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Abstract 
 

 In the pulp and paper industry, sulfite pulping makes up less than 4% of the global 

market. In New Brunswick, Twin Rivers Paper is the only bisulfite chemical pulping mill 

that produces specialty paper grades including labels, packaging, publishing paper. In 

order for Twin Rivers Paper to remain competitive in the sulfite pulping industry, it must 

continue to produce high quality pulp while ensuring the process is optimized to achieve 

a high pulping yield. For this reason, recovering good pulpable fibers from rejected chips 

would be economically beneficial for the mill to increase their pulp yield while decreasing 

costs associated with waste. The objective of this research is to treat the rejected chips 

mechanically to recover the fibers. The proposed process concept is to use a mechanical 

disintegration followed by a screening process to recover the good fibers. Different pre-

treatments including additional mechanical action and a rinsing process step are examined 

in order to further increase the yield. Once the good fibers were recovered, the pulp was 

bleached and the strength was tested. After completing the experiment, the optimal 

process for adding the recovered fibers to the pulp mainline has been evaluated.  
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Glossary Pulp and Paper Terms 
 

1. Bleaching: The process of making the final pulp brighter or whiter 

2. Brightness: Pulp brightness is defined by the amount of light that is reflected 

from the sheet at the wavelength 457 nm. 

3. Dirt: Dirt is any foreign matter embedded in or on the sheet, which, when 

examined by reflected light has a contrasting, darker colour to the sheet surface 

and has an equivalent black area of 0.02mm2 or greater 

4. Disintegration: The use of mechanical action to separate the fibers from each 

other in water while not altering the fiber structural properties. 

5. Freeness: Pulp freeness gives a measure of the rate that a dilute pulp suspension 

is drained 

6. Kappa number: The kappa number is an indication of the lignin content in the 

pulp 

7. Shive: A shive is a large fiber bundle consisting of two or more fibers which 

adhere to each other and which have not been completely separated from each 

other during the production of pulp. 
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Chapter 1: Introduction 
 
1.1 Overview 
 

Twin Rivers Paper, a pulp mill located in Edmundston, New Brunswick, produces 

a total of 370,000 tonnes of pulp per year. Sulfite softwood pulp is the primary product 

for the mill however stone-groundwood mechanical pulp is also produced. Twin Rivers 

Paper sends their pulp product as a slurry to their paper mill in Madawaska, Maine, U.S.A. 

where the sulfite pulp is used to produce more specialty paper products including labels, 

packaging, technical and publishing papers (Twin Rivers Paper Company, 2020). Due to 

sulfite pulp being the primary product at Twin Rivers Paper, this present study will focus 

specifically on sulfite pulp and the magnesium bisulfite pulping process; the process used 

at Twin Rivers Paper.  

In New Brunswick, there are only two mills that currently operate using the sulfite 

process: Twin Rivers Paper and AV Group NB Inc. Atholville. Although the same pulping 

process is used at both mills, AV Group NB Inc. produces dissolving pulp, using the 

magnesium bisulfite process (Pulp and Paper Canada, 2007). This type of pulp consists 

mainly of cellulose (Deshpande, 2016), therefore the end product is used for textiles rather 

than paper (Aditya Birla AV Group, n.d.). Not only is sulfite pulp limited in the province, 

Twin Rivers being the only mill producing sulfite pulp for paper end use, but it is also 

extremely limited on a global scale, making up less than 4% of the total production of 

Kraft pulps (Deshpande, 2016). For this reason, it is important that the entire process is 

optimized to its fullest potential, ensuring the product will remain competitive not only in 

New Brunswick and Canadian markets, but also internationally.  
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 The forestry industry is one of the most important industries to the Canadian 

economy. In 2017 the forestry industry contributed $24.6 billion to the economy, which 

was 1.6% of the gross domestic product (GDP) and a 0.7% growth compared to 2016. Of 

that GDP, the pulp and paper industry accounts for roughly 36% and the manufacturing 

of pulp and paper products saw a 1.5% increase (Government of Canada, 2020). Canadian 

forestry products accounted for 7.2% of the country’s exports in 2017. The industry 

supports around 210,000 jobs across the country where 9% of these jobs are in the Atlantic 

provinces (Government of Canada, 2020). Ensuring all pulp and paper mills in Canada 

are reaching their fullest potential will continue to benefit the economy. 

A value-added process that can be optimized at the Twin Rivers pulp mill is the 

utilization of the produced knotter rejects in order to increase the overall pulp yield. This 

can be achieved by installing a process that will recover the good fibers within the knotter 

rejects as there is still a large quantity of good fibers that could produce pulp. These rejects 

are referred to as “knotter rejects” as they are rejected by the knotters located after the 

digester and 25-30 air-dried metric tonnes (ADT) are produced a day. In the current 

process there is a chip screening system that removes true knots, oversized chips and fines. 

The block flow diagram seen in Figure 1 gives context to at which point in the process 

the knotter rejects are produced. 
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Figure 1: Knotter Rejects Flow Diagram 
  

The accepts from the knotters are sent to washing whereas the rejects are sent to the 

RaditrimTM screen. The RaditrimTM acts as a secondary screen after the knotters and 

consists of a fine tailing screen (Kadant, 2018). The RaditrimTM accepts are added back 

into the pulping process for further processing. The rejects are sent to the knot press where 

they are pressed to recover cooking chemicals and then sent outside to the knotter reject 

pile. 

The majority of the knotter rejects pile is considered partially cooked wood chips 

and are currently being sent to landfill therefore the good pulpable fibers are being wasted. 

Table 1 summarizes the contents of the knotter reject pile.  
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Table 1: Knotter Rejects Pile Breakdown 

Knotter Rejects Breakdown % of Total 

Partially Cooked Chips 76% 

Knots 21% 

Slivers 3% 

Total 100% 

  

There are several benefits that can be recognized from the present study; however, 

the main benefit is the economic impact this could have on the mill. Increasing the pulp 

yield decreases the raw material costs as well as decreases (or potentially eliminates) 

waste and landfill costs associated with the reject chips. Decreasing the amount of chips 

sent to landfill would be both beneficial for the environment and economical for the mill. 

The knotter reject pile is currently landfilled because the mill has no other use for it due 

to the residual sulfur content within the rejects. In the past, the rejects were burned in one 

of the boilers however that boiler has since been shut down. The other boilers on site are 

not constructed out of the proper material to handle the rejects as the sulfur within would 

build up on the walls and cause serious problems. 

Conducting this research not only helps Twin Rivers Paper, but also the pulp and 

paper industry. The findings could be beneficial for other mills that use the sulfite pulping 

process and do not have a method to reuse or recycle their rejects. By decreasing raw 

material costs and maintaining a high quality of pulp, the Canadian pulp industry can stay 

competitive on an international level. 
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1.2 Background 
 

Twin Rivers Paper installed and ran a sulfite reject refining system for two years in 

order to improve pulp yield. However, after implementing the refining process the overall 

dirt count in the final pulp increased. As defined by TAPPI methods T 563 om-3, dirt is 

“any foreign matter embedded in or on the sheet, which, when examined by reflected light 

has a contrasting, darker color to the sheet surface and has an equivalent black area of 

0.02 mm2 or greater as determined by this test method.” (TAPPI T 536 om-03). The 

equivalent black area (EBA) is defined by “the area of a round black spot on a white 

background of the TAPPI Dirt Estimation Chart which makes the same visual impression 

on its background as does the dirt speck on the particular background in which it is 

embedded.” (TAPPI T 536 om-03).  

The previously installed refining process was similar to the current process in the 

sense that the knotter rejects were sent to the RaditrimTM. However, the RaditrimTM rejects 

were sent to a reject refiner rather than the knot press. Once the rejects were refined, they 

were pumped to a screw press that was located at the top of the digester. At this stage, 

they were pressed to recover cooking chemicals and to get the material to an ideal 

consistency to be recooked in the digesters with fresh wood chips.  

It is believed that when the rejects were refined, they were being burned due to the 

residual cooking liquor in the rejects (decreasing the pH within the rejects) and the high 

refining temperature (which can be above 100℃). It was evident by the colour of the 

rejects after refining that the fibers were being burned which resulted in the high dirt count 

in the pulp. Therefore, the combination of mechanical actions breaking up the true knots 

in the knotter rejects, the residual cooking liquor within the rejects and the high refining 

temperature caused acid induced burning. This burnt liquor was being recirculated 
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throughout the process as flushing and drain down liquor therefore not being purged from 

the system. Some of the liquor was caught in a never-ending loop meaning it was being 

burnt over and over again, increasing the dirt within that liquor. Typically, the dirt seen 

in chemical pulp comes from bark, knots, or decayed chips, (United States of America 

Patent No. 4773965A, 1987) and is lower than what is seen with mechanical pulp. Since 

the rejects were being mechanically refined, it was expected that the dirt count was going 

to increase. A dirty pulp results in a higher dirt count causing issues downstream during 

the papermaking process. For this reason, the process was taken out of service. Although 

the refining process was not successful it is still important that a knotter rejects process is 

developed to increase the yield.  

Prior to the implementation of this process, the Limerick Pulp and Paper Center at 

the University of New Brunswick (UNB) completed a lab trial and Twin Rivers Paper 

(known as Frasers Paper at the time) carried out the mill trial. These trials were performed 

to determine the effect of cooking 3% of refined rejects with fresh wood chips. For these 

trials, pressed knotter rejects were sent to a testing facility to be refined. The refined 

rejects were then sent back to UNB and to the mill. Regarding the lab trials, the refined 

rejects had to be washed prior to being cooked to ensure there was no residual sulfur that 

could damage the cooking vessel. The rejects were then cooked with fresh wood chips 

mimicking the mill conditions. For the mill trials, the refined rejects were added to a few 

digester cooks. From both trials, it was determined that the dirt count in the final pulp 

increased after cooking and bleaching, however with efficient cleaners the dirt would be 

removed.  

The difference between the lab and mill trials compared to the mill implementation 

is the amount of residual liquor within the rejects. For the lab trials the rejects were pressed 
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and washed prior to being refined therefore eliminating any issues that arose due to 

residual liquor. When the process was implemented the rejects were sent directly from the 

RaditrimTM to the refiner still containing a significant amount of liquor that caused the 

burning of the fibers. It is for this reason that the issues were not seen during the trials and 

only after the process was implemented and operating for an extended period of time.  

 

1.3 Process Options 
 

There are two process options that have the potential to help the mill increase their 

overall pulp yield. These include the implementation of a mechanical treatment, screening 

and bleaching process or optimizing the current refining process by purging the liquor 

from the system. The first option focused on laboratory research while the second was 

focused on during the internship at Twin Rivers Paper. Developing a method in which the 

good fibers can be recovered from the reject stream will save the mill on raw material, 

waste costs associated with the rejects, such as landfill costs and would increase the 

cooking chemicals recovered. Research on improving the sulfite reject refining process is 

important as it will optimize the pulping process, achieve a higher product yield and will 

help the mill economically.  

For the first process option, it was proposed that by using a high shear disintegrating 

force and a screening process it would be possible to recover the good fibers from the 

rejects. The use of a high shear force is beneficial as it would not harm the quality of the 

pulp fibers. The laboratory experiments are based on this proposed idea and was the focus 

of this research. 

For the second process option, it was proposed that developing a method to purge 

the burnt cooking liquor from the system before reaching the digesters could decrease the 
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dirt that is being recirculated throughout the system. This would therefore decrease the 

dirt in the final pulp.  

 

1.4 Objectives 
 

The main objective of this research was to determine a method in which the good 

fibers within the knotter rejects can be recovered in order to improve the overall pulp 

yield, without sacrificing other quality parameters. To achieve this objective, several sub-

objectives were investigated, including: 

1. Studying the effects that two different pre-treatments would have on the yield: the 

use of a mechanical pre-treatment on the rejects and pre-rinsing the rejects. 

2. Determining the most effective stage to bleach the accepted fibers – either being 

added to the line entering the bleachery and being bleached along with the 

mainline pulp or undergoing a pre-bleaching stage prior to the Do stage.  

 

1.5 Research Questions and Hypothesis 
 

The first research question that was answered is as follows: What are the effects of 

mechanically treating the knotter rejects on the ability of recovering good fibers? 

The corresponding hypothesis to this question is; mechanically treating the knotter 

rejects will separate the good fibers allowing them to be recovered when screened.  

The second question that was posed was: Will adding the recovered good fibers to the 

mainline entering the bleachery have any effect on pulp properties? 

It was hypothesized that by adding recovered fibers up to 3% to the mainline will have 

no effect on the overall pulp quality due to it being a very small amount.  
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1.6 Delimitations 
 

The scope of this research is defined by Twin Rivers Paper’s desire to recover the 

good fibers within the knotter rejects. This can be achieved by either optimizing the 

current reject refining system or by developing a new method to recover the fibers. Both 

methods would re-integrate either the rejects or fibers into the system at some point before 

the pulp is sent to the paper mill. 

Experimental trials were complete using knotter rejects and unbleached pulp that 

were provided by the mill. These materials were produced using a magnesium bisulfite 

cooking liquor and softwood chips, either spruce or balsam fir. 
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Chapter 2: Literature Review 
 

There are two main types of chemical pulping; the Kraft and sulfite pulping 

processes which differ in the chemicals used. The Kraft process uses a sulfate cooking 

liquor under alkaline conditions and produces a stronger pulp, due to the shorter cook 

times that leads to less degradation of the carbohydrates in the chips (Popa, 2013).  

The sulfite pulping process uses a sulfite or bisulfite cooking liquor under acidic 

or neutral conditions. Although this pulp is weaker, it is more flexible giving it 

characteristics to produce more specialty pulps (Bajpai, 2018) and it also produces a pulp 

that is easier to bleach and has a higher brightness (Bajpai, Environmentally Friendly 

Production of Pulp and Paper, 2010). This research focuses on the production, bleaching 

and strength characteristics of sulfite pulp produced using softwood.  

 

2.1 The Chemical Composition of Wood 
 
 The chemical composition of wood differs from tree to tree and is affected by 

several different factors. This includes softwood vs. hardwood, the tree species, 

geographical location, and soil type. Although the chemical composition can be different, 

wood is made up of the same components including lignin, carbohydrates, organic 

extractives and ash (Pettersen, 1984). 

 Cellulose is the most abundant carbohydrate in wood, accounting for 40-50% of 

the dry weight (Pettersen, 1984). Cellulose is a linear polymer that is made up of repeating 

units of D-glucopyranose linked together by 𝛽-1,4-glycosidic bonds (Area & Popa, 2014). 

Typically, this carbohydrate has a degree of polymerization (DP) of 9,000-10,000 but can 

be as high as 15,000 (Pettersen, 1984). The DP is defined as the number of sugar units in 
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one molecular chain (Pettersen, 1984). Having this high DP renders cellulose insoluble in 

numerous solvents (Pettersen, 1984). 

 Hemicellulose differs from cellulose as it has a semi-crystalline structure, with the 

amorphous component of the structure being dominant (Kettunen, 2008). The DP of 

hemicellulose is much lower than that of cellulose, only 150-200 (Kettunen, 2008). Due 

to these two characteristics, compared to cellulose, hemicellulose has a higher reactivity 

(Wang & Luo, 2016). The structure of hemicellulose is comprised of sugars including 

arabinose, galactose, mannose and xylose, which is the most common sugar. In softwoods, 

the most common xylose structure and chemical structure is glucuronoxylan, which 

makes up 15-30% of the chemical composition (Wang & Luo, 2016). Softwood 

hemicellulose is made up of 𝛽-D-xylose backbones and like cellulose, these backbones 

are linked together with 𝛽-1,4-glycosidic bonds (Wang & Luo, 2016).  

 The third major component in wood is lignin. Unlike cellulose and hemicellulose, 

lignin has an amorphous structure, is aromatic rather than linear and is insoluble in water. 

Lignin is not composed of repeating units, as is cellulose and hemicellulose. It has 10 

different types of linkages including aryl ether and carbon-carbon linkages. It is also 

comprised of many different functional groups such as methoxyl groups, phenyl hydroxyl, 

carbonyl and benzyl alcohol. These functional groups create a strong network with the 

cellulose fibers, therefore acting as the glue and holding the wood fibers together 

(Sjostrom & Alen, 1999). 
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2.2 Sulfite Pulping Process Overview 
 

The sulfite pulping process has three main processes, including cooking, screening 

and bleaching steps. The pulping process begins by subjecting the fresh wood chips to a 

screening process to remove the fines, oversized and knots from the good chips. After 

chip screening, the wood chips are sent to a digester where they are cooked. The pulp 

slurry is sent to a set of knotters where rejected chips are removed from the process. From 

there, the pulp slurry is washed to recover cooking chemicals followed by a screening step 

to remove dirt. The screened pulp is further processed with bleaching chemicals. An 

overview of this process is seen in Figure 2 and will be discussed in detail in this section.  

 

 

The cooking chemicals are added to the digester to impregnate the wood chips 

with the aid of pre-steaming to remove the air from the chips. At this stage, the chemicals 

in the liquor break down the chips into fibers to produce pulp. This is achieved by 

chemical delignification, which is the main process behind chemical pulping (Fengel & 

Wegener, 1983). Oversized chips and knots are undesirable as the liquor cannot penetrate 

sufficiently to break them down. This causes them to be rejected from the process and 

decrease the yield out of the digester.  
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Cooking

Knotters Pulp 
Washing Screening

Pulp 
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Figure 2: Sulfite Pulping Process 
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Chemical delignification is the process in which lignin is rendered soluble in the 

cooking liquor. The removal of lignin from the wood is one of the key factors to successful 

pulping as it is a binding agent and acts like glue holding the carbohydrates together 

(Bajpai, 2018). Dissolving the lignin in the cooking liquor will release the cellulose in 

order to produce pulp (Roberts, 1996). 

Within the sulfite process, there are different cooking conditions including, acidic, 

bisulfite, and neutral. Under bisulfite conditions, a bisulfite with a common base, such as 

magnesium, calcium, ammonium and sodium, is used to bind to the sulfur dioxide (SO2) 

(United States Environmental Protection Agency). The bisulfite ion is the most active 

nucleophile that is present under sulfite pulping conditions and is formed during the 

production of sulfite cooking liquor (Roberts, 1996). 

The waste liquor from the digester is sent to a series of evaporators to be 

concentrated in order to recover SO2 and magnesium oxide, in the form of ash. The 

concentrated liquor is burned in a furnace where the gases are sent to an absorption tower. 

Here, the SO2 is absorbed by the slurry of magnesium oxide and water, forming 

magnesium hydroxide. This is followed by a fortification step using fresh SO2 produced 

with a sulfur burner. This process produces the magnesium bisulfite cooking liquor used 

in the digesters. The magnesium base ensures the liquor stays in the pH range of 4-4.5 

(United States of America Patent No. 2,572,929, 1951).  

MgCO! + 2H"SO! →	Mg(HSO!)" +	CO" +	H"O 

MGO + HOH →	Mg(OH)" 

Mg(OH)" +	2SO" → Mg(HSO!)" + HOH 

Magnesium Bisulfite Cooking Liquor Chemical Equations (United States of 
America Patent No. 3,428,420, 1969) 
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The bisulfite ion is the primary ion involved in the delignification process which 

includes two different reactions; sulfonation and acid hydrolysis. Both steps increase the 

solubility of lignin allowing it to dissolve in the cooking liquor. As shown in Figure 3, the 

process begins with acid hydrolysis that aids in the cleavage of the ether bond in the alpha-

carbon position. This decreases the molecular weight of the lignin and creates free 

phenolic groups (Roberts, 1996), hence the lignin molecule becoming more soluble in the 

cooking liquor.   

 

 
Figure 3: Cleavage of the ether bond in the α -carbon position (Roberts, 1996) 

 

Hydrolysis is followed by sulfonation (shown in Figure 4) which introduces 

hydrophilic sulfonic acid groups. It involves forming a carbonium ion by displacing 

hydroxy and alkoxy groups from the alpha carbon atom on the phenylpropane side of the 

lignin chain. The carbonium ion then reacts with the bisulfite ion present in the cooking 

liquor, which acts as a solubilizing group into the lignin molecule (Roberts, 1996). 
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Figure 4: Sulfonation of lignin (Roberts, 1996) 
 
In the magnesium bisulfite pulping process, the dominant ion is the bisulfite ion, 

HSO3-. The lignin will typically react with this ion in order to become soluble and dissolve 

in the cooking liquor, making the sulfonation and hydrolysis reactions desirable, as 

outlined above. However, within the cooking liquor there also are other nucleophiles that 

are present, such as benzylium ions. If these ions react with the lignin molecules, lignin 

condensation reactions will occur forming carbon-carbon bonds. This causes the lignin 

molecule to become insoluble (Roberts, 1996). Lignin condensation reactions are 

undesirable as they can interfere with the delignification process and are more likely to 

occur when bisulfite concentration decreases and pH increases (United States 

Environmental Protection Agency). Figure 6 shows the two nucleophile reactions; the 

sulfonation reaction is reaction A and the lignin condensation reaction is reaction B. 
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The bisulfite pulping process has a digester yield between 48-51%, which is lower 

than that of mechanical pulping because the chemicals also dissolve other carbohydrates 

present in the wood chips (Biermann, 1996). Other factors that affect the yield are the 

cook time, temperature and pressure.  

 
2.3 Pulp Washing and Screening 
 
 After cooking, the pulp is sent to pulp washing and screening. The process begins 

with knotters, which are used to remove rejected chips. This can either be knots or 

undercooked wood chips potentially caused by lignin condensation reactions during 

cooking (Bajpai, 2018). Once the pulp has gone through knotters it must be washed to 

remove and recover the residual cooking chemicals. Recovering the liquor is 

economically beneficial not only because the chemicals can be recycled during the 
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Figure 5: Lignin condensation reactions (Roberts, 1996) 
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preparation of cooking liquor, but also because removing residual chemicals aids in the 

bleaching stage (Bajpai, 2018). Having excess liquor increases the amount of bleaching 

chemicals needed which is wasteful (Bajpai, 2018). 

 Once the pulp has been sufficiently washed, it then undergoes screening. This 

stage is important as it removes impurities such as shives and dirt (Bajpai, 2018). As stated 

by Taby Jan Hill, “a shive is a larger fiber bundle consisting of two or more fibers which 

adhere to each other and which have not been completely separated from each other 

during the production of pulp (United States Patent No. 4,066,492, 1978). This is also 

important as shives and dirt will increase the amount of bleaching chemicals needed 

during the bleaching sequence, therefore wasting chemicals. 

 
2.4 Bleaching Chemistry 
 
 After washing and screening, the next step in the pulping process is pulp 

bleaching, which is the process of making the final pulp product brighter or whiter (Pulp 

& Paper Canada, 2003). The main purpose of bleaching is to increase the brightness and 

decrease the kappa number of the pulp by removing the residual lignin that was not 

removed during washing (Bajpai, Pulp and Paper Industry Chemicals, 2015). The kappa 

number is an indication of the lignin content in the pulp (Ek, Gellerstedt, & Henriksson, 

2009). The kappa number is defined by the volume (in millimeters) of 0.1N potassium 

permanganate solution consumed by one gram of moisture free pulp and the results are 

corrected to 50% consumption of the permanganate added (TAPPI T 236 om-99). Lignin 

provides colour to the stock therefore the consequences of not removing it is that this 

colour will remain in the pulp. This is undesirable as over time the residual lignin will 

start to darken and turn yellow in a white sheet of paper (U.S. Congress, Office of 

Technology Assessment, 1989). 
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Typically, there are several stages of bleaching. Charging the pulp with a lower 

dosage of chemicals repeatably is more effective than dosing the pulp with a lot of 

chemicals all at once. There is less chance of side reactions and a greater chance that most 

of the chemical will be consumed (Suess & Suess, 2010). Bleaching sequences are 

represented by a combination of abbreviations. The abbreviation is important as it is 

associated with certain bleaching conditions. For example, the abbreviation “D” is a 

chlorine dioxide stage that uses ClO2 for lignin oxidation (Suess & Suess, 2010). An “Ep” 

bleaching stage is an extraction stage that uses caustic soda and hydrogen peroxide to 

solubilize the oxidized lignin (Suess & Suess, 2010). The sequence that is chosen for a 

mill is dependent on which conditions have minimal harm to the environment and the 

fibers while removing lignin to obtain the desired brightness (Suess & Suess, 2010). 

 Chlorine dioxide is the chemical most widely used for chemical delignification 

during bleaching due to its high selectivity for lignin. The amount of ClO2 used is referred 

to as active chlorine and is represented in terms of either % on pulp or in kg/odt pulp 

which is multiplied by a factor of 2.63 (Suess & Suess, 2010). The factor 2.63 is the 

conversion factor between Cl2 and ClO2 because the oxidation equivalents are 35.5 g per 

mole and 13.5 g per mole, respectively. This is determined by dividing the molecular 

weight of the molecule by the number of reactive electrons it has (Suess & Suess, 2010). 

 The bleaching reaction between lignin and chlorine dioxide begins with the 

removal of a hydrogen from a phenol group which generates chlorite from the chlorine 

dioxide (Suess & Suess, 2010). Another reaction yields hypochlorous acid and chlorine, 

which are at equilibrium.  These both react with the pulp and lignin forming chloride ions 

and chlorinated organic compounds. The chlorine and chlorite, both of which were 
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generated during the bleaching process, react to form chlorine dioxide once again. (Suess 

& Suess, 2010).  

 

Figure 6: Reaction between chlorine dioxide and lignin. Hydrogen is removed from 
a phenol group, which are further oxidized to open ringed carboxylic acid or 

cleaved into quinones (Suess & Suess, 2010) 
 

The initial consumption of chlorine dioxide is very quick, and the formation of 

chloride, chlorite and chlorate takes place (Ek, Gellerstedt, & Henriksson, 2009). 

Bleaching is considered successful when the two following situations occur: the amount 

of chlorate generated is minimal as it is inert and is not a participant in further reactions 

and all of the chlorite produced is consumed (Suess & Suess, 2010). When chlorite is 

oxidized it results in the formation of chloride. 

 Under alkaline conditions, the reactions favor the formation of converting chlorine 

dioxide into chlorite and chlorate, which leads to a lower rate of delignification (Suess & 

Suess, 2010). For this reason, using acidic conditions is more desirable as it will decrease 

the amount of chlorinated organic matter that is generated while maximizing the amount 

of lignin that is oxidized (Suess & Suess, 2010). However, if the conditions are too acidic 
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more side reactions occur, consuming the chlorine dioxide and the amount of chloride 

ions decreases. A higher concentration of chloride ions means there is a complete reaction 

of chlorine dioxide, therefore when the concentration decreases, there are residual 

chemicals. Another downfall of having bleaching conditions that are too acidic, or a 

temperature that is too high, is that the polysaccharide chains will be degraded (Ek, 

Gellerstedt, & Henriksson, 2009). 

The lignin reactions during bleaching have an end point. As mentioned, initially 

they happen very quickly but when the reactive sites of the lignin are consumed the 

reactions slow down drastically concluding the first stage of chlorine dioxide bleaching. 

Adding additional chemicals will not increase the reaction rate (Suess & Suess, 2010). 

After the initial bleaching stage, there is a washing step to remove the oxidized lignin and 

the unconsumed chemicals. Washing the residual chemicals is important as carry-over 

into the next stage will increase the chemical demand. Some of the oxidized lignin is not 

easily washed away therefore it must undergo an extraction stage to remove those lignin 

structures as they are more water soluble under alkaline conditions than acidic (Suess & 

Suess, 2010). 

 The extraction stage is carried out using sodium hydroxide and an oxidant, 

commonly hydrogen peroxide (Ek, Gellerstedt, & Henriksson, 2009). Adding an oxidant 

will help increase the amount of lignin that is removed. The amount of sodium hydroxide 

needed in the extraction stage is dependent on four factors: desired pH, initial kappa 

number, acid carryover and the degree of oxidation in the Do stage (Ek, Gellerstedt, & 

Henriksson, 2009). Depending on which point in the bleaching sequence the extraction 

stage occurs, one of the two functions is more prominent. It can either be used to further 

delignify the pulp, or it can be used to brighten the pulp. Having this stage right after the 
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chlorine dioxide stage would be beneficial for further delignification, whereas performing 

extraction at the end of the sequence would increase pulp brightness to a higher extent 

(Ek, Gellerstedt, & Henriksson, 2009). Pulp brightness is defined by the amount of light 

that is reflected from the sheet at the wavelength 457 nm. On the visible spectrum, this is 

the blue/violet section. A higher brightness value is given to pulp that reflects a larger 

amount of the blue light at this wavelength (Sappi North America, 2017).  

 For all of the bleaching steps, proper mixing of the chemicals and the pulp is 

extremely important. With insufficient mixing some fibers will not receive enough 

chemicals to be bleached. On the other hand, some fibers may consume an abundance of 

chemicals and therefore undesired reactions can occur. The effect of both of these 

scenarios is that additional bleaching chemicals would be added to ensure that all of the 

fibers are bleached. These are negative consequences as over bleaching will decrease the 

strength of the pulp because the chemicals will react with other carbohydrates and this is 

economically undesirable (Ek, Gellerstedt, & Henriksson, 2009).  

 

2.5 Strength Characteristics of Sulfite Pulp 
 
 Depending on the final use of the paper, certain characteristics of the sheet are 

important. If the paper is meant to be long lasting, then the mechanical properties are not 

as important as the chemical stability of the sheet and if the paper is going to be frequently 

handled, folded, etc. the mechanical properties become that much more important 

(Caulfield & Gunderson, 1988). Three strength properties that are measured to test the 

mechanical properties of the paper are the tensile strength, tearing resistance and bursting 

strength (Caulfield & Gunderson, 1988).  
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 The tensile strength is the force needed to rupture a sample strip of the pulp or 

paper being tested. The elastic behavior of the sample is seen as the elongation of strip 

which is directly proportional to the force that is applied (Kirwan, 2013). The elastic 

behavior of the strip only occurs up until a certain point. At this point, if the force is 

removed the sample will return to its initial state. If the force continues to be applied 

plastic deformation occurs and the sample will rupture (Kirwan, 2013). This relationship 

between the elastic and plastic properties can be seen in the stress-strain graph (Figure 7). 

 

Figure 7: Stress-Strain Graph (Kirwan, 2013) 
 
 
 This test is important as it gives insight to the fiber strength, fiber length and the 

bonding of the fibers. This is also important when looking at the tensile index, which is 

the tensile strength in N/m divided by the grammage of the sample (TAPPI T 494 om-01, 

2003). 

 Another paper property that is important to test for is tear resistance. This 

measures the force that is needed to tear multiple sheets. The tear is initiated by a cut in 

the sheet using the proper apparatus (Kirwan, 2013) and the force is applied perpendicular 
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to the sheets (TAPPI T 414 om-88, 1998). The resistance to paper tearing depends on the 

application of the paper. If the paper is used as packaging paper, it may be beneficial to 

have a lower tear resistance. This would indicate that the tensile strength of the sheet 

would be increased (Kirwan, 2013).  

 The third mechanical property is the bursting strength, which is important as it 

gives insight to how resistant the sheet is to be ruptured. It is measured by the amount of 

hydrostatic pressure needed to rupture the sheet under a controlled environment. To 

measure bursting strength, the sheet is placed under a rubber diaphragm that has a constant 

pressure increase until the sheet ruptures (TAPPI T 403 om-91, 1991). 

 

2.6 Knotter Rejects 
 

Sulfite rejects mainly consist of knots, oversized chips, pieces of bark and partially 

cooked wood chips that have not been completely impregnated with the cooking liquor 

(United States of America Patent No. 3393121A, 1965). Since these rejects are not used 

to produce pulp, it causes a loss in raw materials as well as a decrease in yield. For this 

reason, it is economically desirable to reuse these rejects as part of the raw materials or 

recycle the rejects a different way (United States of America Patent No. 887007B2, 2013).  

The rejects from the Kraft and sulfite pulping process differ in both the lignin 

structure and content. In the Kraft process the rejects have a lower lignin content and 

condensation, making it easier for them to be recirculated in the pulping process (United 

States of America Patent No. 887007B2, 2013). In comparison to the Kraft process, 

reprocessing the sulfite rejects is not as straightforward. These rejects are not suitable for 

the same type of processing as they are harder due to their higher lignin content and the 
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acid in the cooking liquor causes the lignin to be very condensed (United States of 

America Patent No. 887007B2, 2013). 

 

2.7 Current Methods to Recover Sulfite Rejects 
 

Due to the chemistry associated with the sulfite cooking process the rejects are 

typically either burned in a boiler or sent to a landfill as waste (United States of America 

Patent No. 887007B2, 2013). Since the cooking liquor contains sulfur, the rejects contain 

a sulfur content that is too high for some material of construction of boilers. If the boilers 

do not have the correct material, the sulfur will build up on the walls and cause major 

issues. However, one way to recycle the sulfite reject chips back through the pulping 

process is to refine them using a refiner. The refiner breaks the chips into fibers and fiber 

bundles in order to re-add them to the digester as raw material. This step refines them to 

the appropriate freeness, between 600-900 mL CSF (Canadian Standard Freeness). Pulp 

freeness gives a measure of the rate that a dilute pulp suspension is drained (TAPPI T 227, 

1999). The kappa number of these refined sulfite rejects can be over 100 (United States 

of America Patent No. 887007B2, 2013). Once the rejects are sufficiently refined, they 

are ready to be re-cooked and are sent to the digester once again.  

However, one particularly significant downfall with such a process is that the dirt 

count in the resulting pulp can be relatively high and make it undesirable to customers 

(United States of America Patent No. 3393121A, 1965). Another method to reuse the 

sulfite rejects is to process them using soda cooking. In this process, sulfite cooking 

proceeds as normal in the digester. From the digester, the slurry is sent to a knotter which 

contains a screen with a larger mesh size to remove pieces of bark and the larger knots. 

Once the accepted portion passes through, it is then sent to a second knotter with a screen 
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that has a smaller mesh size. Here, the pulp passes through the screen and continues on 

with the normal pulping process. Whatever is filtered out at this step proceeds to a second 

digester where it is processed with soda cooking to produce pulp (United States of 

America Patent No. 3393121A, 1965). 

Although the above processes could provide economic benefits, the participating 

mill would ideally like the sulfite rejects to be re-integrated into the process and combined 

with the raw materials (Ni, Furthur development of the magnisum bisulfite pulp 

production process, 2017). Therefore, it would be ideal to optimize the reject refining 

system to prevent or reduce the dirt count in the resulting pulp. 
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Chapter 3: Experimental Materials and Methods 
 
 Twin Rivers Paper provided the raw material for the experimental procedure. 

The knotter rejects are produced from the magnesium bisulfite pulping process which 

utilizes two wood species: spruce and balsam fir.  

 
3.1 Experimental Raw Materials and Sample Preparation 
  
 The raw material for the laboratory experiments were the knotter rejects that were 

provided. The rejects were pressed using a knot press and were sent to a pile outside where 

the sample was collected. Once the sample arrived at the Limerick Pulp and Paper Centre 

it was kept in the cold room in a sealed container to ensure that it didn’t lose its moisture 

content.  

 To prepare the sample the knotter rejects were mixed well to ensure that the 

moisture content was consistent. A small portion of the sample taken was used to measure 

the moisture for each sample. Once that was known, the experimental procedure could 

begin. The consistency was calculated using the equation below. 

𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦	(%) = 	
𝐷𝑟𝑦	𝑊𝑒𝑖𝑔ℎ𝑡
𝑊𝑒𝑡	𝑊𝑒𝑖𝑔ℎ𝑡 𝑥	100 

 
3.2 Experimental Procedure 
 
 In order to successfully meet the objectives of this research, two trials were 

completed including screening and bleaching trials. The experimental procedures for both 

are described in the following sections. 

 
3.2.1 Screening Trials 
 

Four different experimental trials were performed to compare different pre-

treatment steps prior to screening. These included the control, rinsing pre-treatment, 
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mechanical pre-treatment and a combination of the mechanical and rinsing pre-treatment 

steps.  

 
3.2.1.1 Control Trials 
 
 The control experimental trials consisted of mechanically treating the knotter 

rejects. The knotter rejects, 25 g or 20 g (equivalent dry mass), were disintegrated using 

2 litres of deionized (DI) water that had an initial temperature of 70ºC for 75,000 

revolutions using a Standard British Disintegrator. This equipment uses mechanical action 

to separate the fibers from each other in water while not altering the fiber structural 

properties (Labtech, n.d.). Once the fiber bundles were separated the sample was screened 

using a Somerville screen (Figure 8), with a slot size of 0.15mm, for 15 minutes. The 

accepted fibers, which went through the screen slots, were collected for further testing to 

ensure they were bleachable.  

 

Figure 8: Sommerville Screen 
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The rejected fibers that remained on top of the screen were considered true rejects 

that are unable to be pulped. Once both the accepts and rejects were collected, the dried 

weights were measured to determine the recovered fiber yield. The consistency of the 

recovered fibers was then determined to calculate the percent recovered. The rejected 

content was placed in an oven to determine the oven dried weight for calculating the total 

percent rejected. These were dried at 105℃ for 24 hours. This material was not used 

further in the experiment therefore the entire sample could be dried.  

 

Figure 9: Rejected Fibers 
               

The kappa number of the accepted fibers was also measured as this needed to be 

known for the bleaching process discussed below. TAPPI method T 236 cm-85 “Kappa 

number of pulp” was used to measure the kappa number. The procedure begins by 

weighing out the necessary amount of wet pulp that will ideally consume 50% of the 

potassium permanganate but must consume between 30-70% of the solution. The sample 

is mixed until all of the fiber bundles are separated in no more than 500mL of DI water. 



 29 

Once the sample is ready, 100 mL of 4.0N sulfuric acid and 100 mL of potassium 

permanganate were pipetted into a separate beaker. This mixture was promptly added to 

the solution containing the pulp fibers and at the same time, the stopwatch was started. At 

exactly 10 minutes, the reaction was stopped by adding 20 mL of 1.0N potassium iodide 

into the solution. Once the potassium iodide was mixed the free iodide was titrated using 

0.2N sodium thiosulfate and starch as an indicator (TAPPI T 236 om-99). 

 Once the end point was reached, the amount of sodium thiosulfate used to titrate 

was recorded in order to calculate the kappa number of the sample using the following 

equations (TAPPI T 236 om-99). 

𝐾 =
𝑝	𝑥	𝑓
𝑤  

Where:  K = kappa number 

  𝑓 = factor for correcting to 50% consumption of permanganate 

  𝑤 = weight of moisture free sample (g) 

  𝑝 = amount of 0.1N potassium permanganate consumed by sample (mL) 

 

𝑝 = 	
(𝑏 − 𝑎)𝑁
0.1  

Where:  𝑎 = amount of thiosulfate consumed by sample (mL) 

  𝑏 = amount of thiosulfate consumed by the blank determination (mL) 

  𝑁 = normality of thiosulfate 

 
 
3.2.1.2 Rinsing Pre-Treatment Trials   
 
 The procedure for these trials was very similar to the control trials and only 

differed by having a rinsing pre-treatment step. The sample, 35 g or 40 g (equivalent dry 
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mass), of knotter rejects underwent a pre-rinsing step prior to being disintegrated. This 

was done by placing the rejects in 20x the weight of the sample in DI water. This sample 

was then placed in an 85ºC hot water bath for 1 hour and 10 minutes. It was assumed that 

the sample took 10 minutes to reach the desired temperature. After the designated time in 

the hot water bath the sample was vacuum filtered to remove the added water and the 

dissolved solids that were in the knotter rejects (Figure 10).  

 

Figure 10: Vacuum filtration to remove dissolved solids and added water 
 

The consistency of the sample was then measured before the material was 

disintegrated. This step was necessary to ensure the initial weight of the screened sample 

was known so the percent recovered could be calculated. Following the rinsing step, the 

sample was screened to determine the percent of recovered fibers. The remainder of this 

procedure followed the same steps mentioned above for the control trials, outlined in 

section 3.2.1.1. 
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3.2.1.3 Mechanical Pre-Treatment Trials 
 

Another pre-treatment that was examined was a mechanical pre-treatment step. 

The knotter rejects underwent additional mechanical action to aid in releasing and 

separating the fiber bundles prior to the disintegrator. This was done using a fluffer 

contactor, developed by the Pulp and Paper Research Institute of Canada. This machine 

altered the knotter rejects from a chip form, into separated fibers, as seen in the Figures 

11 and 12.  

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Once the knotter rejects were separated, the consistency was measured. A sample 

of 20 g or 25 g (equivalent dry mass) was then disintegrated and screened in the same way 

as the control trial, as outlined in section 3.2.1.1. 

 

 

 

Figure 11: Knotter rejects prior to 
mechanical pre-treatment 

Figure 12: Knotter rejects post 
mechanical pre-treatment 
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3.2.1.4 Mechanical and Rinsing Pre-Treatment Trials 
 
 The third set of trials was a combination of the two pre-treatment trials, rinsing 

and mechanical action. The sample was first pre-treated using the fluffer contactor which 

was then followed by the rinsing pre-treatment step to remove the dissolved solids. This 

was done using the same procedures outlined above in sections 3.2.1.2 and 3.2.1.3. Once 

these two steps were complete the procedure followed the same steps as described for the 

control trials, section 3.2.1.1. 

 
3.2.2 Bleaching Trials 
 
 Once the good, pulpable fibers were recovered it was important to determine under 

what conditions they could be added to the unbleached (UNBL) pulp line entering the 

bleachery at Twin Rivers Paper. These experiments consisted of three trials: a control trial 

which included bleaching the mill’s UNBL pulp, a trial that added 3% of the recovered 

fibers to the UNBL pulp and a trial where the recovered fibers underwent a pre-bleaching 

stage prior to being added to the mill’s UNBL pulp. The details of each experiment are 

outlined in the following section. 

 
3.2.2.1 Control Trial 
 
 The first trial completed was the control, consisting of bleaching the mill’s UNBL 

pulp under their bleaching conditions for the Do and Ep bleaching stages. The experiment 

began by determining the consistency of the sample. This was necessary to calculate the 

amount of bleaching chemicals and make-up water needed.  

The first bleaching stage was the Do stage and used chlorine dioxide (ClO2) as the 

bleaching chemical. Prior to bleaching, the concentration of the ClO2 was determined 

using the iodometric method. In a 250 mL Erlenmeyer flask, 10 mL of 10% KI, 50 mL of 
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water and 5 mL of 4N H2SO4 solution were added. This was followed by adding 5 mL of 

the ClO2 solution to the flask. The solution was swirled gently while titrating to the end 

point using a 0.1 N thiosulfate solution. The volume consumed was noted and used to 

calculate the concentration of ClO2 using the following equation: 

 

𝐶# =
67.5
5 ∗ 0.1 ∗

𝑉
5 ,							

𝑔
𝐿 𝐶𝑙𝑂" 

 

Where:  V= volume consumed during titration (mL) 

 

The bleaching conditions, including the ClO2 dosage, desired consistency, 

bleaching temperature and time were provided by the mill. The chemical dosage of ClO2 

was converted to a volume of ClO2 by using the oven dried weight of the sample (g). With 

this information the make-up water was calculated using the following equation: 

𝑀𝑎𝑘𝑒 − 𝑢𝑝	𝑊𝑎𝑡𝑒𝑟 =
𝑂𝐷	𝑝𝑢𝑙𝑝	(𝑔)
𝐶𝑜𝑛𝑠	(%) −𝑊𝑒𝑡	𝑝𝑢𝑙𝑝	(𝑔) − 𝐶𝑙𝑂"(𝑚𝐿) 

 

The ClO2 was measured in a graduated cylinder and added to the make-up water, 

which was DI water rather than tap water. The ClO2 and water mixture was then added to 

the 20 g (equivalent dry mass) sample of recovered fibers, in a polyethylene bag that 

securely seals. Ensuring that the bleaching chemicals were adequately mixed into the 

fibers was an important step to ensure the sample was evenly bleached.  This was done 

by massaging the fibers. Once everything was properly mixed, the pH of the sample was 

measured, the sample was double bagged and put into a 59ºC hot water bath for 25 

minutes. It was assumed that the sample took 10 minutes to reach an even temperature, 
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therefore the bleaching time was only 15 minutes. Table 2 is a sample of the table used to 

record the necessary data throughout the experiments. 

 

 

 

 

Once the bleaching was complete the sample was removed from the bath and 

filtered through a 200-mesh filter bag to remove the bleaching chemicals. A portion of 

the residual chemical was collected to measure the residual ClO2 and the pH of the fibers 

at the end point. The residual ClO2 was measured the same way as the concentration of 

the ClO2 for bleaching, as previously outlined. The difference for residual ClO2 is that a 

lower concentration of sodium thiosulfate was used to be able to accurately measure the 

residual in the sample. Due to the hazards associated with ClO2 it is important that the 

chemical is handled in a fume hood. This includes when mixing it with water, adding it 

to the fibers, measuring the pH and washing the bleached fibers. Table 3 was used to 

record the end point analysis data. 

Table 3: Sample table used to record the end point analysis 
 

 

 

The sample was then washed using 1.5L of DI water and filtered using the 200-

mesh filter bag to remove the added water. The wet weight of the sample was recorded to 

calculate the new consistency. A 3 g sample (equivalent dry mass) was then collected to 

Do Stage
Trial ID

Description
O.D. Pulp 

(g)
Consistency 

(%)
Wet Pulp 

(g)

ClO2 
Dosage 

(kg/ODT)

ClO2 Conc. 
(g/L)

ClO2 (mL)
Consistency 

(%)
Makeup 

Water (g)
Time (min) Temp. (°C)

Trial 1: TWR UNBL UNBL Pulp

Pulp Bleaching Chemical Other Bleaching Stepup

Table 2: Sample table used to record data during Do bleaching experiments 

Trial ID

End pH
Titrated 

Na2S2O3 (ml)
Residual ClO2 

conc. (g/L)
Residual ClO2 

(%)
ClO2 

consumed (%)
Kappa

Trial 1: TWR UNBL

End Point Analysis
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form a handsheet using the method TAPPI 205 “Forming handsheets for physical tests of 

pulp”. The pulp fibers were diluted to 1.2% consistency using water and then disintegrated 

using a standard disintegrator at 3000 rpm for 75,000 revolutions to ensure that all the 

fiber bundles were separated. After disintegration, the pulp slurry was further diluted to 

0.3%. The diluted slurry was then used for sheet making using a standard 159-mm-diamter 

sheet machine with a perforated stirrer.  

 The sample, to form a 1.2 g (OD) or 3 g (OD) sheet, was added to the sheet 

machine along with water to top up the level to the line indicated inside the machine. The 

perforated stirrer was moved up and down the cylinder five times, ensuring it remained 

below the water level. Once the liquid became motionless, the drain was opened to remove 

the water. Once the water was drained, two blotter sheets were placed, smoother side 

down, on the handsheet to remove the access water. A flat couch plate was placed 

centrally over the blotter sheets, to line up with the handsheet. The couch roll was then 

gently rolled on top of this with only the weight of the roll providing the pressure. After 

rolling 5 times, both the roll and the plate were removed. At this point, once the blotter 

sheets were lifted the handsheet should be adhered to them. It is important that each sheet 

made is clearly indicated with what sample it is (TAPPI T 205 sp-95). 

 Once all handsheets were made, they were pressed using a standard press with a 

pressure gauge. The blotter sheet was placed in the press handsheet side up. A couch plate 

was then placed directly on top of the handsheet with the polished side up. Additional 

handsheets, no more than 15, were layered in the same manner. Once all sheets were 

stacked, the press cover was placed and screwed in. The press was brought to a pressure 

of 50 psig for 5 minutes. After the allotted time, the pressure was released, and the sheets 

were stuck to the couch plate and the blotters sheets were removed. Using the press 
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template, the couch plates were placed back into the press with a blotter in between each 

plate. The press was brought to 50 psig again for 2 minutes. After this time, the pressure 

was released, the blotters were discarded and the plates with the handsheets were placed 

in a drying ring. The sheets were dried overnight in an atmosphere of 50% relative 

humidity and 23℃. Once the sheets were dried, they were peeled from the plates and 

tested in the same controlled room (TAPPI T 205 sp-95). 

 The remaining 17 g of the pulp sample underwent the next step which was the Ep 

bleaching stage. Instead of ClO2, hydrogen peroxide (H2O2) was used as the bleaching 

chemical and sodium hydroxide (NaOH) as pH control. Once again, the bleaching 

conditions for the stage were provided as a guideline. Some of the parameters were 

slightly altered to match the guidelines provided.  

 The NaOH was mixed in with the sample followed by adding the H2O2. The 

sample was mixed thoroughly in the same manner as it was in the Do bleaching stage to 

ensure the chemicals are evenly distributed throughout the fibers. If the chemicals are 

poorly mixed, the fibers will not be uniformly bleached which is undesirable. The sample 

was double bagged and placed in a 66ºC hot water bath for 50 minutes (taking 10 minutes 

to reach the bleaching temperature). Table 4 is a sample table used to record the data 

throughout the Ep bleaching stage. 

 

Table 4: Sample table used to record data for the Ep bleaching stage 
Ep stage

O.D. Pulp
Pulp Cons. 

(%)
Wet Pulp 

(g)

NaOH 
dosage 

(lbs/ADTon)

NaOH 
dosage (%)

1M NaOH 
solution 

conc. (g/l)

Add NaOH 
solution 

(mL)

H2O2 

dosage 
(lbs/ADTon)

H2O2 

dosage (%)

H2O2 

solution 
conc. (%)

Add H2O2 

solution (g)

Cons. (%)
Makeup 

Water (g)
Time (min) Temp. (°C)

Target end 
pH

Actual end 
pH

Titrated 

Na2S2O3 

(ml)

Residual 

H2O2 conc. 

(g/L)

Residual 

H2O2 (%)
Kappa 

number
Brightness 

(%, ISO)

Pulp Bleaching Chemical 

Other bleaching Setup End Point Analysis
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The NaOH and H2O2 dosage was calculated by dividing the dosages (lbs/ADTon) 

by 1800. The volume of NaOH solution was calculated using the equation below: 

𝑁𝑎𝑂𝐻	(𝑚𝐿) = 𝑂𝐷	𝑝𝑢𝑙𝑝	(𝑔) ∗ Z
𝑁𝑎𝑂𝐻	𝑑𝑜𝑠𝑎𝑔𝑒	(%)

1𝑀	𝑁𝑎𝑂𝐻	𝑐𝑜𝑛𝑐. \𝑔𝐿]
^ ∗ 1000 

To calculate the mass of H2O2 solution, the following equation is used: 

𝐻"𝑂"(𝑔) = 𝑂𝐷	𝑝𝑢𝑙𝑝	(𝑔) ∗ _
𝐻"𝑂"	𝑑𝑜𝑠𝑎𝑔𝑒	(%)
𝐻"𝑂"	𝑐𝑜𝑛𝑐. (%)

` 

 The make-up water was calculated by: 

𝑀𝑎𝑘𝑒 − 𝑢𝑝	𝑊𝑎𝑡𝑒𝑟	(𝑔) = 0
𝑂𝐷	𝑃𝑢𝑙𝑝	(𝑔)
𝐶𝑜𝑛𝑠. (%) ; −𝑊𝑒𝑡	𝑃𝑢𝑙𝑝	

(𝑔) − 𝑁𝑎𝑂𝐻	(𝑚𝐿) − 𝐻!𝑂!	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑔) 

 

After the bleaching time, the steps were the same as the Do stage; the residual 

bleaching chemicals were removed and collected to determine the residual H2O2 and to 

measure the final pH. The residual H2O2 that wasn’t consumed by the pulp was measured 

in a similar titration manner as the residual ClO2. A sample of 5 mL of residual H2O2 was 

added to a 250 ml Erlenmeyer flask along with 50 mL of DI water, 5 mL of 4N H2SO4, 5 

mL of KI and 1 mL of 3% ammonium molybdate. This solution was then titrated with 

0.025N Na2S2O3 using starch as the indicator. Once the endpoint was reached, the amount 

of Na2S2O3 was recorded and used to calculate the concentration of residual H2O2. The 

following equation was used (Pulp and Paper Technical Association of Canada, 2003): 

 

𝐻"𝑂"	,
𝑔
𝐿 = 	

𝑀 ∗ 𝑉 ∗ 17.01
𝐴  

Where:  M = Molarity of sodium thiosulfate 

  V = Volume of sodium thiosulfate consumed during titration, mL 

  A = Volume of H2O2, mL 
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3.2.2.2 Addition of Recovered Fibers 
 
 The second trial consisted of adding the recovered fibers to the mills UNBL pulp. 

The experiment began by weighing 20 g (equivalent dry mass) of the UNBL fibers and 

added 3% (0.6 g) of recovered fibers. A hand-mixer was used to ensure the recovered 

fibers were efficiently mixed with the unbleached fibers to allow them to be properly 

bleached. This was done using DI water for 20 seconds, and the water was filtered out 

using a 200-mesh filter bag. If the added fibers are in clumps they will not bleach well, 

potentially causing issues downstream. The new consistency of the sample was measured 

to determine the bleaching chemicals needed. 

 Throughout these trials, the samples also underwent the Do and Ep bleaching 

stages. The bleaching conditions for these trials were the same as the control trials which 

are previously outlined in Tables 2 and 5. 

 

3.2.2.3 Addition of Pre-Bleached Recovered Fibers 

 The third trial consisted of a pre-bleaching stage where the recovered fibers from 

the screening stage were pre-bleached. This step used chlorine dioxide for the bleaching 

chemical and the amount was determined by the kappa number of the recovered fibers, 

found using TAPPI method T 236 om-85. With this value and the kappa factor, the amount 

of active chlorine was calculated. The active chlorine and the concentration of the chlorine 

dioxide were used to calculate the amount of chlorine dioxide required.  

The chlorine dioxide and make-up water were mixed in a beaker prior to being 

added to the fibers. It is important to sufficiently mix the bleaching chemicals with the 

fibers to ensure they are uniformly bleached.  
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 Once the fibers underwent the pre-bleaching stage, they were mixed with the mills 

UNBL fibers using a hand-mixer. This was followed by bleaching the mixture of fibers 

under the Do and Ep bleaching stages as outlined in section 3.2.2.2.  

 

3.3 Pulp Testing Procedures 

 Once the pulp was bleached, it was made into handsheets. These were used to 

measure different pulp characteristics and to determine the effect of adding recovered 

fibers to the mills UNBL pulp on the pulp properties. Tensile strength, burst strength, tear 

strength, freeness and brightness were all measured using TAPPI standard methods, as 

previously explained. 

 Two different types of handsheets were formed, which differed in the type of water 

used and the grams of fibers. The sheets used for brightness measurements were made 

with 3% consistency stock and DI water. Due to ions and impurities in normal tap water, 

brightness would be affected and cause inaccurate results therefore DI water was used. 

The sheets used for strength tests used 1.2% consistency stock and were made using tap 

water as the ions in the tap water have no effect on the strength characteristics. Once the 

handsheets were made, they were conditioned as per TAPPI T 402 “Standard 

Conditioning and Testing Atmospheres for Paper, Board, Pulp Handsheets, and Related 

Products”. Once conditioned, each handsheet was cut the same way as described in Figure 

13 as per TAPPI T 220 sp-01 “Physical testing of pulp handsheets” (TAPPI T 220 sp-01, 

2001). 



 40 

 

Figure 13: Division of handsheets for testing  (TAPPI T 220 sp-01, 2001) 
 
 The tensile strength was tested following TAPPI 494 om-13. Using the 

conditioned handsheets described above, 10 test specimens were cut to be used on the 

tensile testing machine. One at a time, the test specimens were clamped into the jaws. The 

breaking force and the elongation at break were both recorded (TAPPI T 494 om-01, 

2003). TAPPI T 400 “Sampling and Accepting a Single Lot of Paper, Paperboard, 

Fiberboard, or Related Product” was used to prepare the test samples. The breaking force 

was divided by the grammage to get the tensile index, as shown in the equation below. 

𝑇𝐼 = 	1000 ∗ (
𝑇
𝑅) 

Where:  TI = Tensile index, (N*m/g) 

  T = Tensile strength (kN/m) 

  R = weight per unit area (g/𝑚") 
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The method, TAPPI T 414 om-88 “Internal tearing resistance of paper 

(Elmendorf-type method), was followed to measure the tear index of the handsheet. This 

procedure “measures the force perpendicular to the plane of the paper required to tear 

multiple sheets of paper through a specified distance after the tear has been started using 

an Elmendorf-type tearing tester” (TAPPI T 414 om-88, 1998). 

The bursting strength of the sheet was measured using TAPPI T 403 om-91 

Bursting strength of paper. Similar to the tear index and tensile strength, the samples were 

cut using TAPPI T 400. The sample was placed over top of the circular diaphragm. Once 

the sample was in place, the hydrostatic pressure was applied until the sample ruptured. 

This maximum pressure was recorded. The procedure was repeated for the remaining test 

samples. Using the maximum pressures, the burst index, which is the bursting strength 

per grammage was calculated using the following equation (TAPPI T 403 om-91, 1991). 

 

𝑋 = 	
𝑃
𝑊 

Where:  X = burst index (kPa*𝑚"/g) 

  P = bursting strength (kPa) 

  W = weight per unit area (g/𝑚") 

 
 The freeness of the pulp was measured using TAPPI T 227 and began by diluting 

the sample to 1.2% consistency for disintegration until the pulp fiber bundles were 

separated. This sample was then further diluted to 0.3% and adequately mixed prior to 

being added to a 1000 mL graduated cylinder. The sample was then added to the freeness 

chamber rapidly to ensure the fibers didn’t settle but also gently so that the there was 

almost no motion in the chamber. The lid and the air-cock were closed followed by the 
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opening of the bottom lid along with the air-cock to allow the discharge to flow. The 

discharge out the side orifice was collected in a graduated cylinder and the volume was 

measured.  

 The remaining pulp in the chamber was collected to determine the consistency of 

the initial stock. This value, along with the temperature of the side discharge volume were 

used to correct the discharge volume and determine the freeness of the stock (TAPPI T 

227, 1999).  

 The brightness of the sheet was measured by following TAPPI T 452 om-92 

“Brightness of pulp, paper, and paperboard (directional reflectance at 457 nm)”. As briefly 

outlined previously, 3g handsheets were made to measure the brightness of the pulp after 

the various stages in the process. Once the handsheets were made, they were placed 

individually on the pad of the brightness apparatus. The handsheet was rotated to measure 

five different spots and the average was recorded (TAPPI T 452 om-92, 1992). 
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Chapter 4: Results and Discussion 
 
 Recovering good fibers from sulfite rejects is beneficial as it will increase the pulp 

yield while decreasing the costs associated with sending this waste to landfill. This 

process is only viable if the recovered fibers have the bleachability and strength properties 

similar to that of the pulp mainline entering the bleachery. In this section, the results of 

the different methods of fiber recovery and the bleaching results will be discussed. The 

pulp parameters that were measured, including brightness, kappa number, tensile strength, 

burst index and tear index will be outlined.  

 
4.1 Screening Results 
 
 As outlined in section 3.2.1 there were four different screening trials that were 

examined to determine if there were recoverable fibers from the knotter rejects. Of these 

trials, three were comparing different pre-treatment steps to the control to determine if a 

pre-treatment step could increase the percent recovered. The control consisted of 

subjecting the knotter rejects to disintegration and screening. Visually, each of the pre-

treatment trials looked different prior to disintegration but the same afterwards. Figures 

14 and 15 display the knotter rejects before and after the mechanical pre-treatment step, 

respectively. It can be seen that the mechanical pre-treatment step aided in breaking up 

the knotter rejects and releasing the fibers to allow them to be more easily recovered.   
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Figure 14: Original Knotter Rejects Prior to any Pre-treatment 

 

Figure 15: Knotter Rejects After Mechanical Pre-treatment 
 

The second pre-treatment was a rinsing step removing the residual cooking liquor 

and dissolved organics which in turn lightened the colour of the rejects. The wash water 

was removed using vacuum filtration and is evident by the colour of both the rejects after 

rinsing and the filtrate as seen in Figures 16 and 17, respectively.  
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Figure 16: Knotter Rejects After Rinsing Pre-treatment 

 

Figure 17: Rinsing Pre-treatment Filtrate 
 

The third pre-treatment was a combination of the mechanical and rinsing steps. 

Therefore, after the treatment, the knotter rejects appeared like those seen in Figure 16, 

with the rejects broken up and also lighter in colour. 
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For the two trials that included the pre-rinsing step there were two different yields 

that contributed to the overall calculated yield. The first yield was from the rinsing step 

as the dissolved organics were removed. The second yield was from the screening step 

and was calculated on a fiber to fiber basis as only the recovered good fibers and the 

collected rejects were taken into consideration to determine the yield. The yield for the 

other two trials with no pre-rinsing step was calculated only after the screening step and 

was also measured based on the recovered good fibers and the collected rejects. The 

overall yield for the four different types of screening can be seen in the figure below.  

 

 

Figure 18: Overall yield for recovered fibers 
 

Figure 18 shows that the yield results for the control trial, 42.1%, and rinsing trial, 

42.2%, are essentially the same. Similarly, results for the mechanical trial, 44.2%, and the 

combination trial, 44.3% are almost identical. Based on these results, it can be concluded 
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that a pre-rinsing step did not have a significant effect on the overall yield in the lab scale 

trials. This is due to the fact that screening took place for 15 minutes using fresh water 

therefore the dissolved organics were removed regardless of when the rinsing took place.  

 Using a mechanical pre-treatment on the knotter rejects increased the overall yield 

as it provided the necessary mechanical action to aid in breaking up the fiber bundles prior 

to the disintegration step. The mechanical pre-treatment ensured that the individual fibers 

were loosened to be able to be screened and recovered. This is similar to the initial reject 

refining process that was implemented at the mill however the proposed process would 

not produce as much heat and would causes less damage to the fibers. The proposed 

mechanical pre-treatment process is therefore more desirable than the original process. 

One trial was performed to illustrate that only using the mechanical pre-treatment without 

the disintegrator would result in a lower yield. This trial had an overall yield of 28.2%.  

Control trials were performed on site at Twin Rivers Paper and results determined 

that using water during the screening process decreased the overall yield compared to 

when liquor filtrate from the process was used for screening. The results were 33.8% 

compared to 42.7%, respectively. Since a different disintegrator and screen (with 8-thou 

slots) were used for the trials at Twin Rivers, the results were not directly comparable to 

the results achieved in the lab. However, the results from both trials are consistent. This 

was taken into consideration due to the fact that using liquor filtrate for the screening step 

is more realistic in industry rather than using fresh water. The use of water would increase 

the costs associated with the process and recycling liquor is ideal. Furthermore, 

incorporating a pre-rinsing step would be futile if liquor filtrate is used for the screening 

step as dissolved solids could be reintroduced into the recovered fibers. For this reason, 
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along with previously discussed experimental results, having the pre-rinsing step would 

not be desirable when considering industrial implementation.   

 
 
4.2 Bleaching Trials 
 
 Once the good, pulpable fibers were recovered and the yield was calculated, the 

fibers were bleached. This determined if they were able to be bleached and if so, where 

in the process they should be added and under what conditions. As previously outlined, 

UNBL pulp and bleaching conditions were provided by the mill. This ensured the 

bleaching stages were as close to industrial conditions as possible.   

 The first trial was the control trial where the mills UNBL pulp was bleached 

without the addition of recovered fibers. In the second trial, 3% (relative to the weight of 

the sample) of the recovered fibers were added to the UNBL pulp. The third trial consisted 

of a pre-bleaching stage of the recovered fibers prior to adding them, 3% by weight, to 

the UNBL pulp. Each trial was repeated three times, which is described as sets in the 

following section (ex: trial #1, #2 and #3 were completed once in each set).  

Prior to any bleaching, the brightness and the kappa number of the recovered fibers 

and the UNBL pulp were measured. The initial kappa number of the recovered fibers was 

116. Although this value is extremely high, it was expected as sulfite rejects can have a 

kappa number above 100 (United States of America Patent No. 887007B2, 2013). This is 

because the knotter rejects are mainly undercooked/partially cooked wood chips, 

therefore the lignin within the chips is not removed during cooking. The brightness of the 

same recovered fibers was 24%, ISO. The kappa number and brightness of the UNBL 

pulp were 23 and 63, respectively. The UNBL pulp had a significantly lower kappa 

number and higher brightness because this pulp had gone through a large portion of the 
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pulping stages. It was properly cooked in the digester and went through multiple stages 

of screening and washing which aids in removing/washing away some of the dissolved 

lignin. A comparison of the brightness of the two pulps can be seen in Figures 19 and 20 

and are drastically different.  

 

 

 

 

Once the initial values of the recovered fibers and unbleached pulp were measured, 

the bleaching began. The kappa number results for the three trials, control (Trial #1), 

addition of recovered fibers (Trial #2) and pre-bleaching the recovered fibers (Trial #3), 

after the Do and Ep bleaching stages are summarized in Figure 21 and Figure 22 

respectively. 

Figure 19: Unbleached pulp Figure 20: Recovered fibers 
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Figure 21: Kappa number of the pulp for trials 1, 2 and 3 after the Do bleaching 
stage 

 

 
Figure 22: Kappa number of the pulp for trials 1, 2 and 3 after the Ep bleaching 

stage 
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As expected, the kappa number decreased with each bleaching stage due to the 

bleaching chemicals reacting with the lignin. The biggest decrease in kappa number was 

seen after the Do stage as the primary function of this bleaching stage is to further delignify 

the pulp. The Ep stage continued to delignify but to a lesser extent. Since the initial kappa 

number of the unbleached pulp was 23, trial #1 had the lowest kappa number after both 

the Do and Ep stages. The other two trials had recovered fibers added to the pulp, whether 

they were left as was or pre-bleached. These additional fibers would consume chemicals 

taking away from the other fibers, therefore decreasing the amount of lignin removed. For 

trial #2, the added fibers had an original kappa number of 116. Having a high kappa 

number at the beginning made decreasing it more difficult and would require additional 

chemicals. In trial #3, the added fibers were pre-bleached and had a kappa number of 27.8. 

This lower kappa number made it easier to remove the lignin and was much more 

comparable to the control trial.  

As shown in Table 5, not only did the pre-bleached pulp have a higher brightness 

than the recovered fibers, 35.2%, ISO compared to 26%, ISO, and it also had a much 

lower kappa, 27.8 compared to 116. The amount of bleaching chemicals used for the first 

set of experiments did not sufficiently bleach the fibers, therefore for the other two sets, 

the bleaching chemicals were increased to further decrease the kappa number and increase 

the brightness. 
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Table 5: Brightness' and kappa numbers of the pre-bleached recovered fibers for 
trial #3 

  
Brightness 
(%, ISO) Kappa Number 

Set 1 25.96 94.16 

Set 2 & 3 35.16 27.76 

 

During these bleaching trials, the effects of inadequate and adequate mixing of the 

pulp fibers and the chemicals were observed. The kappa numbers in set 1 for trials 2 and 

3 were higher than those for set 2 and 3 because when the recovered pulp fibers were 

added to the pulp, they were stuck together in small clumps. This did not allow the 

bleaching chemicals to react effectively with all of the fibers and lignin, therefore it did 

not dissolve and resulted in a higher kappa number. This is further discussed later in this 

section. The brightness results for the three trials are seen in the following Figures 23 and 

24 and are the averages of the data collected. 

 

Figure 23: Brightness' of trials 1, 2 and 3 after the Do bleaching stage 
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Figure 24: Brightness' of trials 1, 2 and 3 after the Ep bleaching stage 
 

In all three sets of experiments, the brightness of the pulp increased after each 

stage of bleaching. Although the brightness of pulp after the Do stage is not much higher 

than the unbleached pulp, the focus is on the decrease in kappa number in this stage. This 

stage is beneficial as it decreases the kappa number of the pulp. For the control trial, the 

brightness of the pulp started at 63 %, ISO and increased to an average of 64 %, ISO after 

the Do stage and further increased to an average of 79.9%, ISO after the Ep stage over the 

three sets of experiments. The brightness progression for Trial #1 can be seen in Figure 

25. 
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The brightness results for the first set of experiments for trial #2 and #3 were 

59.2%, ISO and 59.8%, ISO, respectively. These results were lower than those for the 

other two sets of experiments. For trial #2, this is due to the fact that during the first set 

of experiments, the added fibers were inadequately mixed with the unbleached pulp. As 

previously discussed, this caused the fibers to remain in clumps therefore did not allow 

them to be properly bleached and decreased the overall brightness of the sheet. Figure 26 

shows how the poor mixing only allowed the unbleached pulp to be bleached and not the 

added recovered fibers.  

Figure 25: Progression of brightness at each stage in the bleaching process 
for Trial #1 
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Figure 26: Visual comparison of the brightness increase between the Do and Ep 
stages for trial #2, set 1 

 
Figures 27 and 28 provide visual representations of bleaching with (set 2/3) and 

without (set 1) proper mixing of the two different pulps together. 

 

 

Set 1 Set 2/3 

Figure 27: Visual representation displaying the importance of adequately 
mixing the recovered fibers with the unbleached pulp for the Do stage for trial 

#2 
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Figure 28: Visual representation displaying the importance of adequately mixing 

the recovered fibers with the unbleached pulp for the Ep stage for trial #3 
 

Once the fibers were mixed, the brightness after the Do and Ep stages were much 

closer to that of the control trial. Trial #2 averaged 61.6%, ISO and 79%, ISO for the Do 

and Ep stages, respectively. Trial #3 averaged 63.4%, ISO and 78.5%, ISO. Although the 

brightness’ after the two stages were similar for trial #2 and #3, visually there was a 

greater difference. 

 
Figure 29: Cleanness of Trial 2 vs. Trial 3 After the Do Bleaching Stage 
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Trial 2 Trial 3 
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Figure 30: Cleanness of Trial 2 vs. Trial 3 After the Ep Bleaching Stage 

 
As seen in the figures above, pre-bleaching the recovered fibers prior to adding 

them to the unbleached pulp produces a cleaner pulp after the Ep stage. This is an 

important aspect for Twin Rivers Paper as having dirt in their pulp is extremely 

undesirable due to the negative visual effect on the finished paper product. Whilst there 

are two more bleaching stages at the mill, the D1 and D2 stages, the amount of unbleached 

fibers after the Ep stage is important. The more unbleached fibers, the more chemical 

demand required further on in the process. 

Trial 2 Trial 3 
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Figure 31: Progression of the brightness of pulp for trial #3 

 
 
4.3 Strength Results 
 
 Not only is determining the bleachability of the pulp important, but it is also 

necessary to determine what effect the addition of recovered fibers has on the strength 

characteristics of the pulp. This was done by measuring the tensile index, burst index and 

tear index of handsheets prepared for each of the three trials. These results can be seen in 

Figures 32 to 34 and are the averages of the data collected. 

 

Recovered Pre-bleached Do 
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Figure 32: Tensile Index for trials 1, 2 and 3 after the Ep bleaching stage 

 
 

 
Figure 33: Tear Index for trials 1, 2 and 3 after the Ep bleaching stage 
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Figure 34: Burst index for trials 1, 2 and 3 after the Ep bleaching stage 

 
 As seen in Figures 32, 33 and 34, there is no trial that consistently has a strength 

value higher than the other two trials. Although the strength results vary slightly for each 

set of trials, they are similar within each set. The variation could be caused if there was a 

small difference in bleaching, the handsheets being made or the sample size that was cut. 

The results that are displayed above are the averages from all the samples that were tested 

for each test. All the results can be found in the Appendix. Here, it can be seen that the 

standard error between samples for each trial is small. Based on these results, adding the 

recovered fibers, either pre-bleached or not, will not have a large impact on the tensile, 

tear and burst indexes of the pulp. 
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4.4 Industrial Implementation 
 

An important aspect of this research is the ability to implement the process on an 

industrial level. Based on the results obtained for the screening, bleaching and strength 

tests experiments, it was determined that including pre-treatment steps such as a 

mechanical or rinsing pre-treatments would not be in the best interest of the mill due to 

the minimal increase in recovered fibers and additional costs associated with the pre-

treatments. In industry, the pre-treatment could consist of running the pre-existing refiner 

prior to a repulper. The mechanical pre-treatment improves the percent recovered by 2% 

compared to the control.  

During the internship at the Twin Rivers Paper pulp mill, different equipment and 

process options were studied to determine which would be optimal for the mill. The first 

process option that was reviewed was to reuse the reject refiner. The process is outlined 

in the figure below.   

 
Figure 35: Industrial Process Option #1 to Recover Good Fibers 

  

In this process, the reject refiner that is currently in line would be used as the 

mechanical action to break up the fibers. In this situation, the refining would not be as 

harsh as it was when it initially ran to avoid burning. From there, the refined rejects would 

be sent to a screen. On site there is an old fiber saver that is not in use and could be put 

Reject
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back in service for this process. This fiber saver would act as the somerville screen that 

was used in lab scale experiments. The rejects are sent for other use either in the mill, off 

site or sent to landfill. The recovered fibers are sent to a screw press, which is also already 

in place at the mill, to recover the cooking chemicals. From there, the fibers are sent to a 

ClO2 bleaching standpipe to undergo the pre-bleaching stage which was determined to be 

favorable based on the experiment results. Once the fibers are bleached to the desired 

kappa number, they are added to the mainline entering the bleachery to complete the rest 

of the pulping process.  

 The second process option slightly differs as it would utilize a repulper that is 

currently not in use. This process can be seen in Figure 36. 

 

 
Figure 36: Industrial Process Option #2 to Recover Good Fibers 

  

The benefit of the repulper compared to the refiner is that the repulper would not be 

as harsh on the fibers while still having the ability to break up the fiber bundles. The 

subsequent process steps are the same as those in Figure 35 with the screen following the 

repulper, followed by the screw press and bleaching standpipe. This option would have a 

higher capital cost as it would involve more additional piping and bringing the repulper 

back online could be more effort than the refiner. New piping would be needed from the 

knotters to the repulper whereas the reject refiner already has the pipes installed.  
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With either one of the processes, it would be ideal that the rejected fibers are 

broken down to a size where they can pass through the system and be rejected through the 

tertiary screens. This would allow for additional chemicals to be collected as well as 

burned as biomass fuel. The true knotter rejects would continue to be rejected at the 

knotters, but the quantity would be much less.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



 64 

Chapter 5: Conclusions and Recommendations 
 
 The purpose of this research was to recover good fibers in the knotter rejects. 

These rejects are currently being sent to landfill, therefore there is potential that the good, 

pulpable fibers are being wasted. Throughout this research, it was determined that there 

are fibers that are able to be recovered and added to the pulp mainline prior to entering 

the bleachery. Based on this, several conclusions can be made: 

1) Of the 3% knotter rejects, roughly 42-44% good pulpable fibers can be recovered 

in a lab scale with a disintegrator and a somerville screen. Pre-treatments were 

also explored included mechanical and rinsing. 

2) A mechanical pre-treatment step is beneficial in increasing the overall recovered 

fibers compared to the control. However, after considering the costs associated 

with running the refiner compared to the additional profit from the recovered 

fibers, it was determined that the control process would be the most beneficial for 

mill implementation.  

3) Having a pre-rinsing step in the experiments was not beneficial as the screening 

was done with fresh water, therefore the dissolved organics were removed 

regardless. In industry, having a pre-rinsing step would also not be beneficial, 

because the screening would be done with filtrate. Due to this, the dissolved solids 

would not be removed. For this reason, having a pre-rinsing stage would not be 

feasible.  

4) Bleaching the recovered fibers prior to adding them to the main pulp line entering 

the bleachery would be the best option. If the fibers are not bleached before 

entering the Do bleaching stage, they would require more chemicals and so a 



 65 

higher demand for chemicals in this stage. This is undesirable because a higher 

chemical demand means higher bleaching costs. 

5) The addition of recovered fibers has no effect on the strength property of the pulp. 

This is important as sulfite pulp is inferior to kraft pulp in terms of pulp strength, 

consequently, any further decrease in sulfite pulp strength is highly undesirable. 

 

In conclusion, the method of recovering fibers from the knotter rejects using 

mechanical disintegration and a fiber screen is possible. Although there are additional 

costs associated with the new process, the increased yield outweighs these costs over time 

and saves on landfill costs. Overall, this method is viable and beneficial to increase the 

overall pulp yield. 

Based on the results from the present study, it is recommended that a pilot trial is 

conducted to verify the lab scale results. During the pilot trials, a comparison between 

using liquor filtrate and fresh water for the screening step would determine what would 

give the best results at the lowest cost. Another recommendation would be to perform a 

more in-depth economic analysis on this process. This would include the costs associated 

with bringing the fiber saver and the repulper online, the additional pipping costs and a 

more accurate number and costs for the additional bleaching chemicals needed.  
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Appendix A: Raw Data- Control  
 
Initial Dryness 
 

Original 
Rejects     
Sample cup weight cup+pulp (wet) cup+pulp (o.d.) dryness 

1 1.0514  3.8401  1.9833  0.3342  
2 1.0244  4.6162  2.2149  0.3314  

      Avg 0.3328  
1 1.6946  3.9749  2.4274  0.3214  
2 1.6692  5.1173  2.7787  0.3218  

      Avg 0.3216  
1 2.1701  21.7835  9.2102  0.3589  
2 2.1650  22.1073  9.0085  0.3432  

   Avg 0.3511 
 
 
Screening Yield 
 

Sample 
Weight 
Before 

(wet) (g) 

Weight 
Before 

(o.d.) (g) 

Weight of 
Rejects 

(o.d.) (g) 

Weight 
of 

Accepts 
(o.d.) (g) 

Loss 
(g) % Loss Yield 

Control 75.14 25.01 7.89 10.02 7.10 28.39% 40.06% 
Control 75.14 24.58 6.91 11.17 6.50 26.46% 45.44% 

S.1 71.40 25.07 6.93 10.14 7.99 31.88% 40.47% 
S.2 71.45 25.08 6.82 10.53 7.73 30.84% 41.99% 
S.3 71.44 25.08 7.58 10.27 7.23 28.85% 40.93% 
S.4 71.37 25.05 7.18 10.93 6.94 27.71% 43.63% 

      Avg 42.09% 
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Accepts Dryness 
 

Sample cup weight cup+pulp (wet) cup+pulp (o.d.) dryness 

1 1.6884  2.0937  1.7819  0.2307  
1 1.6943  2.1181  1.7946  0.2367  

      Avg 0.2337  
2 1.7051  1.9046  1.7494  0.2221  
2 1.6952  1.9152  1.7459  0.2305  

      Avg 0.2263  
S1 1.7176  2.4172  1.8610  0.2050  
S1 1.7035  2.3787  1.8352  0.1951  

      Avg 0.2000 
S2 1.6642  2.3054  1.8001  0.2119 
S2 1.6708  2.3794  1.8248  0.2173 

      Avg 0.2146 
S3 1.6949  2.4036  1.8527  0.2227 
S3 1.6856  2.3892  1.8473  0.2298 

      Avg 0.2262 
S4 1.6686  2.4144  1.8425  0.2332 
S4 1.6801  2.3315  1.8356  0.2387 

   Avg 0.2359 
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Appendix B: Raw Data- Mechanical Pre-treatment 
 
Initial Dryness 
 

cup number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) (g) dryness 
1 1.0061  2.2563  1.4229  0.3334  
2 1.0184  2.1308  1.3972  0.3405  

      Avg 0.3342  
cup 

number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) (g) dryness 

3 1.7168  8.8005  4.3608  0.3733  
4 1.7034  11.8367  5.3665  0.3615  

   Avg 0.3674 
 
 
Screening Yield 

 
 
 
 
Accepts Dryness 
 

cup number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) (g) dryness 
1 1.7169  2.0572  1.7965  0.2339  
2 1.7032  2.0814  1.7914  0.2332  

      Avg 0.2336  
cup number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) (g) dryness 

3 1.6894  2.0139  1.7571  0.2086  
4 1.6613  1.8245  1.6967  0.2169  

   Avg 0.2128  

 

Sample 
Weight 

Before (wet) 
(g) 

Weight 
Before (o.d.) 

(g) 

Weight of 
Rejects (o.d.) 

(g) 

Weight of 
Accepts (o.d.) 

(g) 
Loss (g) % dissolved 

solid Loss 
Overall 

Yield 

1 59.33 19.99 5.48 8.88 5.64 28.19% 44.39% 
2 74.19 25.00 6.82 11.40 6.77 27.10% 45.62% 
3 68.19 25.05 7.78 10.64 6.63 26.46% 42.48% 

      Avg 44.17% 
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Appendix C: Raw Data- Rinsing Pre-treatment 
 
Dryness post rinsing 
 

cup number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) 
(g) dryness 

1 1.0411  2.1968  1.3281  0.2483  
2 0.9973  2.0893  1.2483  0.2299  

      Avg 0.2391  
3 1.6793  2.8401  1.9425  0.2267  
4 1.6887  3.1359  2.0137  0.2246  
   Avg 0.2257  

 
 
Loss from rinsing 
 
Sample Weight Before (o.d.) 

(g) 
Weight After (o.d.) 

(g) 
Difference (o.d.) 

(g) % Loss 

1 32.78 21.24 11.54 35.20% 
2 33.82 23.42 10.40 30.75% 

 
 
Screening Yield 

 
 
Accepts Dryness 
 
cup number cup weight (g) cup+pulp (wet) (g) cup+pulp (o.d.) 

(g) dryness 

1 1.7055  2.1076  1.7879  0.2049  
2 1.6952  2.1600  1.7910  0.2061  

      Avg 0.2055  
3 1.6636  1.9300  1.7149  0.1926  
4 1.6709  1.9056  1.7194  0.2066  

   Avg 0.1996  
 

Sample 
Weight 
Before 

(wet) (g) 

Weight 
Before 

(o.d.) (g) 

Weight of 
Rejects (o.d.) 

(g) 

Weight of 
Accepts (o.d.) 

(g) 
Yield Overall 

Yield 
1 83.66 20.00 7.32 12.68 63.38% 41.07% 
2 101.17 22.83 8.54 14.29 62.59% 43.35% 
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Appendix D: Raw Data- Combination Pre-treatment 
 
Dryness post rinsing 
 

cup 
number cup weight (g) cup+pulp (wet) 

(g) cup+pulp (o.d.) (g) dryness 

1-1 1.6853  10.5930  3.6660  0.2224  
2-1 1.6898  9.4832  3.4390  0.2244  

      Avg 0.2234  
1-2 1.6814  9.2485  3.2389  0.2058  
2-2 1.6653  10.2346  3.4662  0.2102  

      Avg 0.2080  
1-3 1.6885  4.3756  2.3111  0.2317  
2-3 1.6638  3.5682  2.1014  0.2298  

      Avg 0.2307  
1-4 1.6630  3.0034  1.9933  0.2464  
2-4 1.6760  3.2666  2.0238  0.2187  

      Avg 0.2325  
 
 
Loss from rinsing 
 

Sample Weight Before (o.d.) 
(g) 

Weight After 
(o.d.) (g) 

Difference (o.d.) 
(g) % Loss 

1 30.02 20.90 9.12 30.38% 
2 30.00 21.69 8.31 27.70% 
3 35.01 25.17 9.84 28.11% 
4 35.01 25.62 9.39 26.82% 
   Avg 28.25% 

 
 
Screening Yield 
 

Sample 
Weight 
Before 

(wet) (g) 

Weight 
Before 

(o.d.) (g) 

Weight of 
Rejects 

(o.d.) (g) 

Weight of 
Accepts 
(o.d.) (g) 

Yield Overall 
Yield 

1 108.47 25.03 9.64 15.39 61.48% 44.20% 
2 107.48 24.99 9.83 15.17 60.68% 44.41% 

    Avg  44.30% 
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Accepts Dryness 
 

cup 
number 

cup weight 
(g) 

cup+pulp 
(wet) (g) 

cup+pulp 
(o.d.) (g) dryness 

1-2 1.7089  2.3922  1.8643  0.2274  
2-2 1.7053  2.5705  1.9049  0.2307  

      Avg 0.2291  
2-1 1.7142  2.7952  1.9702  0.2368  
2-2 1.7085  2.3517  1.8639  0.2416  

   Avg 0.2392  
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Appendix E: Raw Data- Set 1 
 
 
Bleaching 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Do Stage
Trial ID

Description O.D. Pulp Consistency 
(%)

Wet Pulp (g) ClO2 Dosage 
(kg/ODT)

ClO2 Conc. 
(g/L)

ClO2 (mL)

Trial 1: TWR 
UNBL

UNBL Pulp 20 9.18% 217.73 14.5 2.2275 143.42

UNBL Pulp 20 9.18% 217.78
Accepts (3% UNBL) 0.6 21.92% 2.74

Trial 3 (Step 
2): Control

UNBL Pulp 20 9.18% 217.56

Accepts after 
pre-bleaching 

step
0.6 20.95% 2.8644

14.5 2.2275 147.82

Pulp Bleaching Chemical 

Trial 2: Mix 
3% 14.5 2.2275 147.76

Do Stage

Trial ID Description Consistency 
(%)

Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 1: TWR 
UNBL

UNBL Pulp 4.20% 114.74 15 59

UNBL Pulp
Accepts (3% UNBL)

Trial 2: Mix 
3%

UNBL PulpTrial 3 (Step 
2): Control

15124.764.20% 59

4.20% 122.24 15 59

Other Bleaching Setup

Pre-Bleaching
Trial ID

O.D. Pulp Pulp dryness 
(%)

Wet Pulp (g) Kappa Factor Kappa 
Number

Active 
Clorine 
(kg/ton)

ClO2 Charge 
(%)

ClO2 Conc. 
(g/L)

ClO2 (mL)

Trial 3 (Step 
1): Control

20 21.92% 91.24 0.25 116.64 29.16 1.11% 2.2275 99.55

Pulp Bleaching Chemical 

Do Stage       
Trial ID End Point Analysis 

  End pH 
Titrated 
Na2S2O3 

(ml) 

Residual 
ClO2 
conc. 
(g/L) 

Residual 
ClO2 
(%) 

ClO2 
consumed 

(%) 
Kappa 

Trial 1: TWR 
UNBL 2 0.20 0.054 0.123% 91.96% 8.39 

Trial 2: Mix 
3% 2.05 0.15 0.041 0.092% 94.14% 11.55 

Trial 3 (Step 
2): Control 2.09 0.05 0.0135 0.031% 98.05% 10.62 
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Ep stage       

Trial ID 
Pulp 

O.D. Pulp Pulp Cons. 
(%) 

Wet Pulp 
(g) 

Trial 1 17 21.72% 78.28 
Trial 2 17 21.18% 80.25 
Trial 3 17 19.86% 85.61 

 

 
 

 
 

 
 
Kappa Number 
 

Pre-Bleaching
Trial ID

Consistency 
(%)

Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 3 (Step 
1): Control

4.25% 279.8 10 60

Other Bleaching Setup

 

Pre-Bleaching       
Trial ID End Point Analysis 

  End pH 
Titrated 

Na2S2O3 
(ml) 

Residual 
ClO2 

conc. (g/L) 
Residual 
ClO2 (%) 

ClO2 
consumed 

(%) 
Kappa 

Trial 3 (Step 1): 
Control 2.37 0.10 0.027 0.061% 94.27% 94.16 

Ep stage

NaOH dosage 
(lbs/ADTon)

NaOH dosage 
(%)

1M NaOH 
solution conc. 

(g/l)

Add NaOH 
solution (mL)

H2O2 dosage 
(lbs/ADTon)

H2O2 dosage 
(%)

H2O2 

solution conc. 
(%)

Add H2O2 

solution (g)

Trial 1 25 1.39% 40 5.9 6 0.33% 5.05% 1.12
Trial 2 25 1.39% 40 5.9 6 0.33% 5.05% 1.12
Trial 3 25 1.39% 40 5.9 6 0.33% 5.05% 1.12

Bleaching Chemical 

Trial ID

Ep stage

Cons. (%) Makeup 
Water (g)

Time (min) Temp. (°C) Target end 
pH

Trial 1 10.00% 84.7 40 66 11.3
Trial 2 10.00% 82.73 40 66 11.3
Trial 3 10.00% 77.37 40 66 11.3

Trial ID
Other bleaching Setup

Ep stage

Actual end 
pH

Titrated 
Na2S2O3 

(ml)

Residual 
H2O2 conc. 

(g/L)

Residual 
H2O2 (%)

Kappa 
number

Brightness 
(%, ISO)

Trial 1 11.45 3.7 0.315 0.03% 4.08 80.36
Trial 2 11.75 2.9 0.247 0.03% 5.99 74.72
Trial 3 11.77 2 0.17 0.02% 5.41 75.18

End Point Analysis

Trial ID
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Sample Pulp, 
wet Dryness Pulp, 

o.d. 
Volume, 

blank 
Volume, 
sample Temperature p Kappa 

number 
S1-
1Do 1.5004 0.9250  1.3879 26.80 15.85 19 11.0 8.39 

S1-
2Do 1.5028 0.9250  1.39009 26.80 12.1 19.5 14.7 11.55 

S1-
3Do 1.5000 0.9250  1.3875 26.80 13.25 19 13.6 10.62 

 
          

Sample Pulp, 
wet Dryness Pulp, 

o.d. 
Volume, 

blank 
Volume, 
sample Temperature p Kappa 

number 
S1-1Ep 2.9800 0.9250  2.7565 26.80 16.2 19 10.6 4.08 
S1-2Ep 2.9800 0.9250  2.7565 26.80 11.8 19 15.0 5.99 
S1-3Ep 2.9700 0.9250  2.74725 26.80 13.15 19 13.7 5.41 

 
Brightness 

     

  S1-1Do S1-1Ep S1-2Do S1-2Ep S1-3Do S1-3Ep 

L* 90.83 94.99 88.93 93.48 89.8 93.42 
a* -0.16 -0.89 0.37 -0.63 0.69 -0.55 
b* 13.02 5.76 13.56 7.66 14.4 7.17 

CIE 15.49 60.98 7.71 48.15 6.05 50.31 
R457 63.27 80.36 59.15 74.72 59.84 75.18 

 
Strength  
 

Tensile       

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Strength 
(kN/m) 

Strength 
Index 

(kN.m/g) 

Breaking 
Length 
(km) 

Stretch 

T1 715.6 68.20  3.047 44.68 4.527 2.05% 
T2 715.5 64.60  3.067 47.48 4.840 2.18% 
T3 713.1 65.40  2.904 44.40 4.526 2.20% 

Standard 
Deviation     0.09 1.70 0.18 0.00081 

 
 

Tear     

ID Freeness 
(ml) Grammage (g/m2) Tear average 

(mN) 
Tear Index 
(mN.m²/g) 

T1 715.6 68.20 1298 19.03 
T2 715.5 64.60 1240 19.19 
T3 713.1 65.40 1273 19.46 

Standard 
Deviation     29 0.220 
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Burst     

ID Freeness (ml) Grammage 
(g/m2) 

Burst average 
(mN) 

Burst Index 
(mN.m²/g) 

T1 715.6 68.20 207 3.04 
T2 715.5 64.60 200 3.09 
T3 713.1 65.40 190 2.90 

Standard 
Deviation     8.848 0.101 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 79 

Appendix F: Raw Data- Set 2 
 
Bleaching 
 

 
 
 

 
 

Do Stage       

Trial ID 

End Point Analysis 

End pH 
Titrated 
Na2S2O3 

(ml) 

Residual 
ClO2 
conc. 
(g/L) 

Residual 
ClO2 
(%) 

ClO2 
consumed 

(%) 
Kappa 

Trial 1: TWR 
UNBL 1.88 0.55 0.037 0.084% 94.49% 7.03 

Trial 2: Mix 
3% 1.91 0.40 0.108 0.246% 84.38% 8.19 

Trial 3 (Step 
2): Control 1.96 0.9 0.243 0.554% 64.86% 7.11 

 
 
 
 
 
 
 

Do Stage
Trial ID

Description O.D. Pulp Pulp dryness 
(%)

Wet Pulp (g) Wet Pulp (g) 
(after mixer)

ClO2 Dosage 
(kg/ODT)

ClO2 Conc. 
(g/L)

ClO2 (mL)

Trial 1: TWR 
UNBL

UNBL Pulp 20 9.18% 217.73 98.43 14.5 9.8145 32.55

UNBL Pulp 20 9.18% 217.78
Accepts (3% 

UNBL)
0.6 21.92% 2.74

UNBL Pulp 20 9.18% 217.56
Accepts after 
pre-bleaching 

step
0.6 24.59% 2.44

Trial 3 (Step 
2): Control 93.85 14.5 9.8145 33.55

Pulp Bleaching Chemical 

Trial 2: Mix 
3% 92.72 14.5 9.8145 33.54

Do Stage
Trial ID

Consistency 
(%)

Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 1: TWR 
UNBL

4.20% 344.91 15 59

15 59

Trial 2: Mix 
3%

Trial 3 (Step 
2): Control

Other Bleaching Stepup

4.20% 364.04 15 59

4.20% 363.08
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Pre-Bleaching
Trial ID

O.D. Pulp Pulp dryness 
(%)

Wet Pulp (g) Kappa Factor 
(%)

Kappa 
Number

Active 
Clorine (%)

ClO2 Charge 
(kg/odt)

ClO2 Conc. 
(g/L)

ClO2 (mL)

Trial 3 (Step 
1): Control

10 21.92% 45.44 0.24 116.64 28.00% 10.64% 2.7135 390.72

Pulp Bleaching Chemical 

Pre-Bleaching
Trial ID

Consistency 
(%)

Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 3 (Step 
1): Control

2.28% 0 10 59

Other Bleaching Setup

 

Ep stage            

Trial ID 

Pulp Bleaching Chemical  

O.D. 
Pulp 

Pulp 
Cons. 
(%) 

Wet 
Pulp 
(g) 

NaOH 
dosage 

(lbs/ADTon) 

NaOH 
dosage 

(%) 

1M 
NaOH 

solution 
conc. 
(g/l) 

Add 
NaOH 

solution 
(mL) 

H2O2 dosage 
(lbs/ADTon) 

H2O2 
dosage 

(%) 

H2O2 
solution 

conc. 
(%) 

Add 
H2O2 

solution 
(g) 

Trial 1 17.0 22.07% 77.04 25.0 1.39% 40 5.90 6.00 0.33% 5.919% 0.96 

Trial 2 17.0 21.24% 80.04 25.0 1.39% 40 5.90 6.00 0.33% 5.919% 0.96 

Trial 3 17.0 22.71% 74.87 25.0 1.39% 40 5.90 6.00 0.33% 5.919% 0.96 

Ep stage

Cons. (%) Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 1 10.00% 86.1 40 66
Trial 2 10.00% 83.1 40 66
Trial 3 10.00% 88.27 40 66

Trial ID

Other bleaching Setup

Ep stage

Target end 
pH

Actual end 
pH

Titrated 
Na2S2O3 

(ml)

Residual 
H2O2 conc. 

(g/L)

Residual 
H2O2 (%)

Kappa 
number

Brightness 
(%, ISO)

Trial 1 11.3 11.66 2.35 0.2 0.02% 3.45 79.4
Trial 2 11.3 11.75 1.9 0.162 0.02% 3.91 78.83
Trial 3 11.3 11.55 2.65 0.225 0.02% 3.5 77.09

End Point Analysis

Trial ID
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Kappa Number 

 
 
 
Brightness 

 
 
 
Strength 
 

Tensile       

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Strength 
(kN/m) 

Tensile 
Index 

(kN.m/g) 

Breaking 
Length 
(km) 

Stretch 

T1 742 61.86 3.141 50.78 5.176 2.30% 
T2 698.9 61.77 2.97 48.08 4.902 2.21% 
T3 717 64.39 3.252 50.50 5.148 2.23% 

Standard 
Deviation     0.1421 1.4835 0.1508 0.0005 

 
 
 
 
 
 
 

 

        

  S2-1Do S2-
1Ep 

S2-
2Do 

S2-
2Ep 

S2-
3Do 

S2-
3Ep UNBL Pre-

Bleached Accepts 

L* 91.51 94.89 90.66 95.56 91.6 93.45 88.37 78.73 65.02 
a* -0.57 -1.07 -0.14 -1.15 -0.51 -0.75 1.08 3.2 8.93 
b* 12.37 6.36 13.68 6.27 13.69 5.69 8.72 22.78 15.4 
CIE 20.46 57.93 11.86 57.51 14.42 57.36 30.03 0 0 

R457 65.3 79.4 62.26 78.83 64.05 77.09 63.08 35.16 24.23 

Sample Pulp, 
wet Dryness Pulp, 

o.d. 
Volume, 

blank 
Volume, 
sample Temperature p Kappa 

number 
Pre-

bleached 
#2 

2.0000 0.2459  0.4918 26.80 14.15 19 12.7 27.76 

UNBL 0.5074 0.9250  0.469345 26.80 16.7 18.5 10.1 22.86 
             

Sample Pulp, 
wet Dryness Pulp, 

o.d. 
Volume, 

blank 
Volume, 
sample Temperature p Kappa 

number 
S2-1Do 1.5008 0.9250  1.38824 26.80 17.5 19 9.3 7.03 
S2-2Do 1.5000 0.9250  1.3875 26.80 16.1 19 10.7 8.19 
S2-3Do 1.5000 0.9250  1.3875 26.80 17.4 19 9.4 7.11 

         
Sample Pulp, 

wet Dryness Pulp, 
o.d. 

Volume, 
blank 

Volume, 
sample Temperature p Kappa 

number 
S2-1Ep 2.8600 0.9250  2.6455 26.80 18.05 19 8.8 3.45 
S2-2Ep 2.9300 0.9250  2.71025 26.80 16.75 19 10.1 3.91 
S2-3Ep 2.8600 0.9250  2.6455 26.80 17.95 19 8.9 3.50 
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Tear     

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Tear average 
(mN) 

Tear Index 
(mN.m²/g) 

T1 742 61.86 1081 17.48 
T2 698.9 61.77 1155 18.70 
T3 717 64.39 1050 16.31 

Standard 
Deviation     53.93 1.20 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Burst     

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Burst average 
(mN) 

Burst Index 
(mN.m²/g) 

T1 742 61.86 212 3.43 
T2 698.9 61.77 188 3.04 
T3 717 64.39 231 3.59 

Standard 
Deviation     21.700 0.282 
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Appendix G: Raw Data- Set 3 
 
Bleaching 
 

 
 

 
 

 
 
 

 
 
 

Do Stage
Trial ID

Description O.D. Pulp Pulp dryness 
(%)

Wet Pulp (g) Wet Pulp (g) 
(after mixer)

ClO2 Dosage 
(kg/ODT)

ClO2 Conc. 
(g/L)

ClO2 (mL)

Trial 1: TWR 
UNBL

UNBL Pulp 20 9.18% 217.87 97.12 14.5 9.099 35.13

UNBL Pulp 20 9.18% 217.78
Accepts (3% 

UNBL)
0.6 21.92% 2.74

Trial 3 (Step 
2): Control

UNBL Pulp 20 9.18% 217.56 93.99 14.5 9.099 36.19

Trial 2: Mix 
3% 99.09 14.5 9.099 36.19

Pulp Bleaching Chemical 

Do Stage
Trial ID

Description Consistency 
(%)

Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 1: TWR 
UNBL

UNBL Pulp 4.20% 343.94 15 59

UNBL Pulp
Accepts (3% 

UNBL)
Trial 3 (Step 
2): Control

UNBL Pulp 4.20% 360.3 15 59

355.2 15 59
Trial 2: Mix 

3% 4.20%

Other Bleaching Setup

Do Stage

End pH
Titrated 

Na2S2O3 
(ml)

Residual 
ClO2 conc. 

(g/L)

Residual 
ClO2 (%)

ClO2 
consumed 

(%)
Kappa

6.1
Trial 3 (Step 
2): Control 1.85 1.4 0.095 0.22% 86.33%

6.06

Trial 2: Mix 3% 1.94 0.6 0.041 0.09% 94.14% 7.02

Trial 1: TWR UNBL 1.83 0.7 0.047 0.11% 92.96%

Trial ID

End Point Analysis

Ep stage

O.D. Pulp Pulp Cons. 
(%)

Wet Pulp (g)

Trial 1 17 19.09% 89.06
Trial 2 17.6 19.56% 89.97
Trial 3 17.6 21.81% 80.7

Trial ID
Pulp
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Kappa Number 

Ep stage

NaOH dosage 
(lbs/ADTon)

NaOH dosage 
(%)

1M NaOH 
solution conc. 

(g/l)

Add NaOH 
solution (mL)

H2O2 dosage 
(lbs/ADTon)

H2O2 dosage 
(%)

H2O2 

solution conc. 
(%)

Add H2O2 

solution (g)

Trial 1 25 1.39% 40 5.9 6 0.33% 7.57% 0.75
Trial 2 25 1.39% 40 6.11 6 0.33% 7.57% 0.77
Trial 3 25 1.39% 40 6.11 6 0.33% 7.57% 0.77

Bleaching Chemical 

Trial ID

Ep stage

Cons. (%) Makeup 
Water (g)

Time (min) Temp. (°C)

Trial 1 10.00% 74.29 40 66
Trial 2 10.00% 79.15 40 66
Trial 3 10.00% 88.42 40 66

Trial ID

Other bleaching Setup

Ep stage

Target end 
pH

Actual end 
pH

Titrated 
Na2S2O3 

(ml)

Residual 
H2O2 conc. 

(g/L)

Residual 
H2O2 (%)

Kappa 
number

Brightness 
(%, ISO)

Trial 1 11.3 11.73 1.3 0.111 0.01% 2.94 79.95
Trial 2 11.3 11.65 1.2 0.102 0.01% 3.2 79.12
Trial 3 11.3 11.76 1.2 0.102 0.01% 3 79.87

End Point Analysis

Trial ID

Sample Pulp, 
wet Dryness Pulp, 

o.d. 
Volume, 

blank 
Volume, 
sample Temperature p Kappa 

number 
T3-1Do 1.5100 0.9250  1.39675 25.20 17.05 19 8.2 6.06 
T3-2Do 1.5100 0.9250  1.39675 25.20 15.85 19 9.4 7.02 
T3-3Do 1.5000 0.9250  1.3875 25.20 17.05 19 8.2 6.10 

         
Sample Pulp, 

wet Dryness Pulp, 
o.d. 

Volume, 
blank 

Volume, 
sample Temperature p Kappa 

number 
T3-1Ep 2.8100 0.9250  2.59925 25.20 17.8 19 7.4 2.94 
T3-2Ep 2.8000 0.9250  2.59 25.20 17.2 19 8.0 3.20 
T3-3Ep 2.6700 0.9250  2.46975 25.20 18 19 7.2 3.00 

 
          
Sample Pulp, 

wet Dryness Pulp, 
o.d. 

Volume, 
blank 

Volume, 
sample Temperature p Kappa 

number 
Pre-

bleached 
#1 

1.5000 0.2095  0.31425 25.20 2.7 17 22.5 86.11 

Pre-
bleached 

#1 
0.8000 0.2095  0.1676 25.20 11.1 17 14.1 94.16 
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Brightness 
 

  S3-1Do S3-1Ep S3-2Do S3-2Ep S3-3Do S3-3Ep 
L* 90.86 95.23 90.33 95.09 90.87 95.21 
a* -0.23 -1.14 0.21 -1.15 -0.07 -1.08 
b* 13.5 6.54 14.32 6.96 13.82 6.56 

CIE 13.27 57.98 7.89 55.67 11.77 57.86 
R457 62.82 79.95 60.92 79.12 62.49 79.87 

 
 
 
Strength 
 

Tensile             

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Strength 
(kN/m) 

Tensile 
Index 

(kN.m/g) 

Breaking 
Length 
(km) 

Stretch 

T1 709 60.93 3.407 55.92 5.701 2.17% 
T2 712 61.28 3.273 53.41 5.445 2.05% 
T3 713 60.54 3.318 54.81 5.587 2.14% 

Standard 
Deviation     0.0682 1.2557 0.1283 0.0006 

 
 

Tear         

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Tear 
average 
(mN) 

Tear Index 
(mN.m²/g) 

T1 709 60.93 990 16.26 
T2 712 61.28 955 15.59 
T3 713 60.54 948 15.66 

Standard 
Deviation     23 0.37 

 
 
 

Burst         

ID Freeness 
(ml) 

Grammage 
(g/m2) 

Burst 
average 
(mN) 

Burst Index 
(mN.m²/g) 

T1 709 60.93 214.4 3.52 
T2 712 61.28 213.8 3.49 
T3 713 60.54 213.6 3.53 

Standard 
Deviation     0.441 0.021 
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