of filtrates: 
-  First: Filtrate before adding the chemicals (NaOH and MgSO4). 
- Second: Filtrate after adding the chemicals. 
- Third: Filtrate after oxygen delignification. 

  
3.5 Autoclave boiling: 
Oxygen delignification conducted in a bath of polyethylene glycol (PEG) with 6 
autoclaves rotated at a constant speed. 271g of wet pulp for every autoclave and 708g 
of filtrate needed to get the mixture with pulp concentration of 10% in the autoclave. 
After adding filtrate to the pulp, and adding oxygen (5 bars) to the autoclave before 
placing the autoclaves in PEG bath. The autoclaves rotated for about 10 minutes before 
the real time starts so the required temperature would have time to reach. 
After a certain time, taking all autoclaves out of the PEG bath and putting them in the 
water bath for cooling.  After cooling, the top valve opened so the oxygen is allowed to 
come out from the autoclaves and then the pulps discharged into a filter. Before the 
pulps washed, filtrate collected to measure pH, conductivity and kappa number for 
filtrate. The pulps then washed well with water before centrifuged and weighed to 
calculate yield. Then the pulps weighed and placed in plastic bags to maintain moisture 
content during storage. 

 
Figure 3 autoclaves and the bath of polyethylene glycol (PEG) 
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3.6 Residual alkali 
The black liquor sample is titrated potentiometrically with hydrochloric acid to the first 
inflection point, which is situated above pH 11 and below 11.5. Before the titration, 
sodium carbonate is added to the sample to give a better inflection point and to buffer 
the titration solution. If the initial pH of the black liquor sample is above 11 but below 
12.5 a known volume of sodium hydroxide must be added to the sample before the 
titration. The content of residual alkali is calculated from the consumption of the acid at 
the first inflection point. 
 
Reagents: 
A- Sodium carbonate solution, c(Na2CO3) = 1 mol/l. 
B- Hydrochloric acid, c(HCl) = 1 mol/l.   
C- Sodium hydroxide solution, c(NaOH) = 1 mol/l. 
 
If the pH of the sample is below 11, the sample contains no residual alkali. If the pH is 
above 11 but below 12.5, an addition method must be used. Add 5 ml NaOH-solution to 
the titration vessel before titration. 
If the initial pH of the sample is above 12.5, add 80 ml of water, 10 ml of sodium 
carbonate solution and 10 ml of black liquor in a suitable vessel for titration. Insert the 
electrodes in the solution and stir with a magnetic stirrer. Titrate with hydrochloric acid 
past the first inflection point so that an S-shaped curve is obtained. Read the 
potentiometric value after each addition and construct the titration curve by plotting each 
reading against the corresponding total volume of hydrochloric acid added. Read the 
volume of hydrochloric acid at the inflection point. If there is no distinct inflection point, 
read the volume of hydrochloric acid at pH 11.5. This shall then be mentioned in the 
report. 
 
3.7 Solids content of black liquor 

 

Black liquor specimens are dried at 105°C for a minimum of 6 h with inert surface 
extender and a controlled flow of dried air to increase drying rate and eliminate 
moisture entrapment.  Strong black liquors are diluted to allow volumetric handling 
and to reduce scum formation. Weight a certain amount of the black liquor (3-
samples) and left them overnight in the oven and weight them again after drying.  
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4. Samplings 

4.1 Yield: 

Two samples were taken from pulp, and allowed to dry in oven at 105 °C overnight, 
then calculated the yield by equation [1]: 

Yield =  A ∙ C
B 

                                                        [1] 

A = residual pulp 
B= dry pulp 
C= solid content 

 
4.2 pH, Conductivity and Kappa number: 
 
- pH values of filtrates are measured by pH meter. 
- Kappa numbers of the pulps determined by standard method ISO 302.  
 
They measure for two different types of filtrates: 
- First, the samples were taken from filtrate before adding the chemicals and before 
oxygen stage: Unoxidized filtrate.  
- Second, the samples were collected after oxygen stage: Oxidized filtrate. 
 
4.3 Viscosity 
The viscosity of the pulp is measured by using the standard method ISO 5351 
 
4.4 Sampling and test specimens of solid content: 
Weak liquor will usually contain fibers.  Eliminate these by filtering through coarse filter 
paper or by inserting the pipet below the fibers, which tend to float to the surface. 
Concentrated liquors should be diluted with distilled water to 20-30% concentration so 
that they can be handled as a fluid, be made homogeneous. 
 
5. Results and Discussion: 
5.1 Original pulp: 
 
The more pulp got to complement the experiments. The kappa number and viscosity of 
the first and second original pulps are according to table 1. The kappa number of Unox 
is 48.53, and pH is 13.7.  

Original pulp no Kappa 
number 

Viscosity mi/g 

1 28 1220 
2 27,54 1203 

Table 1- The value of kappa number and viscosity for original pulps. 
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5.2 Viscosity and solid carryover: 

 

Figure 4: The relationship between viscosity and unoxidized filtrate 

 
The viscosity represents the strength of the pulp and it depends on cellulose chain, long 
cellulose chain gives high viscosity. Oxygen delignification use magnesium sulfate 
(MgSO4) to protect cellulose chain and viscosity. 
Figure 4 shows the relationship between the viscosity and solids carryover at the same 
time, temperature, pressure, and alkali concentration. The viscosity for clean pulp was 
1020 ml/g and lowered to rate 1007 when using 75 kg unox/t, and lose 13 units of 
viscosity. That gives a percentage reduction of about 1,3%. But when using more than 
75 kg unox/t the result was more reduced in viscosity. 
 
5.3 Fibers kappa number and solids carryover: 
 

 
Figure 5: The relationship between fiber kappa number and unoxidized filtrate 
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The kappa number test was used to estimate the amount of lignin by measuring the 
oxidant demand of the pulp.  
Figure 5 shows 1 kappa unit loss for every 50 kg unox/t approximately. The increasing 
amount of unoxidized filtrate leads to the increase consume of alkali and oxygen, which 
gives less efficient oxygen delignification and increasing in kappa number. 
 
 
5.4 Viscosity and fibers kappa number: 

 
Figure 6: The relationship between viscosity and fiber kappa number 

 
 
Figure 6 shows the relation between viscosity and fiber kappa number. When kappa 
number decreased in oxygen stage that led to the decrease in pulp viscosity and this 
reduction depended on the type of liquor which was used in the pulp. 150 kg unox/t give 
lowest viscosity compared to clean pulp and 125 ox/t at the same kappa number. For 
approximately 16 kappa numbers, the pulp viscosity for 150 kg unox/t and 125 ox/t were 
960 ml/g and 991 ml/g and for clean pulp was about 1040 ml/g. Therefore unoxidized 
filtrate has negative effect on selectivity than oxidized filtrate and clean pulp. 
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5.5 Viscosity and time: 
 

 
Figure 7: The relationship between viscosity and time 

 
 
Figure 7 shows the relation between viscosity and time. The viscosity decreased by 
time, as the filtrates have more time to attack the cellulose chain, which led to the 
decrease of the the cellulose chain length and gave low viscosity. The deterioration in 
viscosity of 150 unox/t (960 ml/g) was higher than 125 ox/t (983 ml/g) and clean pulp 
(1050 ml/g) because of unoxidized filtrate consume more alkali and oxygen during 
oxygen delignification which led to reduce viscosity compared to oxidized filtrate and 
clean pulp. 
 
5.6 Fiber kappa number and time: 
 

 
Figure 8: The relationship between fiber kappa number and time 
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 In oxygen delignification, fiber kappa number decreased by time. Figure 8 shows the 
relationship between fiber kappa numbers and the time of pulps with oxidized filtrate 
and clean pulp. The oxidized filtrate enhanced oxygen delignification process. The pulp 
kappa number of 125 kg ox/t was lower than clean pulp all the time. The apparent 
reason for this appeared to be due to the contribution of the residual alkali in the 
carryover, which attacked lignin and reduced kappa number. For this pulp, the level of 
alkali excess appeared to be particularly effective in enhancing the oxygen stage 
compared to the clean pulp, and this initial enhancement was enough to improve the 
final results (from 17,3 to 15,8 final kappa). 
 
5.7 Yield vs kappa number and yield vs time: 
 

 
Figure 9: The relationship between yield and fiber kappa number 

 
 

 
Figure 10: The relationship between yield and time 
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Figures 9, 10 show the relationship between the yield and kappa number. Yield reduced 
when kappa number decreased, because of alkali and oxygen attacked lignin which led 
to reduce kappa number. For using 150 kg unox/t, kappa number reduced from 27,5 to 
23 (4,5 kappa) for only 30 min delignification and yield reduction is 2,1%. For 120 min, 
kappa number reduced from 27,5 to 16,2 (11,3 kappa) and yield reduction is 3,5%. For 
using clean pulp, kappa number reduced from 27,5 to 22,7 (4,8 kappa) for only 30 min 
delignification and yield reduction is 1,2%. For 120 min, kappa number reduced from 
27,5 to 15,7 (11,8 kappa) and yield reduction is 2,3%. Oxidized filtrate is located 
between them (unoxidized filtrate and clean pulp) 
 
The clean pulp gave higher yield than oxidized and unoxidized filtrate at the same 
kappa number; because of the additional of dissolved solids to a medium-consistency 
oxygen reactor, which would increase oxygen and NaOH consumption over clean pulp 
for the same level of delignification.  
This effect was due to the parallel and competitive reactions of the colloidal lignin solids 
in the entrained liquors and the lignin contained in the cell walls of the pulp. The higher 
the chemical demand of the entrained liquors, the more oxygen and NaOH must be 
added to counteract this demand. Yield was decreasing by time, and clean pulp gave 
higher yield compared to oxidized and unoxidized filtrate. 
 
 
5.8 Final pH vs fiber kappa number for oxidized and unoxidized filtrate: 
 

 
Figure 11: The relationship between final pH and fiber kappa number (unoxidized filtrate) 
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Figure 12: The relationship between final pH and fiber kappa number (oxidized filtrate) 

 
Figures 11, 12 show the relationship between final pH and fiber kappa number. In 
oxygen delignification, alkali and oxygen attack lignin which reduces kappa number and 
leads to more consumption of alkali and oxygen in oxygen stage.  
Final pH became less when kappa number fall more for both oxidized and unoxidized 
filtrate. The final pH decreased more when used 50 g dry pulp compared to 100 g dry 
pulp, because of more oxygen volume available in the autoclaves, led to more 
consumption alkali and oxygen which gave drop final pH. 
 
5.9 Filtrate kappa numbers vs COD for oxidized and unoxidized filtrate. 
 

 
Figure 13: The relationship between filtrate kappa number and COD (oxidized filtrate) 
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Figure 14: The relationship between filtrate kappa number and COD (unoxidized filtrate) 

 
Figures 13, 14 show the relationship between filtrate kappa number and COD. Filtrates 
kappa number increases with the increase of carryover for both oxidized and unoxidized 
filtrates in oxygen stage. Filtrates kappa numbers at 30 min are less than filtrate kappa 
numbers at 120 min for both oxidized and unoxidized filtrate because of the time of 
oxygen stage is less and the filtrate kappa number increases by time. 
 
5.10 Final pH vs time: 

 
Figure 15: The relationship between final pH and time 

 
The start pH for 150 kg unox/t, 125 kg ox/t and clean pulp are 13,4, 13,3 and 13,1 
respectively. As for 30 min, oxygen delignification for 150 kg unox/t gives the higher 
final pH value exposed to oxygen stage compared to 125 kg ox/t and clean pulp. This 
means the time is not enough to consume all alkali in unoxidized and oxidized filtrates, 
which leads to the unoxidized filtrates has higher final pH 12,26 compared to oxidized 
filtrate 12,1 and the clean pulp 12. 
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As for 120 min, oxygen delignification with 150 kg unox/t gave the lower final pH value 
exposed to oxygen stage, despite higher residual alkali levels compared to a clean 
delignification stage (Figure 15). This was due to carryover of black liquor solid to an 
oxygen reactor which led to the increasing formation of organic acid and possible 
evolution of CO2 relative to the case of low or no carryover. Thus, the filtrates of clean 
oxygen delignification had higher final pH compared to oxidized and unoxidized filtrates 
(11,4 - 10,4 - 9,7) respectively. 
 
5.11 Fiber kappa numbers vs filtrate kappa number: 
 

 
Figure 16: The relationship between fiber kappa number and filtrate kappa number 

 
Figure 16 shows the relationship between fibers kappa number and filtrates kappa 
number. Fiber kappa number decreases with increase the time at the same filtrate 
kappa number because the time enhances oxygen delignification. 
 
5.12 Residual alkali for original filtrate: 

 
Figure 17: Residual alkalis 
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Figure 17 shows the potentiometric titration of filtrate with hydrochloric acid to estimate 
residual alkali in oxidized and unoxidized filtrates. The residual alkali of unoxidized 
filtrate was 19,812 g NaOH/l, and of oxidized filtrate was 0,66 g NaOH/l. This means the 
residual alkali in unoxidized filtrates were 30 times more than the residual alkali in 
oxidized filtrates. 
 
5.13 Solid content for original filtrate: 
The solid content (dissolved solid ds) in unoxidized filtrate was 17,9%, while the solid 
content in oxidized filtrate was 3,1%. This means the solid content for unoxidized filtrate 
was 5,7 times more than oxidized filtrate. 
 
6. Conclusion: 

 
Oxygen is the cheapest bleaching agent and oxygen delignification reduces the 
polluting emissions from pulp mill. Oxygen delignification is more selective than the final 
part of the cook (viscosity, yield) and it is used in all modern bleach plants. 
High yield is achieved when using clean pulp and it decrease with the increase of COD 
amount in oxygen stage. Viscosity decreased by the time. The high viscosity at 120 min 
appeared when using clean pulp, (1050 ml/g), and the low viscosity appeared when 
using 150 kg unox/t filtrate (960 ml/g). Kappa number decreased by the time, at 120 
min, the oxidize filtrate has lower kappa number than clean oxygen stage. Therefore 
oxidized filtrates enhance oxygen delignification. 
Filtrate for clean oxygen delignification has higher final pH compared to oxidized and 
unoxidized filtrates. The original unoxidized filtrate has 30 times higher concentration (g 
NaOH/l) than the original oxidized filtrate. The solid content for the original unoxidized 
filtrate is 5,7 times higher dissolved solid than the original oxidized filtrate. 
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9. Appendix 

9.1 Types of liquor used in oxygen delignification: 

No Liquid No Liquid 
1 200 kg unoxidized COD 43 125 kg COD oxiderat 
2 50 kg oxidized COD 44 70,9 kg Oox + 637,9 kg Ox 
3 100 kg unoxidized COD 45 50 kg unoxidized COD 
4 500 kg unoxidized COD 46 50 kg oxidized COD 
5 150 kg oxidized COD 47 H2O 
6 50 kg unoxidized COD 48 200 kg unoxidized COD 
7 400 kg unoxidized COD 49 100 kg unoxidized COD 
8 150 kg unoxidized COD 50 25 kg oxidized COD 
9 H2O 51 H2O 

10 250 kg unoxidized COD 52 25 kg unoxidized COD 
11 100 kg oxidized COD 53 50 kg oxidized COD 
12 300 kg unoxidized COD 54 50 kg unoxidized COD 
13 150 kg unoxidized COD 55 100 kg unoxidized COD 
14 25 kg oxidized COD 56 25 kg oxidized COD 
15 H2O 57 H2O 
16 400 kg unoxidized COD 58 25 kg unoxidized COD 
17 100 kg oxidized COD 59 50 kg oxidized COD 
18 75 kg unoxidized COD 60 50 kg unoxidized COD 
19 25 kg unoxidized COD 61 100 kg unoxidized COD 
20 150 kg oxidized COD 62 25 kg oxidized COD 
21 250 kg unoxidized COD 63 H2O 
22 H2O 64 25 kg unoxidized COD 
23 100 kg unoxidized COD 65 50 kg oxidized COD 
24 75 kg oxidized COD 66 50 kg unoxidized COD 
25 125 kg oxidized COD 67 75 kg unoxidized COD 
26 300 kg unoxidized COD 68 125 kg oxidized COD 
27 50 kg unoxidized COD 69 75 kg oxidized COD 
28 50 kg oxidized COD 70 H2O 
29 H2O 71 150 kg unoxidized COD 
30 200 kg unoxidized COD 72 100 kg oxidized COD 
31 150 kg unoxidized COD 73 75 kg unoxidized COD 
32 25 kg oxidized COD 74 125 kg oxidized COD 
33 H2O 75 75 kg oxidized COD 
34 100 kg oxidized COD 76 H2O 
35 35,4 kg Oox + 673,4 kg Ox 77 150 kg unoxidized COD 
36 75 kg unoxidized COD 78 100 kg oxidized COD 
37 25 kg unoxidized COD 79 75 kg unoxidized COD 
38 150 kg oxidized COD 80 125 kg oxidized COD 
39 7,1 kg Oox + 701,7 kg Ox 81 75 kg oxidized COD 
40 H2O 82 H2O 
41 100 kg unoxidized COD 83 150 kg unoxidized COD 
42 75 kg oxidized COD 84 100 kg oxidized COD 
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9.2 Clean pulp (only water) 

No of pulp Liquid kg/t Kappa no fiber 
O2 

Viscosity O2 Yield (%) Dryness O2 
(%) 

9 H2O 17,1 996 97,7 37,1 
15 H2O  1024 97,6 35 
22 H2O 17 1019 97,7 35,7 
29 H2O   97,5 35,7 
33 H2O  1010 97,6 36,1 
40 H2O 17,4 1014 97,4 35,8 
47 H2O 17,1 1012 97,5 35,1 

 

 

9.3 Oxidized filtrates 

No of 
pulp 

Filtrate kg/t Kappa no 
fiber O2 

Viscosity O2 Yield (%) Dryness O2 
(%) 

14 25 kg oxidized COD  1015 97,3 35,3 
32 25 kg oxidized COD 16,7 1017 97,3 36,5 
2 50 kg oxidized COD   97,1 36,9 

28 50 kg oxidized COD 16,1 1015 97,5 35,9 
46 50 kg oxidized COD 16 1014 97 36,1 
24 75 kg oxidized COD 15,2 1010 97,1 36,7 
42 75 kg oxidized COD 16,1 1015 96,9 35,3 
11 100 kg oxidized COD 14,8 979 96,9 35,6 
17 100 kg oxidized COD  1005 97 36,6 
34 100 kg oxidized COD 14,5 960 96,9 36,5 
25 125 kg oxidized COD 15 986 96,9 35,7 
43 125 kg oxidized COD 16,2 979 96,9 36,3 
5 150 kg oxidized COD 15,6 958 96,9 37,4 

20 150 kg oxidized COD 15,5 976 96,7 35,7 
38 150 kg oxidized COD 15,4 932 96,9 35,8 
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9.4 Unoxized filtrates: 

No of 
pulp 

Filtrate kg/t Kappa no 
fiber O2 

Viscosity O2 Yield (%) Dryness O2 
(%) 

19 25 kg unoxidized COD 17,2 1008 97,2 36,3 
37 25 kg unoxidized COD 17,3 1007 97,1 35,4 
6 50 kg unoxidized COD 17,2   96,9 37,2 

27 50 kg unoxidized COD 18,1 1007 97 36,8 
45 50 kg unoxidized COD 17,4 1003 97 36,2 
18 75 kg unoxidized COD 18,3 1007 97,2 36,3 
36 75 kg unoxidized COD 17,8 1010 96,9 37,8 
3 100 kg unoxidized COD 19,5 1007 96,9 36,7 

23 100 kg unoxidized COD 20,3 983 96,7 36,1 
41 100 kg unoxidized COD   979 96,6 36,6 
8 150 kg unoxidized COD 20,4 938 96,5 35,8 

13 150 kg unoxidized COD   979 96,6 35,3 
31 150 kg unoxidized COD 18,9 974 96,6 35,3 
1 200 kg unoxidized COD 21 931 96,5 36,5 

30 200 kg unoxidized COD   940 96,5 36,4 
48 200 kg unoxidized COD 20,1 947 96,5 35,2 
10 250 kg unoxidized COD 18,9 940 96,1 36,7 
21 250 kg unoxidized COD 18,7 942 96,1 36,1 
12 300 kg unoxidized COD 19,2 912 95,9 35,9 
26 300 kg unoxidized COD 20,7 910 95,9 36,4 
7 400 kg unoxidized COD   912 95,8 35,9 

16 400 kg unoxidized COD 21 908 96,3 35 
 

 

 

9.5 Clear pulp with different time 

No of pulp Filtrates kg/t Time min Kappa no 
fiber O2 

Viscosity 
O2 Yield (%) Dryness O2 

(%) 
51 H2O 30 22,7 1120 98,8 35,6 
57 H2O 30 23,2 1145 98,7 35,5 
63 H2O 60 19,2 1092 98,5 35,8 
70 H2O 60 20,2 1101 98,5 35,5 
76 H2O 120 15,7 1034 97,7 35,4 
82 H2O 120 17,4 1050 97,4 37,4 
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9.6 Oxidized filtrates with different time: 

No of 
pulp 

Filtrates kg/t Time 
min 

Kappa no 
fiber O2 Viscosity O2 Yield (%) Dryness O2 

(%) 
50 25 kg oxidized COD 30 21,2 1100 98,5 35,7 
56 25 kg oxidized COD 60 16,9 1002 98,3 36,4 
62 25 kg oxidized COD 120 15,1 1000 97,3 36 
53 50 kg oxidized COD 30 22,4 1104 98,5 36,5 
59 50 kg oxidized COD 60 18 1020 98,3 36,1 
65 50 kg oxidized COD 120 14 951 97,2 36,6 
69 75 kg oxidized COD 30 22,3 1104 98,4 35,9 
75 75 kg oxidized COD 60 18 1017 98,1 36,3 
81 75 kg oxidized COD 120 15,5 1012 96,9 37,6 
72 100 kg oxidized COD 30 22,6 1109 98,2 35,7 
78 100 kg oxidized COD 60 18,1 1022 98,1 35,6 
84 100 kg oxidized COD 120 16,8 1010 96,9 36,8 
68 125 kg oxidized COD 30 22,4 1107 98,1 35,8 
74 125 kg oxidized COD 60 16,3 991 98 35,8 
80 125 kg oxidized COD 120  983 96,9 35,9 

 

 

9.7 Unoxidized filtrates with different time 

No of 
pulp 

Filtrates kg/t Time 
min 

Kappa no 
fiber O2 Viscosity O2 Yield (%) Dryness O2 

(%) 
52 25 kg unoxidized COD 30 22,4 1101 98,4 36,4 
58 25 kg unoxidized COD 60 18,2 1010 98,3 36,2 
64 25 kg unoxidized COD 120 16,8 1000 97,2 36,5 
54 50 kg unoxidized COD 30 21,6 1090 98,3 35,8 
60 50 kg unoxidized COD 60 18,6 1014 98,1 36,9 
66 50 kg unoxidized COD 120 18,8 1002 96,9 36,5 
67 75 kg unoxidized COD 30 23,5 1093 98,2 37,1 
73 75 kg unoxidized COD 60 19,2 1020 98 35,5 
79 75 kg unoxidized COD 120 16,8 1002 96,8 35,7 
49 100 kg unoxidized COD 30 21,5 1082 98,1 36,1 
55 100 kg unoxidized COD 60 18,7 1017 97,9 36 
61 100 kg unoxidized COD 120 16,5 970 96,8 35,8 
71 150 kg unoxidized COD 30 23,1 1097 97,9 35,9 
77 150 kg unoxidized COD 60 20,9 1050 97,7 35,9 
83 150 kg unoxidized COD 120 16,2 960 96,5 36,9 
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9.8 Clean pulp (kappa number, pH, COD) for filtrates before and after oxygen stage: 

Number 
of pulp 

Kappa no 
filtrate start 

pH start 
liquid pH start incl 

chemicals 

COD 
start 
(g/L) 

COD start 
(kg/t o.d) 

Kappa no 
filtrate O2 

pH 
O2 

COD 
O2 (g/L) 

9 0 7 12,4 0 0 1,4 11,4 5,6 
15 0 7 13,8 0 0 1,3 11,5 4,7 
22 0 7 13,8 0 0 1,4 11,4 6 
29 0 7 13,1 0 0 1,3 11,5 5,7 
33 0 7 13,1 0 0 1,4 11,3 6 
40 0 7 13,1 0 0 1,4 11,2 5,1 
47 0 7 13,1 0 0 1,4 11,4 5,8 

 

 

9.9 Oxidized filtrates (kappa number, pH, COD) for filtrates before and after oxygen stage: 

Number 
of pulp 

Kappa no 
filtrate start 

pH start 
liquid pH start incl 

chemicals 

COD 
start 
(g/L) 

COD 
start (kg/t 

o.d) 

Kappa no 
filtrate O2 

pH 
O2 

COD O2 
(g/L) 

14 1,1 11,4 13,5 3,9 27,3 2,32 11,3 9,4 
32 0,8 11,3 13,1 3,8 26,6 2,18 11,1 9,1 
2 1,8 11,6 12,7 8,2 57,4 2,95 10,8 11,1 

28 1,6 11,6 13,2 6,9 48,3 2,77 11 11,1 
46 1,6 11,5 13,2 7,1 49,7 2,86 11 11,7 
24 2,6 11,8 14 10,5 73,5 2,62 10,9 21,1 
42 4 11,7 13,3 10,6 74,2 3,4 10,8 14 
11 3,2 11,9 12,8 14,1 98,7 4,01 10,7 15,9 
17 3,6 11,9 13,7 14,8 103,6 4,4 10,7 19,8 
34 3,2 11,8 13,2 14,5 101,5 4,03 10,8 17,1 
25 4,3 12 13,2 16,6 116,2 4,77 10,9 21,8 
43 4,1 11,9 13,2 18 126 4,89 11 20,1 
5 2,1 12 12,8 21,3 149,1 5,36 10,8 21,3 

20 4,7 12 13,3 20,6 144,2 5,26 10,8 20,8 
38 5,2 12,1 14 23 161 5,18 10,8 21,9 
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9.10 Unoxidized filtrates (kappa number, pH, COD) for filtrates before and after oxygen stage: 

Number 
of pulp 

Kappa no 
filtrate 
start 

pH start 
liquid 

pH start 
incl 

chemicals 

COD start 
(g/L) 

COD start 
(kg/t o.d) 

Kappa no 
filtrate O2 pH O2 COD O2 

(g/L) 

19 1,2 11,6 13,9 3,5 24,5 2 11,4 8,2 
37 1 11,6 13,1 3,1 22,1 2 11,1 8,1 
6 5,2 12 12,8 6,7 46,9 2,5 10,8 9,7 

27 2,2 12 13,2 7,4 51,8 2,6 11,4 10,2 
45 2 11,9 13,2 6,6 46,1 2,7 11,2 10,6 
18 3,7 12,1 13,7 10,3 72,1 3 11,1 11,8 
36 2,9 12,1 13,3 9,8 68,6 3,1 11 12,3 
3 4,1 12,1 12,8 14,6 102,2 3,4 11,7 12,6 

23 4 12,2 14 12,7 88,9 3,5 11,5 14,4 
41 4 12,2 13,3 12,6 88,2 3,5 10,9 13,8 
8 6,1 12,4 12,9 18,7 130,9 4,7 10,6 19,5 

13 6,6 12,5 13,8 20,6 144,2 4,7 10,3 21,4 
31 6,2 12,4 13,4 20,5 143,5 5,6 11 24,7 
1 9,2 12,4 12,9 26,1 182,7 5,6 10,3 21,7 

30 7,6 12,5 13,4 27 189 6,1 10,8 26,7 
48 7,5 12,5 13,4 27 189 5,5 11,3 22,2 
10 9,8 12,6 13,1 32,4 226,8 6,6 10,3 28,1 
21 10,1 12,6 14 35,2 246,4 6,7 11,2 26,2 
12 11,7 12,7 13 40,5 283,5 7,5 10,5 31,2 
26 11,8 12,7 13,6 42,1 294,7 8 11,4 41,5 
7 16,9 12,7 13,1 52 364 10,4 11,4 41,1 

16 16 12,8 13,9 55 385 10,1 11,2 42 
 

 

9.11 Clean pulp (kappa number, pH, COD) for clean pulp before and after oxygen stage: 

Number 
of pulp 

Time 
min 

Kappa 
no 

filtrate 
start 

pH start 
filtrste 

pH start 
incl. 

chemicals 

COD 
start 
(g/L) 

COD start 
(kg/t o.d) 

Kappa no 
filtrate O2 

pH 
O2 

COD 
O2 

(g/L) 

51 30 0 7 13,2 0 0,0 0,5 12 2,4 
57 30 0 7 13,1 0 0,0 0,6 12 2,1 
63 60 0 7 13,2 0 0,0 0,9 11,9 4,2 
70 60 0 7 13,1 0 0,0 1,1 11,9 3,2 
76 120 0 7 13,2 0 0,0 1,4 11,4 5,7 
82 120 0 7 13,1 0 0,0 1,4 11 4,9 

 

 

 

36 



9.12 Oxidized filtrates (kappa number, pH, COD) for filtrates before and after oxygen stage with 
different time: 

Number 
of pulp 

Time 
min 

Kappa 
no 

filtrate 
start 

pH start 
filtrste 

pH start 
incl. 

chemicals 

COD 
start 
(g/L) 

COD start 
(kg/t o.d) 

Kappa no 
filtrate O2 

pH 
O2 

COD 
O2 (g/L) 

50 30 0,9 11,4 13,15 2,7 18,9 1,5 12 6,5 
56 60 0,9 11,4 13,17 2,7 18,9 1,9 11,8 7,7 
62 120 0,9 11,4 13,17 2,7 18,9 2,1 11,2 8,7 
53 30 1,8 11,6 13,19 7,6 53,2 1,8 12,1 7,1 
59 60 1,8 11,6 13,17 7,6 53,2 2,5 11,89 17,8 
65 120 1,8 11,6 13,18 7,6 53,2 2,8 10,9 11,2 
69 30 3,2 11,7 13,21 10,6 74,2 2,9 12,1 11,9 
75 60 3,2 11,7 13,22 10,6 74,2 3,5 11,9 12 
81 120 3,2 11,7 13,21 10,6 74,2 3,6 10,4 14,1 
72 30 4,4 11,9 13,27 14,2 99,4 3,7 12,1 13,2 
78 60 4,4 11,9 13,27 14,2 99,4 4,5 11,9 15,1 
84 120 4,4 11,9 13,28 14,2 99,4 4,3 10,7 17,3 
68 30 5,1 10,9 13,3 18,7 130,9 4,4 12,1 17,2 
74 60 5,1 10,9 13,29 18,7 130,9 5,1 11,8 17,7 
80 120 5,1 10,9 13,28 18,7 130,9 5 10,4 19,7 

 

 

9.13 Unoxidized filtrates (kappa number, pH, COD) for filtrates before and after oxygen stage with 
different time: 

Number 
of pulp 

Time 
min 

Kappa 
no 

filtrate 
start 

pH start 
filtrste 

pH start 
incl. 

chemicals 

COD 
start 
(g/L) 

COD 
start 
(kg/t 
o.d) 

Kappa 
no 

filtrate 
O2 

pH O2 COD O2 
(g/L) 

52 30 1 10,7 13,2 4,7 32,9 1,24 12 5,2 
58 60 1 10,7 13,2 4,7 32,9 1,65 11,9 6,3 
64 120 1 10,7 13,2 4,7 32,9 1,85 11,5 7,7 
54 30 1,9 11,9 13,2 5,7 39,9 2,13 12 9,2 
60 60 1,9 11,9 13,2 5,7 39,9 2,25 12 8,6 
66 120 1,9 11,9 13,2 5,7 39,9 2,48 11,4 10 
67 30 3,6 12,1 13,3 9,1 63,7 2,8 12,1 11,3 
73 60 3,6 12,1 13,3 9,1 63,7 3,09 11,9 13,3 
79 120 3,6 12,1 13,3 9,1 63,7 3,14 10 11,1 
49 30 4 12,2 13,3 11,6 81,2 3,4 12,1 13,4 
55 60 4 12,2 13,3 11,6 81,2 3,6 11,9 16 
61 120 4 12,2 13,3 11,6 81,2 3,85 10,7 14,4 
71 30 6,8 12,4 13,4 18,3 128,1 4,83 12,3 15,7 
77 60 6,8 12,4 13,4 18,3 128,1 5,17 12,1 15,7 
83 120 6,8 12,4 13,4 18,3 128,1 4,59 9,7 18 
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9.14 Solid content: 

Type of 
filtrate Weight of 

crucible g 
Weight of 
sample g 

Weight of 
crucible after 

drying g 

Weight of 
sample after 

drying g 

Solid content 
% 

Average solid 
content % 

Black liquor 34,3552 9,6119 36,0103 1,6551 17,2192803 17,94305086 
Black liquor 21,2568 9,4751 23,0255 1,7687 18,6668215   

After O2 34,0085 9,6493 34,3131 0,3046 3,15670567 3,137381998 
After O2 31,4663 9,7689 31,7709 0,3046 3,11805833   

 

 

 

9.15 Residual alkali for unoxidized filtrate: 

PH HCl ml PH HCl ml PH HCl ml 
12,82 0 12,53 2,45 11,85 4,8 
12,81 0,2 12,52 2,5 11,8 4,9 
12,8 0,3 12,51 2,55 11,73 5 

12,79 0,4 12,5 2,6 11,69 5,1 
12,78 0,5 12,48 2,7 11,6 5,2 
12,77 0,6 12,46 2,8 11,56 5,25 
12,76 0,7 12,44 2,9 11,53 5,3 
12,75 0,8 12,43 3 11,5 5,34 
12,74 0,9 12,41 3,1 11,49 5,35 
12,73 1 12,39 3,2 11,45 5,4 
12,72 1,1 12,36 3,3 11,21 5,8 
12,71 1,2 12,34 3,4 11,09 6 
12,7 1,3 12,32 3,5 10,82 6,6 

12,69 1,4 12,3 3,6 10,62 7,2 
12,68 1,5 12,27 3,7 10,44 7,9 
12,66 1,6 12,24 3,8 10,26 8,8 
12,64 1,7 12,21 3,9 10,15 9,3 
12,63 1,8 12,18 4 10,05 10 
12,61 1,9 12,15 4,1 9,77 11,7 
12,6 2 12,12 4,2 9,64 12,5 

12,59 2,1 12,08 4,3   
12,57 2,2 11,99 4,5   
12,55 2,3 11,95 4,6   
12,54 2,4 11,9 4,7   

 

 

 

38 



 

 

 

9.16 Residual alkali for oxidizes filtrate: 

PH HCl ml PH HCl ml 
11,74 0 11,13 0,8 
11,7 0,05 11,1 0,9 

11,66 0,1 11,07 0,95 
11,62 0,15 10,85 1,35 
11,58 0,2 10,83 1,4 
11,54 0,25 10,8 1,5 
11,5 0,3 10,73 1,7 

11,45 0,35 10,64 2 
11,41 0,4 10,5 2,5 
11,37 0,45 10,38 3 
11,34 0,5 10,27 3,5 
11,3 0,52 10,19 4 

11,26 0,55 10,08 4,5 
11,22 0,65 9,98 5 
11,19 0,7 9,89 5,5 
11,16 0,75 9,69 6,5 
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