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ABSTRACT 

Wheat straw is a non-wood agricultural residue which serves as an excellent fibrous 

source for pulp and paper industry. In the present work, TCF bleaching sequences 

were developed for indigenous variety of AS/AQ wheat straw pulp. Different 

chemicals such as acid, oxygen, oxone, dithionite, alkali and hydrogen peroxide were 

optimized in different stages and sequences at varying doses of bleaching agents and 

reaction conditions.  Multistage TCF bleach sequences i.e., AOOxPP*, AOOxEP, 

AOOxYP, AO′Ox′P′ are resulted from various optimization trials during the study. It 

was very promising to find out that cellulose remained protected whereas most of the 

residual lignin was removed during the process. Most of the hemicelluloses were 

washed away during bleaching. However, it is quite evident from the pulps’ sugar 

analysis that only a small fraction of hemicelluloses remained intact in the bleached 

pulp which is important in fiber preparation and its bonding during papermaking 

process. Similarly, hexenuronic acid was also removed during successive stages of 

bleaching that may be the causes of reduction in fiber strength, brightness and 

brightness stability. The results also revealed that the developed bleaching sequences 

are effective and selective to fully bleach the pulp with brightness gain greater than 

80% ISO without deteriorating its fibre characteristics such as kappa number, 

viscosity, strength and brightness stability etc. A considerable reduction in effluent 

load with reduced toxicity and zero AOX level shows the advantage of process over 

chlorinated bleaching processes. Thus the study provides enough evidence to fill the 

gap between producing quality products and requirements for a healthy environment 

using TCF bleaching sequences.  

Key words: TCF bleaching, oxone, oxygen, α-celluloses, acid insoluble lignin, kappa 

number, hexenuronic acid, hemicellulose and effluent toxicity. 
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Chapter 1 

INTRODUCTION 

Utilization of agricultural residues for paper products is of great value in terms of 

generating revenue and conserving the environment. China is the biggest producer of 

paper from non-woody agricultural residues which constitute 75% of world 

production from non-wood fibrous pulp. Many other countries, including Pakistan, 

India, Turkey, Egypt, Spain etc. with depleting forests are pulping straw for 

papermaking
1
. In Pakistan, non-wood raw material such as bagasse, cotton, rice, kahi 

(river grass) and wheat straw contribute to ~ 65% of the fibre source used to produce 

paper products with wheat straw being the major pulping material
2
. 

Wheat straw is a byproduct of the wheat harvesting process. The leaf and stem portion 

of the plant, after the removal of grain and chaff are used for paper manufacturing. 

Cellulose is the main constituent of wheat straw. It is a potential source to make the 

fibrous network of a quality paper. As a general practice, wheat straw is either burnt 

or disposed off as harvesting waste. Utilization of agricultural residue is a first step 

towards environmental-economic savings because papermaking requires less energy 

to pulp wheat straw as compared to the pulping of wood chips
3
. Like wood wheat 

straw also requires pulping and bleaching processes. Pulping and bleaching processes 

are the backbone of a paper industry; but the process loads hazardous chemicals into 

the discharged effluent. Much research has been carried out either to reduce the 

effluent toxicity or treating effluent before final discharge. But none has so far 

completely fulfilled the gap between the customers’ demand of high quality paper and 

healthy environmental practices.   

The basic purpose of bleaching is to selectively wash away the residual chromophoric 

lignin groups without causing damage to pulp cellulose. Conventional bleaching with 

alkaline hypochlorite is the oldest known approach to brighten the pulp. It 

decomposes pulp residual lignin efficiently to water and/or alkali soluble fragments. 

On the other side, fiber quality deterioration e.g., viscosity and strength loss due to 

reduction of pulp carbohydrates during bleaching, and brightness reversion and poor 

environmental health with the discharge of persistent chlorinated organic derivatives 

are the key issues of concern to hypochlorite bleaching.      
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Environmental reasons push researchers to strive for better alternatives to chlorinated 

bleaching. This has lead to the development of elemental chlorine free (ECF), total 

chlorine free (TCF) and bio-bleaching approaches. ECF process, though it loads less 

adsorbable organic halogens (AOX) and dioxin into pulp mill effluent, offers a few 

limitations such as handling gaseous chlorine and its exposure to mill personnel
1
. 

Biobleaching, either by applying enzyme or fungus to pulp system is also a safer 

technology but the shelf-life, storage and cost of enzymes are the main limitations for 

its implementation on a commercial scale in tropical and developing countries.  

TCF bleaching is the friendlier technique developed so far. TCF process involves the 

use of oxidative bleaching chemicals such as oxygen, ozone, peroxides and peracids 

etc. to brighten the pulp at different laboratory and mill scale
4, 5

. However, TCF itself 

carries many limitations on its use: 

• Like enzyme and ECF bleaching chemicals, not a single TCF agent alone is 

effective to fully bleach the pulp without damaging some of the important pulp 

fiber characteristics such as strength and degree of polymerization etc.  

• Non-availability of some of the bleaching equipment is also a hurdle for use of 

some TCF agents on a commercial scale in developing countries e.g., special 

reaction chamber is required to bleach the pulp with ozone. 

• Cost ineffectiveness is another drawback as the cost can be many fold for TCF 

bleaching compared to other bleaching processes. 

• Another important limitation which may be applicable to all types of bleaching 

approaches is that one type of bleaching sequence may not be equally effective for 

all varieties and types of pulp. The response to bleaching may vary with the 

composition, genetic makeup of raw material and its pulping method. Hence, there 

is always a need for the development of new and improved bleaching 

sequences/processes for indigenous varieties.  

To gain maximum bleach benefits for a good quality product, as much residual lignin 

as possible must be removed with the preservation of pulp cellulose. However, no 

single bleaching agent has proven its effectiveness to fully bleach the pulp with total 

preservation of the pulps’ most important fiber characteristics (strength, viscosity etc). 

Therefore, multistage bleaching sequences are preferred for many reasons. Multistage 
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sequences are employed to improve the selectivity of bleaching chemicals (to 

depolymerize pulp residual lignin and preserving cellulose constituents) and 

bleachability of pulp. Not only the pulp fiber strength and brightness was improved 

but chemical consumption was reportedly decreased which ultimately lowers the 

chemical effluent discharge load
6-8

.   

In Pakistan, wheat straw is the major raw material for the paper and board industry. 

Single stage hypochlorite treatment is an indigenous technology for bleaching wheat 

straw pulp. Despite its many environmental hazards, alkaline hypochlorite bleaching 

is still in practice to brighten the pulp up to 80% ISO. One main reason is its low cost; 

but on the other hand, a huge amount is spent to treat effluent before final discharge. 

As the response of pulp to various bleaching chemicals varies with its chemical 

composition, there is a need to design and develop environmentally safer bleaching 

technology for indigenous species. Producing fully bleached pulp with chlorine free 

bleaching chemicals without deterioration of pulp fiber and fiber characteristics at low 

cost is a hard challenge being faced today. The prime need is to develop a TCF 

bleaching process for indigenous raw material (alkaline sulphite-anthraquinone wheat 

straw pulp) that can bleach the pulp up to the targeted brightness greater than 80% 

ISO without significant damage to pulp cellulose and with low effluent load.   

In the present study, efforts were made to optimize the dose and reaction conditions of 

different TCF oxidative and reductive chemicals in various stages and sequences of 

pulp bleaching to produce a high quality bleached product. Different multistage 

bleaching sequences AOOxPP*, AOOxEP, AOOxYP and AO'Ox'P' were developed 

successfully for indigenous alkaline sulphite-anthraquinone wheat straw pulp. Pulp 

cellulose, the vital component to build a fiber network of paper structure, remained 

protected while most of the residual lignin was removed during successive stages of 

bleaching with developed TCF sequences, hence, fulfilling the prime objective of a 

successful bleaching process. Although the developed TCF sequences were not found 

to be the economical substitute of hypochlorite bleaching (indigenous technology), 

the study presents an environmentally safer and selective bleaching technique yielding 

pulp with good fiber characteristics which were not possible with the conventional 

hypochlorite bleaching process.  



4 

 

AIMS AND OBJECTIVES 

Main focus of the present study was to develop an alternative total chlorine free 

(TCF) bleaching sequence for wheat straw pulp which can impart good or comparable 

properties to the paper with less environmental impacts due to bleaching effluents. 

Following objectives were set forth to carry out the task: 

• Removal of transition metal contents to increase the bleaching response of 

wheat straw pulp 

• Delignification of AS/AQ wheat straw pulp to reduce the residual 

chromophoric lignin 

• Devising TCF bleaching sequence to yield AS/AQ wheat straw pulp with > 

80% ISO brightness and good fiber characteristics 

• Determination of effluent load of TCF bleaching process to monitor its 

characteristics and toxicity 

• Draw recommendations for future studies to bridge the gap between the 

developed TCF sequences and economic feasibility that may ultimately lead to 

implementation of TCF technology 

 

 

 

 

 

 

 

 



5 

 

Chapter 2 

LITERATURE REVIEW 

Bleaching is a pulp purification process to remove the residual lignin with maximum 

cellulosic protection. The process efficiency and pulp bleaching responses may vary 

with pulp composition, bleaching chemicals, sequence of addition and reaction 

conditions. Therefore, many different bleaching technologies are being practiced 

and/or researched around the globe. Depending upon the chemistry of the process, 

bleaching can be of two types
 

i.e., lignin retaining bleaching and delignifying 

bleaching
9
. During the lignin retaining process, bleaching chemicals brighten the pulp 

(~ 5-15% increase in brightness) with insignificant losses in pulp residual lignin. 

Single stage hydrogen peroxide bleaching and sodium dithionite are the examples of 

lignin retaining bleach chemicals. Delignifying bleaching process (lignin removing 

bleaching) is preferred over lignin retaining process as fiber strength and interlocking 

along with brightness stability of pulp increases with the removal of lignin 

constituents. Chlorine, ozone and peracids etc. are some of the delignifying bleaching 

chemicals.  

Bleaching chemicals react with the lignin molecule by attacking certain preferred 

sites. The sites on the lignin polymeric structure that are attacked are used to classify 

bleaching agents in to three groups: 

• Group I bleaching chemicals e.g., Cl2, O3 and –OOH prefer to attack at the lignin 

aromatic unit. 

• Group II bleaching chemicals e.g., O2 and ClO2 attack at the free phenolic 

hydroxyl functional group 

• Group III bleaching chemicals e.g., H2O2 in alkaline media prefer to attack at the 

carbonyl group of lignin 

Conjugation in the aromatic structure of the residual lignin molecule is responsible for 

imparting color to pulp. Attack of bleaching chemical at certain specified sites either 

stabilizes the conjugated aromatic rings of residual lignin resulting in the loss of 

lignin chromaticity (lignin preserving bleaching) or depolymerize the lignin molecule 

(delignification) to be washed away during subsequent water washing. The bleaching 
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reaction should be selective. Although the bleaching agents differ in their 

depolymerization reaction on pulp cellulose or lignin, due to difference in oxidation 

potentials
10

; changes in pH and/or other reaction conditions may deteriorate the 

selectivity of the process resulting in the decrease of degree of polymerization (DP). 

The loss in DP or cellulosic content may lead to poor fiber bonding and thus poor 

strength of the product. Similarly, the presence of transition metals, such as iron, 

manganese and copper, are of particular concern in pulp bleaching as they catalyze 

the decomposition of oxidative reagents thus affecting the selectivity and efficiency of 

these bleaching reagents
11

. Hence, removal of the transition metals from the pulp is 

needed prior to bleaching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Possible attacking sites on a section of the lignin polymer
12
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Stringent environmental pressure places many challenges on the forest industry for its 

processes and products. Pulp bleaching process is one of the key concerns because it 

generates huge effluent loads as environmental discharges. Environmental pressures 

have diverted researchers from conventional methodologies to more eco-friendly 

elemental chlorine free, total chlorine free and enzymatic bleaching approaches. 

Conventional bleaching involves bleaching with alkaline hypochlorite or 

hypochlorous acid. Environmental reasons such as build up of toxic and carcinogenic 

adsorbable organic halogen (AOX) levels in water streams, due to the use of chlorine 

bleaching processes, are a real concern. Many countries replaced or incorporated 

conventional bleaching with ECF technology by utilizing chlorine dioxide as a 

bleaching agent
9, 13, 14

.  

Conventional bleaching of non-wood pulps i.e., bagasse and wheat straw were 

reported in a multistage bleaching sequence CEH. Brightness gain of greater than 

75% was achieved with non-wood pulps cooked at 8 to 12 kappa number. Further, 

studies revealed that greater than 85% brightness could be achieved for different 

varieties of non-wood pulps by varying chemical doses and stages in a bleaching 

sequence
15

. Another study reported the bleaching of wheat straw soda pulp (kappa 

number 9.2 to 30.0) with three different chlorinated multistage bleaching sequences: 

HH, CHH and CEH. Maximum brightness of 78% was achieved with a HH bleach 

sequence.  Also all samples of soda pulps responded more to a HH sequence in terms 

of brightness increase as compared to CHH and CEH sequences. On the other hand, 

strength properties were found to be greater in the CEH sequence as compared to HH 

and CHH sequences
16

.  

Application of singlet oxygen treatment has been explored for conventional CEH 

bleaching sequence on wheat straw pulp. The objective to reduce the consumption of 

bleach oxidizers by up to 30 to 50% was achieved successfully on pulp treatment with 

singlet oxygen and hydrochloric acid before the hypochlorite stage with comparable 

pulp properties
17

. Application of amine (ammonium) salt and surfactant has also been 

studied as bleaching aids for bleaching wheat straw pulp. The results of the study by 

Deng et al showed that both bleaching aids not only helped to increase the whiteness 

of pulp but also reduced the consumption of effective chlorine during the bleaching 

process which ultimately reduced the effluent pollution load
18

. 
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Permanganate has been reported to increase the bleachability by delignifying wheat 

straw soda-anthraquinone pulp under acidic condition. Results of the study conducted 

by Li et al in 2002 have shown that only 1.0% charge of permanganate on o.d.p was 

found to be very effective in depolymerizing the pulp (14.6 kappa number) lignin 

content. Subsequent bleaching with 5.0% hypochlorite charge yielded pulp with 

brightness greater than 75% ISO  and improved pulp fiber strength as compared to 

pulp bleached with a conventional CEH bleach sequence
19

. Many approaches have 

been researched to replace the conventional CEH bleaching process. The aim has 

been either to improve the bleached pulp properties and/or to reduce the pollution 

load. A very short bleached sequence HD was developed by Liu et al in 2004
20

. 

Wheat straw soda pulp bleached with HD sequence yielded 78% ISO with an 

increased pulp yield, improved pulp properties and significantly less pollution load 

compared to a CEH sequence
20

.  

A series of optimization trials were carried out with different experimental conditions 

to bleach wheat straw soda-anthraquinone pulp with chlorine dioxide
21

. Three 

different bleach sequences: HD, H1D/H2, H1DH2, H1H2D involving chlorine dioxide 

(D) stage were found optimal for bleaching. Comparable brightness and pulp strength 

were achieved by using either H1D/H2 or CEH bleaching processes. Also the effluent 

load was reported to be reduced by employing chlorine dioxide in bleach sequences. 

Deng et al in 2005 reported that microwave treatment for bleaching wheat straw pulp 

with sodium hypochlorite saved reaction time and water during the heating process. It 

was noteworthy that greater than 77% ISO brightness was achieved within two 

minutes of microwave treatment as compared to 40 minutes bleaching in a water 

bath
22

. In another study, soda-anthraquinone wheat straw pulp has been bleached with 

two stage DH sequence at a commercial level with brightness comparable to 

conventional CEH sequence. Besides an improvement in pulp strength properties, 

significant reduction in water usage and COD load were also reported to be an 

additional advantage of the DH beaching sequence
23

. 

Elemental chlorine free bleaching technology has been proposed as a better bleaching 

option in comparison to conventional chlorinated bleaching processes. In this regard 

an alternative bleach sequence to a conventional CEH sequence reported for wheat 

straw and other non-wood pulp varieties was DQP, which yielded pulp with greater 
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than 80% ISO brightness. Better viscosity, strength and brightness stability of 

bleached pulp indicated the selectivity of DQP sequence.  In addition, CODCr, BOD5, 

SS and AOX levels were also found to be much lower by employing a DQP sequence 

as compared to CEH sequence composite effluent load
24

. Ghosh delignified wheat 

straw soda pulp with oxygen followed by a D50EpD50 ECF sequence. The resultant 

pulp yielded brightness greater than 84% ISO with excellent pulp fiber strength. COD 

and TOCl load was also monitored to be reduced using D50EpD50 sequence
25

.   

In case of ECF bleaching of wheat straw soda pulp, ODEPD sequence was developed 

successfully. It is evident from the literature that the bleach response of wheat straw 

pulp was affected by the condition of the pulp in a particular stage during ODEPD 

sequence
26

.   In case of another ECF bleaching approach i.e., OD1EopD2 the sequence 

was reported to fully bleach the wheat straw chemical pulp. Approximately 87% ISO 

brightness was achieved with comparable pulp strength. The greater advantage of 

employing such elemental chlorine free bleaching sequences has been the reduced 

pollutant load on the environment
27

.  Different chemical compounds have also been 

investigated to enhance the bleaching efficiency by activating the bleaching agents. 

Vanadium pentaoxide was found to be one such activating aid to enhance the 

bleachability of chlorine dioxide stage for soda-anthraquinone wheat straw pulp
28

.   

Besides ECF bleaching approaches, application of enzymes for bleaching pulp are 

also gaining momentum during last few decades particularly in developed countries. 

Pretreatment of pulp with enzyme is one of the promising alternatives to reduce the 

consumption of chlorinated agents during the bleaching process. It has been known to 

effectively improve pulp bleachability. Enzymatic bleaching either utilizes enzymes 

or microorganisms to bleach pulp by cleaving the linkages between hemicelluloses or 

lignin. During the process, enzymes release the chromophoric contents and reducing 

sugars and decrease the kappa number of treated pulp
29

. But it is also important to 

take into consideration that response to enzymatic efficiency varies with variation in 

pulp raw material and pulping methods used and ultimately the resultant pulp 

properties were greatly effected
30

. Sources of extraction and purity of enzymes are the 

other factors which effect efficiency of bio-bleaching agents. Also the sequence of 

enzymatic application in a bleach sequence may effect the selectivity and efficiency 

of the treatment.  
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In a study conducted by Jiménez et al enzyme treated wheat straw pulp was bleached 

with two different sequences DE(p)D and P. Pretreatment with cartazyme HS not only 

reduced the bleach chemical consumption from > 3% to 5% but also increased the 

pulp brightness by 3.7 units. Other pulp and paper properties such as yield (%) and 

strength properties were found to be decreased in bleached straw pulp pretreated with 

enzyme
31

. DE(p)D bleach sequence was further explored by pretreatments with 

fungus Phenerochaete chrysosporium (F) and enzyme Cartazyme HS (X) and enzyme 

plus fungus (XF)  resulting in three sequences i.e., FDE(p)D, XDE(p)D and 

XFDE(p)D. Greater increase in brightness (> 8%) was achieved with approximately 

11% savings on chemical consumption when FDE(p)D was followed to bleach straw 

pulp. Other pulp and paper properties such as yield and strength significantly 

decreased making it less feasible as compared to XDE(p)D where brightness gain was 

3.7% more as compared to DE(p)D sequence with a little loss in yield and fiber 

strength. XFDE(p)D was found to be practically unfeasible as no difference in 

brightness was observed with huge losses in pulp yield and strength
32

. 

Chen et al
33

 demonstrated the application of xylanase enzyme to bleach wheat straw 

pulp. Xylanase was effectively incorporated in different bleaching sequences to 

increase the pulp bleachability. Greater than 80% ISO brightness was achieved using 

50 IU xylanase/g pulp in XCH, CXH and CH/X bleaching sequences. Further, 

addition of alkaline extraction stage before H treatment in multistage bleaching 

sequences i.e., XCEH, CEHX and CEH/X not only boosted the brightness to greater 

than 85% but also improved the fiber strength properties to some extent
33

. Application 

of xylanase has also been investigated to enhance the bleachability of wheat straw 

CMP. Xylanase was extracted from Trichoderma ressei Rut C-30 using corncob meal 

substrate as carbon source in extracting media. Xylanase pretreatment of CMP was 

not only effective in increasing the bleachability, a 50% reduction in peroxide 

consumption was also observed during single stage peroxide bleaching. Employment 

of a second peroxide stage as ZP3P3 (Here Z represents xylanase and P3 represents 

3.0 % H2O2 on o.d.p. in each stage) increased the brightness greater than 60% ISO
34

. 

In another study alkali and acid-stable xylanase enzymes were isolated from soil 

containing Aspergillus niger. Pretreatment of wheat straw pulp with these enzymes at 

optimal conditions was found to be economic and environmentally feasible with a 
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20% to 30% reduction of hypochlorine consumption from bleach liquor, resulting in 

low chlorine bleaching effluents
35

. Economic-environmental feasibility was also 

studied by treating wheat straw pulp with laccase prior to bleaching. OEPP, QPP and 

QPaP bleaching sequences were investigated after laccase pretreatment and 14.0%, 

18.3% and 8.1% ISO increase in brightness values were observed respectively as 

compared to pulp bleached with these TCF sequences without laccase application. 

The laccase pretreated bleached pulp also showed increased fiber strength
36

. 

Combined application of xylanase and laccase mediator system (LMS) has also been 

explored for wheat straw pulp bleachability and bleach effluent load. Huge reduction 

in lignin content (up to 60.0%) was measured with the application of only X-LMS on 

the pulp. X-LMs-H bleached pulp showed increased brightness and tear strength, low 

consumption of hypochlorite on pulp and 60.0% reduced COD level of effluents as 

compared to pulp bleached with H sequence
37

.  

The literature reveals many advantages of enzymatic application; therefore, various 

bleaching sequences were investigated for enzyme treated pulp varieties around the 

globe. When CEH, D50C50ED and DED sequences were assessed for bleaching 

efficiency of wheat straw pulp, it was found that enzymatic pretreatment helped to 

reduce 16.4% to 24.2% load of active chlorine, and achieved a 15.3% to 23.2% 

reduction of alkali consumption.  Thus ultimately both the color and AOX level of 

effluent were measured to be reduced by 20% to 30%. In addition, better brightness 

and remarkable gain in pulp strength was observed as compared to pulp bleached with 

any of the other mentioned sequences without enzymatic pretreatment
38

.  

The basic purpose of bleaching is to selectively remove the lignin content without 

degrading the cellulose of the pulp. Extracellular enzyme from Thermomonospora 

fusca has been applied to ball-milled wheat straw. HPLC and TCL characterization of 

degradation products showed that both simple sugars and aromatic compounds were 

released during hydrolysis. The hydrolysis percentage with extracellular enzyme from 

T. fusca was determined to be comparable. However, the rate of hydrolysis was 4 to 6 

times lower as compared to pulp treated with xylan. Hence, T. fusca was 

demonstrated as one of the useful organisms to be used during bio-bleaching of 

pulp
39

. Another fungal strain, Aspergillus niger has been cultured to produce xylanase 

by using a liquid media comprising of Mendel’s salt, aqueous extraction from 
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cellulosic waste, wheat barn and corncorb. Wheat straw pulp was then pretreated with 

the extracted xylanase before bleaching. The results of the study revealed that both the 

unbleached and bleached pulps showed improved pulp fiber strength, drainage and 

bleachability
40

. In another study feruloyl esterase FAEA recombinant homologous 

overexpression was produced from A. niger for delignification and bleaching of wheat 

straw pulp with and without a laccase mediator system and xylanase. Approximately 

75.0% delignification of pulp was carried out by employing a X-FAEA-L sequence
41

.  

The study of synergistic effect between xylanase and laccase prior to sodium 

hypochlorite bleaching for wheat straw soda-anthraquinone pulp was an important 

investigation during last decade
42

. Different treatment parameters were studied, 

conditions were optimized and the results revealed that both the pulp hardness 

(permanganate number) and brightness % ISO favors the L-X pretreatment sequence 

as compared to X-L. On the other hand, the synergistic effect in reducing the rate of 

the permanganate number increased many fold when LMS was applied under oxygen 

pressure as compared to oxygen treatment alone.  Thus proving the applicability of 

enzymatic pretreatment in aiding the pulp bleaching
42

. The synergistic bio-

bleachability was further investigated in OXLQP sequence and approximately 83% 

brightness was achieved with good pulp fiber strength
43

.  

Xylanases, when extracted, are reported to have some cellulase concentration 

depending on culture media. Xylanase containing different fractions of cellulase was 

applied to wheat straw pulp to study the effect of cellulase as a bleaching aid.  Pulp 

brightness was found to be increased if low concentration of cellulase enzyme was 

present in xylanase but at high concentration breaking length and burst index of 

bleached pulp was reduced which lead to the loss of crystallinity and fiber 

morphology
44, 45

. Bleaching characteristics of pulp have also been found to vary with 

the different enzymatic pretreatments. Both endo-xylanase and xylosidase when 

applied to wheat straw pulp improved the brightness and strength of pulp fiber, where 

endoxylanase was more effective for improvement of fiber properties. However, the 

combined application of endo-xylanase and xylosidase showed a synergistic effect to 

improve the fiber crystallinity prior to bleaching and protect other bleached pulp fiber 

characteristics
46

. Electron micrographs also confirmed the fact by showing numerous 

large pores on the surface and cross section of treated pulp fiber
47

. 
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Xylanase pretreatment proved to be highly efficient in increasing the pulp 

bleachability both in chlorinated and chlorine free bleaching processes. A 

combination of enzymatic, oxidative and reductive bleaching agents has been 

sequenced in a multistage bleaching process. The developed sequence XOAZRP was 

found to be very effective to gain good pulp properties of commercial value
48

. 

Reaction kinetics was explored using xylanase pretreatment and ozone as the main 

reaction variables. The kinetic studies showed that both cellulose degradation and 

delignification followed first order kinetics
49

. A remarkable increase of greater than 

90% ISO brightness has been reported by employing XHP sequence for wheat straw 

chemical pulp. Subsequent bleaching using 7.0% active chlorine in H stage and 1.0% 

hydrogen peroxide in P stage was found not only to boost the brightness but also yield 

a high fiber strength and breaking length
50

.  

Single stage hydrogen peroxide bleaching has been found not to be effective in fully 

bleaching pulp. Ge et al
51

 used xylanase to facilitate delignification and improved 

bleachability of wheat straw bio-chemimechanical pulp with a subsequent stage of 

acetic anhydride activated hydrogen peroxide bleaching. Approximately 75% ISO 

brightness was achieved with improved pulp properties
51

. Soda-anthraquinone wheat 

straw pulp treated with xylanase AU-PE89 prior to bleaching with HD sequence was 

also investigated. An increase of more than 3% ISO brightness was observed with 7.5 

U/g of xylanase. SEM analysis of the treated fiber revealed that xylanase improved 

the swelling and softening of the pulp fiber which is indicative of its enhanced 

bleachability. Also the CODCr of the bleaching effluent was reduced due to lower 

consumption of H and D bleaching agents after enzymatic pretreatment
52

.   

A number of strains have been identified time to time to extract purified enzymes for 

treating wheat straw pulp. Purified xylanase was obtained from thermophilic fungus 

Thermomyces langinosus CBS 288.54. Although bio-bleaching with xylanase was 

effective for a small improvement in pulp brightness with 28% reduction in chlorine 

consumption, tensile index and breaking length were measured to be decreased
53

. 

Wheat straw pulp has also been treated with xylanase extracted from Trichoderma 

reesei Rut-30 before and after the bleaching operations. Bleaching followed by 

xylanase treatment resulted in increased brightness, but low strength and very poor 

pulp yield as compared to pulp bleached after xylanase pretreatment was observed
54

. 
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Application of recombinant xylanase B (XynB) from hyperthermophilic Thermotoga 

maritima MSB8 for bleaching wheat straw pulp was reported for the first time by 

Jiang et al in 2006
55

. XynB treatment was found to be very selective as it hydrolyzed 

xylan of pulp while its reactivity towards pulp cellulosic content was insignificant. 

Basic pulp properties of commercial interest, namely pulp brightness and strength 

were boosted by XynB treatment while ~ 35% savings of active chlorine was also 

calculated indicating the advantage of pre-bleaching treatment. Another study 

reported the pretreatment of wheat straw pulp with xylanase enzyme produced from 

Aspergillus niger NKUC3-0.2. Subsequent bleaching in a XCEHH sequence 

improved pulp brightness and viscosity with considerable reduction in pollution load 

in terms of effluent BOD5, COD and AOX levels
56

.  

Wheat straw enriched soda pulp pretreated using endo 1, 4-β xylanase produced from 

Streptomyces cyaneus SN32 followed by hypochlorite treatment has been reported to 

yield fully bleached pulp. The results of the study showed a considerable reduction in 

kappa number with improved pulp optical and physical properties
57

. The selectivity of 

enzyme towards increased pulp bleachability and stability has been found to be 

influenced greatly by its purity. Wheat straw was pretreated with crude xylanase 

produced from Pencillium A10 and Aspergillus L22. Although the high cellulose 

activity in crude xylanase negatively influenced the pulp, a 20 to 30% reduction was 

determined in chlorine consumption charge. A xylanase stage has also been proposed 

as a substitute alkaline extraction stage in CEH bleaching sequence to yield modified 

pulp properties
58

.   

A comparative study has been carried by out Ateş et al to investigate the effect of 

enzymatic pretreatment in an elemental chlorine free bleached sequence on different 

types of wheat straw chemical pulps. Kraft-anthraquinone, bio-kraft, soda-

anthraquinone, ALCELL and FORMACELL wheat straw pulps were treated with 

Ceriporiopsis subvermispora (white rot fungi) prior to ECF bleaching. Fourier 

transform infrared spectroscopic analysis and other fiber characteristics revealed that 

kraft anthraquinone wheat straw pulp gave better, selective responses to fungal 

treatment with a considerable reduction in kappa number, higher carbohydrate 

contents and good fiber strength as compared to all other types of wheat straw 

chemical pulps
59

.  
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Studies with reference to the mechanistic effect of xylanase pretreatment on wheat 

straw pulp have also been carried out by Mathur et al in 2005. Surface xylan of straw 

pulp was found to be more hydrolyzed because of its easy accessibility by xylanase as 

compared to the xylan present in the fiber wall. If the pulp was pre-delignified with 

oxygen, xylanase pretreatment was found to be even more effective in fiber swelling 

and ultimately in enhancing pulp bleachability. Fractionation and mechanical peeling 

of straw pulp showed that besides xylan, other substrates may also be hydrolyzed with 

xylanase pretreatment which indicated that the bleachability of pulp may increase by 

more than one mechanism
60

.  

Xylanase pretreatment was reported to improve the delignification efficiency of wheat 

straw pulp with oxygen. Detailed investigations revealed OPX sequence to be more 

optimal for bleaching pulp with improved brightness and strength properties as 

compared to an OP sequence
61

. The role of xylanase to enhance pulp bleachability is 

well known, however, it has been found to reduce the yield of treated pulp by 

digesting xylan and hemicelluloses
32

,
62

. Laccase as substituent to xylanase has been 

explored and shown to effectively oxidize the phenolic-lignin structures due to its 

high redox potential. Laccase enzyme, being mostly derived from fungus, was known 

to react under acidic condition.  

Review of literature revealed that an Indian researcher, Sharma attempted to develop 

laccase from bacterial cultures that worked quite effectively under alkaline conditions 

during bio-bleaching of wheat straw rich-soda pulp. Statistical response surface 

methodology (RSM) was used to optimize the bio-bleaching conditions. A huge 

reduction in kappa number (~ 21%) was measured at optimized enzymatic dose and 

reacting conditions
62

. Wheat straw rich-soda pulp was also reported to be fully 

bleached at 10% reduced dose of hypochlorite by alklophilic laccase pretreatment
63

. 

Along with other reaction conditions, heat and light were also found to be the 

important factors which can accelerate the process of brightness reversion after 

enzymatic bleaching. Good bleaching sequences yield the pulp with better brightness 

stability
64

.   

Although enzymatic treatment carries many advantages including the increased pulp 

bleachability and low effluent load, it is not effective to fully bleach the pulp. Hence, 
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enzyme pretreated pulp involves the successive bleaching with chlorinated, ECF 

and/or TCF agents in various sequences to gain the desired brightness level. 

Environmental constraints for a better and safer tomorrow have put pressure on the 

pulp and paper industry to strive for ECF or TCF bleaching strategies. The 

environmental push is to reduce the pollution load in general and the chlorinated 

organic derivatives in particular
27

. Total chlorine free bleaching is more 

environmentally friendly compared to any other bleaching approach as it mostly 

employs oxygen based bleaching agents
3, 65

.  

A study conducted by Qiu et al described the oxygen bleaching process for soda-

anthraquinone wheat straw pulp
66

. The pulp was chelated with sulphuric acid to 

selectively protect carbohydrates during oxygen treatment by reducing the metal ions. 

The effect of different bleaching conditions was investigated with reference to 

brightness gain. Varying bleaching temperature and time during optimization 

experiments were found to be not ineffective in increasing brightness. Alkali addition 

was found to be very effective to gain a considerable increase in brightness and 

reduction in kappa number during oxygen treatment. Improved brightness and greater 

reduction in kappa number demonstrated the removal of most of the chromophoric 

lignin content
66

.  

In another study soda-anthraquinone wheat straw pulp was fully bleached using 

oxygen and hydrogen peroxide with brightness up to 80% SBD. In this trial, prior to 

bleaching pulp was pretreated with singlet oxygen at optimum conditions and a 

comparison was made with the pulp pretreated with ethylenediaminetatracetic acid in 

the presence of magnesium ions. Pretreatment of pulp with singlet oxygen resulted in 

increased viscosity, better fiber crystallinity and increased reduction in kappa number 

as compared to pulp chelated with ethylenediaminetatracetic acid. Thus making 

singlet oxygen pretreated pulp favorable for effective bleaching
67

. Soda- 

anthraquinone wheat straw pulp was also investigated for two novel total chlorine free 

(LRPP) and low chlorine (LRPH) bleaching sequences with brightness gain of greater 

than 88% SBD and strength properties better than a pulp sample bleached with a 

conventional chlorinated CEH sequence.  Only 1.0% of LR, a specific inorganic 

oxidant, was needed to reduce the kappa number greater than 57% followed by PP or 

PH bleaching stages
68

. 



17 

 

A short TCF bleaching sequence XP (here X refers to cartazyme) was studied for 

bleaching of wheat straw soda pulp. The effect of different variables i.e., enzyme 

doses, pH of reacting media, temperature and treatment time used during X stage 

were investigated on various pulp and paper properties (brightness, kappa number, 

yield, viscosity and strength properties). To select the optimal condition for each 

variable, the experimental data was processed using BMDP statistical software. The 

enzyme treated pulp bleached with hydrogen peroxide resulted in a brightness gain of 

~ 42% with kappa number reduction up to ~ 37%. A decrease in pulp yield was 

measured up to ~ 28% while burst index, stretch and breaking length were observed 

to be improved to some extent
69

.  

Wheat straw CMP was investigated for the presence of chromophoric groups in lignin 

structure. The pulp was bleached with hydrogen peroxide and its effect on removal of 

chromophoric groups was compared with unbleached straw CMP
70

. Hydrogen 

peroxide bleaching was found to be highly ineffective in de-polymerizing 

chromophoric groups in lignin structure such as phenol hydroxyl, carbonyl and 

quinine groups that ultimately yield poor bleached pulp. Wheat straw pulp has many 

structural differences compared to wood pulp and thus responds differently to lignin 

degradation and solubilization with different pulping and bleaching chemicals.  To 

determine the changes in structure and reactivity of lignin and its associated phenolic 

acid groups a study was conducted with thermomechanical (TMP) and 

chemothermomechanical (CTMP) wheat straw (Triticum aestivum) pulps bleached 

with hydrogen peroxide.  TMP, CTMP and bleached pulps were hydrolyzed with 

thioacid. The results showed that alkaline sulphonation to produce CTMP pulp and 

hydrogen peroxide bleaching partially deploymerized lignin structure, while in TMP 

pulp, no significant lignin degradation was observed
71

.  

Different oxidative and reductive bleaching chemicals have been investigated to 

bleach wheat straw alkaline peroxide mechanical pulp (APMP). Reductive bleaching 

chemicals were found not to be as effective as oxidative bleaching agents such as 

peracetic acid and peroxide in increasing the pulp brightness. Further bleaching of 

peroxide bleached pulp with ozone increased the pulp bleachability but resulted in 

poor yield
72

. Incorporation of a chelation stage during oxidative bleaching of APMP 

for printing-grade paper was found effective in brightness gain
73

. Pan et al
74

 proposed 
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a novel method to bleach high yield lignocellulosic pulp. Wheat straw mechanical 

pulp was bleached using hydrogen peroxide and/or peracetic acid (Pa), 

peroxymonosulphate (Ps) or dimethyldioxirane (DMD). Increased bleachability and 

higher pulp yield were observed by employing Pa, Ps or DMD as compared to 

bleaching mechanical straw pulp with H2O2
74

.  

In another study, wheat straw soda-anthraquinone pulp was cooked at two different 

kappa numbers
75

. Various bleaching sequences which were a combination of 

oxidative and/or reductive and/or enzymatic stages were developed to gain 80% SBD 

brightness. AP(PO), (AP-Q)P and (XQ)Pht sequences were effective to gain desired 

brightness with better viscosity for pulp with high permanganate number. Use of 

conventional conditions such as high pulp temperature during peroxide bleaching in 

acidic medium was found to be effective for considerable increase in pulp brightness. 

Similarly the use of oxygen at high pressure further boosted the brightness and 

decreased the pulp lignin by eliminating o-quinones resulting in 80% SBD brightness. 

The sequences EAPPht and APPhtY developed for low permanganate kappa number 

yielded pulp with the desired brightness level. These developed TCF bleaching 

sequences for straw pulp were proposed to be implemented by slight modification in 

auxiliary equipment in a hypochlorite bleaching plant
75

. 

Recycled fiber and wheat straw pulp have also been bleached with different non-

chlorinated agents such as formamidine sulfinic acid, hydrogen peroxide, 

tetraethylenediamine activated hydrogen peroxide (Pta) and hydrogen peroxide 

followed by formamidine sulfinic acid to study their effects on three color coordinates 

(L*- lightness/whiteness, a* - redness and b* - yellowness)
76

. All bleaching agents 

showed enhanced bleachability of recycled pulp as compared to wheat straw pulp.  As 

the L* value increased, a* was observed to decrease with the application of each 

bleaching agent while b* was found difficult to correlate as the yellowness of the pulp 

may have varied randomly with different bleaching agents and pulp species.  

Conventional hydrogen peroxide bleaching was compared with tetraethylenediamine 

activated hydrogen peroxide bleaching. All the bleaching conditions were optimized 

in different trials during the study. A considerable increase in brightness (14% ISO) 

was observed when wheat straw soda-AQ pulp was bleached using Pta as compared 
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to P bleaching
77

. Another approach to replace the use of hydrogen peroxide to gain 

good pulp brightness was proposed by Qian et al in 2002
78

. In this regard, urea 

peroxide was found to be comparatively more efficient bleaching agent than hydrogen 

peroxide
78

.   

It is well documented that different conventional chelating agents have also been used 

to stabilize the activity of hydrogen peroxide during bleaching. The feasibility of 

replacing EDTA and DTPA with novel chelating agents, such as EDTMPA and 

DTPMPA for hydrogen peroxide bleaching has also been studied. An increase in 

brightness of wheat straw pulp and a comparative cost analysis indicated the 

superiority of both novel chelants over conventional ones
79

. Similarly, combining 

acetic acid and hydrogen peroxide in one stage is reported to improve the efficiency 

of hydrogen peroxide bleaching for wheat straw CMP
80

. Various other additives such 

as zeolite and sodium citrate either singly or in combination with zeolite or opal have 

been also reported as replacement to conventional protectors of peroxide. Significant 

increase in wheat straw pulp bleachability and decrease in peroxide consumption was 

observed when sodium citrate and sodium citrate-opal were employed as bleaching 

additives as compared to peroxide bleaching without additives
81

.  

There have been attempts to develop a laboratory scale TCF pulping and bleaching 

process for wheat straw. Oxygen-alkali wheat straw pulp was prepared and bleached 

with activated hydrogen peroxide, where peroxide activation was achieved by using 

TAED and acetic anhydride. All the bleaching conditions and aids were optimized for 

the study and a maximum brightness of about 75% ISO was reported by employing 

P1P2A bleach sequence [where P1 refers to 5% P, 6.0% TAED and 3.0% acetic 

anhydride; P2 refers to 4% P, 4% TAED and 2.0% acetic anhydride and A represents 

2.0% H2SO4]. Comparison with conventionally cooked soda-AQ wheat straw and 

CEH bleached pulp showed improved strength properties of TCF cooked and 

bleached pulp
82

.   

A comparative study was conducted to analyze the reaction and economic feasibility 

of stabilizers used to bleach wheat straw pulp with hydrogen peroxide. Layer 

crystalline sodium silicate was found to be more efficient bleaching stabilizer as 

compared to sodium silicate in terms of increased pulp brightness and savings on 
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stabilizer dosage. A slight improvement in brightness was observed by adding a small 

amount of MgSO4 with layer crystalline sodium silicate stabilizer during bleaching 

operation
83

. Another study explored the feasibility of modified opal as a stabilizer in 

hydrogen peroxide bleaching. Greater than 3.0% ISO brightness was observed when 

sodium silicate was replaced with modified opal as a stabilizer. Similar to the studies 

reported previously
83

, addition of a small amount of MgSO4 (0.05%) with modified 

opal stabilizer further increased the brightness of pulp by 1 unit
84

.   

The use of hydrogen peroxide for pulp bleaching has been extensively explored for 

different pulp varieties under different conditions. Huang et al
85

 has developed single 

stage hydrogen peroxide bleaching to gain ~ 80.0% ISO brightness by using high 

temperature and pressure for wheat straw pulp
85

.  Bleachability of hydrogen peroxide 

at pressurized temperature (Ppt) was studied on soda oxygen wheat straw pulp. 

Greater than 86% lignin was removed with optimum Ppt. Pulp brightness up to 80% 

SBD with improved degree of polymerization was measured during OQPpt and 

OAPpt bleaching operations
86

. Brightness greater than 84% ISO was achieved by pre-

treating alkaline sulphite-anthraquinone wheat straw pulp with xylanase followed by 

hydrogen peroxide bleaching at pressurized high temperature
87

.  

A detailed investigation into the chemistry of conventional peroxide bleaching 

revealed that certain non-lignin chromophoric groups, such as ferulic acid, present in 

wheat straw may be a limitation to fully bleach the pulp with hydrogen peroxide. The 

use of peroxymonosulphate (PMS) or dimethyldioxirane (DMD) with hydrogen 

peroxide were reported to significantly improve the straw pulp brightness by 

increased reactivity of PMS or DMD with peroxide-resistant ferulic acid derivatives 

during bleaching
88

. But the selectivity of the bleaching reactions on pulp system may 

vary with the reaction conditions such as temperature and pressure etc. 

Wheat straw kraft pulp has been pretreated with acid (A) and chelating agent (Q) to 

enhance the bleaching efficiency of various TCF agents. A 60.0% reduction in kappa 

number was measured after A and Q treatment. Various bleaching sequences were 

then developed for the A and Q pretreated pulp including the application of alkaline 

extraction, hydrosulphite and/or ozone bleaching in the presence of hydrogen 

peroxide (Zp). Zp was found to be very efficient to delignify the pulp. The four 
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bleaching processes ZpP, ZpY, ZpEPY and ZpEYP developed were successful in 

achieving brightness > 80% SBD
5
.  The literature revealed that ozone is an efficient 

delignifying and brightening agent. Wang et al
89

 reported a 3.0% charge of ozone on 

o.d. wheat straw pulp to be optimal for 65% reduction in kappa number. However, 

ozone treatment showed a significant drop in pulp viscosity which is indicative of a 

huge loss in pulp fiber strength. To achieve the brightness of pulp greater than 80%, 

subsequent bleaching with hydrogen peroxide was shown to be highly effective
89

.   

Oxidative TCF bleaching sequences such as OOpZP and ZOOpP were developed for 

auto-catalyzed ethanol cooked wheat straw pulp. The bleached pulp brightness was 

measured to be greater than 80% SBD with comparable pulp fiber strength
90

. In 

another TCF sequence OpQP, hydrogen peroxide reinforced oxygen delignification 

(Op) was studied for wheat straw soda-anthraquinone pulp. The results revealed that 

Op increased the selectivity of the delignification process by improving bleachability 

and brightness stability of pulp whereas the fiber strength was reported to be slightly 

reduced
91

. For wheat straw soda-anthraquinone pulp OQ(OP) or OQ(OP)P bleaching 

sequences have also been investigated. To achieve brightness greater than 80% ISO 

drastic reaction conditions (increased doses of bleaching agent, alkali, high 

temperature and bleaching time) were used for both O and P stages. It was observed 

that loss in pulp strength and effluent load was considerably smaller
92

.  In another 

study the same TCF bleaching sequences were investigated for AS/AQ wheat straw 

pulp. Greater than 80% ISO brightness was achieved with improved tear strength, 

with small loses in burst and tensile strength of bleached handsheets
4
.  

For all the different bleaching sequences reported in the literature above whether 

chlorinated, elemental chlorine free, enzymatic or total chlorine free discharges they 

discharge a considerable effluent load in to the environment with varying composition 

and characteristics. Although the chemical composition of the effluent from a pulp 

and paper mill is still not completely understood, there are many parameters used to 

characterize the effluent e.g., pH, color, total suspended solids, biological oxygen 

demand, chemical oxygen demand, and adsorbable organic halogens etc. The toxicity 

characteristics of the effluents may vary with the processes and material being 

processed within a pulp and paper mill.   
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A study on TCF bleaching process revealed that employment of OQPO sequence for 

wheat straw pulp enabled discharge of bleaching effluent with zero AOX level. It was 

also proposed that bleachery effluent may be reused during pulping and washing 

stages. Hence, fresh water consumption and wastewater generation from the pulp and 

paper mill would be reduced
93

. Effluents from wheat and rye straw pulp and paper 

mills were investigated for their bleaching effluent genotoxicity. In vivo genotoxicity 

tests e.g., micronuclei and sister chromatid exchanges, were performed in mussels 

(Mytilus endulis) and fish (Nothobranchius rachowi) respectively. Genotoxins were 

determined in both type of effluents i.e., chlorine dioxide bleaching and combined 

(pulping and bleaching. Extended studies revealed that genotoxicity may also be 

induced by non-chlorinated chemicals used during pulping operations
94

.  

Various techniques were evaluated for the treatment of black liquor and mixed waste 

water during different pulping, washing, screening and bleaching processes. For 

treatment of black liquor a conventional alkaline recovery process was reported to be 

the best technique; while biological treatment techniques were found better than 

physico-chemical processes for reducing BOD5 of mixed effluents other than black 

liquor
95

. In another study cartazyme pretreated wheat straw soda pulp was bleached 

with oxygen to investigate the effect of different bleaching variables on black liquor. 

Various effluent parameters (colour, pH, COD, BOD, TOC, TS and TVS) were 

studied at varying bleaching conditions of temperature, time and soda concentration to 

estimate the pollution load of black liquor. Oxygen bleaching at mild experimental 

conditions was found to be the best for generating low polluting black liquor with 

high pulp yield and comparable viscosity and strength of resultant pulp
96

. 

A slight modification was proposed by Zhao et al in conventional CEH bleaching 

sequence for wheat straw. Besides an improvement in pulp brightness and brightness 

stability, addition of hydrogen peroxide during the hypochlorite stage was also found 

to considerably reduce CODCr of the bleaching effluent
97

. A study reported a 

comparison of chlorinated (CEH) and TCF (OQP) bleaching sequences for non-wood 

pulp varieties including wheat straw, reed and bagasse soda-AQ pulps. Although, the 

ISO % brightness with OQP was slightly less than the CEH bleached pulp, the 

brightness stability, viscosity and strength were better with the OQP sequence. Both 

sequences yielded greater than 80% ISO. The greater advantage of the reported OQP 
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sequence was a much reduced level of bleaching effluent load in terms of CODCr, 

BOD5 and SS. Also the effluents containing solublized lignin fragments discharged 

after oxygen bleaching were proposed to be recovered by an alkaline recovery 

process
98

. 

Besides COD, BOD and color, AOX (adsorbable organic halogens) generation is also 

a major concern for pulp and paper industries. Bleach effluent of soda wheat straw 

pulp, oxygen delignified wheat straw pulp and pulp types of bagasse, sarkanda and 

mixed wood were investigated and a 20% to 30% reduction in the effluents’ AOX 

level was measured
99

.  To reduce the AOX level of bleach effluent, mixed agro pulp 

(wheat straw and sarkanda pulp) bleached with CEHH sequence were pretreated with 

enzyme. The enzyme application reduced the load of AOX in the final effluent by 

reducing the demand of chlorine during bleaching processes
100

. Penicillium 

camemberti was employed for the decolorization and dehalogenation of wheat straw-

based CEH bleach plant effluents. Under non-shaking conditions, 2.0 g.L
-1

 acetate 

concentration removed 84% color and 65% AOX level of effluent in a 10 days batch 

test. The batches ran in a shaking flask, containing Tween 80 under the same 

experimental conditions, resulted in 79% and 60% removal in color and AOX level of 

effluent respectively
101

. 

Another comprehensive study to remove the pollutant from bleach plant effluents of 

wheat straw pulp employed the iron chip micro-electrolysis-coagulation process. The 

process involved the addition of iron chips into wastewater. The microelectrolysis 

reaction was carried out at an initial effluent pH of 5.2 with aeration. After 20 

minutes, the pH of the reaction media was adjusted to 9.3 to start coagulation of the 

sediment. The resultant effluent showed transparency with up to 99% removal of the 

chromophoric content, while CODcr load reduced to ~ 68% of its original level. 

Comparative analysis of UV absorption graphs of untreated and micro-electrolyzed 

pulp further proved the loss of chromaticity by showing the decreased intensity and 

range of spectrum due to the loss of conjugated double bonds and six carbon rings in 

the treated effluent
102

.  

A photocatalytic system was studied at laboratory scale for the detoxification of spent 

bleach liquor (SBL) discharged during bleaching and washing of wheat straw pulp. A 
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heterogeneous photocatalytic system comprising of titanium dioxide and zinc oxide 

was used under ultraviolet/solar irradiation to access the pollutant degradation in 

terms of BOD and COD reduction. The system was found to be quite feasible for 

effective degradation of organic matter and economic savings
103

.   

The application of enzymes for bleaching of pulp has received significant attention in 

the last few decades
104, 105

. Biological oxygen demand and chemical oxygen demand 

of hydrogen peroxide and CEH bleach effluents were also reported to be reduced 

considerably by the application of xylanase produced from Pencillium sp. ZCF57 on 

wheat straw chemical pulp. Approximately 13% and 17% reduction in BOD and COD 

load was determined respectively when xylanase was applied before hydrogen 

peroxide bleaching while greater than 50% COD and  20% AOX load on bleach 

effluent was reported for xylanase treatment followed by CEH bleaching. Like all 

other previous studies reported above, the reason for the reduction of pollution load of 

effluent was the reduced consumption of bleaching agents after enzymatic 

application
106

.  

Pakistan is among the few countries of the world which pulps agricultural residues 

along with waste paper and wood chips to manufacture paper products. More than 

sixty industrial units of varying production capacity are operational around the 

country, and most of them discharge their effluents into environmental waters without 

proper treatment. Hence, toxic and persistent organic pollutants are added to these 

environmental waters.  These ultimately poses a threat to the surrounding 

ecosystem
107, 108

.  Hydrogen peroxide is being used to bleach the pulp to a small 

extent, but the major practices around the country involve the use of chlorine and 

hypochlorite bleaching processes. Such chlorinated bleaching processes are known to 

generate adsorbable organic halides in the effluent system usually on reaction with 

solublized fragments of pulp lignin and extractives, and considered to be 

environmental hazards
108

. Also the pulp quality deterioration e.g., loss in pulp 

viscosity, strength and brightness stability etc. during hypochlorite bleaching are the 

key issues of concern and form the basis of the present work. Hence, the present study 

was conducted with the aim to reduce the toxicity level of effluent by employing eco-

friendly total chlorine free agents in novel bleaching sequences without any 

compromise on pulp and paper characteristics of commercial interest.   
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Chapter 3 

EXPERIMENTAL 

The present chapter provides details on the development of environmentally benign 

total chlorine free bleaching sequences for alkaline sulphite anthraquinone wheat 

straw pulp bleached by using different oxidative and/or reductive reagents. The work 

was carried out in the laboratories of Lahore College for Women University and 

Research, Development and Control Section of Packages Limited (Paper and board 

Mill) Pakistan. For some of the bleaching trails and testing, alkaline sulphite 

anthraquinone wheat straw pulp was shipped to School of Chemistry, University of 

Tasmania, Australia. Laboratory and library facilities at Norske Skog (Paper Mill, 

Boyer) Australia were also utilized for some of the testing procedures.  

3.1 Pulping and Screening of AS/AQ Wheat Straw Pulp 

Alkaline sulphite-anthraquinone (AS/AQ) wheat straw pulp was prepared in the R, D 

& C section of Packages Limited (Pulp and Paper Mill), Pakistan, under strict 

laboratory conditions. To prepare the AS/AQ pulp, the same cooking recipe and 

conditions were used as in the Pulping Unit of the mill. Raw material was fed into a 

closed loop revolving digester followed by the addition of cooking liquor under the 

reaction conditions presented in Table 3.1.  

Table 3.1 Pulping conditions to prepare AS/AQ wheat straw pulp 

Cooking Liquor & Conditions Value 

sodium sulphite  14.0% on o.d.p. 

Anthraquinone 0.05% on o.d.p. 

Surfactant 0.025% on o.d.p. 

Pressure 145-165 psi 

Cooking Temperature 180-185°C 

Cooking Time 45 minutes 

 

The AS/AQ wheat straw pulp sample (brown stock) prepared in bulk (500.0 g o.d.p. 

in each run) was passed through the pulp washer fitted with # 40 mesh stainless steel 
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screen to wash and separate the pulp from uncooked fibrous material/knots.  As a next 

step, the pulp was transferred into the laboratory defibrator where the pulp was 

disintegrated at 3000 rpm for 30.0 seconds.  The cooked and disintegrated pulp was 

then screened through a 0.15 mm slotted screen to reduce the shives as much as 

possible. The screened pulp was dewatered by pressing to a high fiber consistency (> 

35%) with a mechanical press. The pulp was then stored at 4°C in polyethylene zip-

lock plastic bags until further experimentation.  

Various optical properties (brightness and yellowness), physical properties (burst, tear 

and tensile indices) and chemical properties (kappa number, CED viscosity, 

hexenuronic acid, hemicelluloses, alpha celluloses and acid insoluble lignin) of 

AS/AQ wheat straw pulp were studied before the start of the bleaching trials.  

3.2 Determination of Metal Content 

Prior to bleaching, AS/AQ wheat straw pulp was analyzed for its metal content using 

a flame atomic absorption spectrometer. 10.0 g AS/AQ wheat straw pulp was dried 

and ashed in a muffle furnace at 550°C for 30 minutes. To the ash, 5.0 ml of 6 M 

hydrochloric acid was added and the mixture was evaporated to dryness on a hotplate. 

The residue was treated with another 5.0 ml of 6 M hydrochloric acid and evaporated 

to dryness. The remaining residue was then heated for 5 minutes with another portion 

of 5.0 ml of 6 M hydrochloric acid. To ensure the complete transfer, another 5.0 ml of 

6 M hydrochloric acid was added to any residue left in the dish, heated and transferred 

to the above acidic extract.  It was then cooled and diluted with deionized water. The 

solution was stirred vigorously, heated for 15 minutes and then filtered through 

millipore filter paper (0.2 µm pore size). The filtrate was diluted to 100.0 ml with 

deionized water. 

A set of calibration solutions of Fe (10.0 – 150.0 ppm), Mn (5.0 – 50.0 ppm) and Cu 

(1.0 – 10.0 ppm) were prepared by appropriate dilution with deionized water of an 

acidified standard solution of each metal. A blank solution, prepared by using 

acidified deionized water, was used to zero the instrument. The optical setup, gases 

and their flow rates for the  transition metals analyzed in the AS/AQ wheat straw pulp 

extract are presented in Table 3.2
109.
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Table 3.2 Sample run conditions on FAAS 

Metal Primary Wavelength 

(nm) 

Flame Type Gas Flow 

(L/min.) 

Fe 248.3 Air/Acetylene 3.2 

Mn 279.5 Air/Acetylene 1.5 

Cu 324.8 Air/Acetylene 1.2 

 

Both the calibration and extracted sample solutions were aspirated into the flame of 

the atomic absorption instrument and the absorbance values were measured for each 

set of solutions. Calibration graphs were generated using the absorbance data of the 

calibration standards of each metal. The concentration of each metal in AS/AQ wheat 

straw sample extract was calculated by referring to the regression equation derived 

from the calibration standards. 

3.3 Removal of Metal Ions 

Two different methods were used to reduce the metal content.  

• Acidification 

• Chelation  

3.3.1 Acidification (A) 

30.0 g of oven dried AS/AQ wheat straw unbleached pulp was treated with different 

volumes of 4N H2SO4 (0.5 - 2.0% on o.d. pulp) at 10.0% consistency. The reaction 

mixture was thoroughly mixed to gain efficient distribution of the acid within the 

pulp. The reaction was then continued for 30 minutes at room temperature (25°C ±1).  

After acidification, the pulp sample was washed on a # 200 mesh screen with 

deionized water to neutral pH for the removal of solublized metals. The acidified pulp 

was dewatered with a mechanical press to high fiber consistency (> 25.0%) and stored 

at 4°C in plastic bag until further testing and experimentation. 

The effect of different reaction parameters, namely consistency (3.0% - 15.0%), 

temperature (25°C±1 – 75°C±1) and acidification time (10.0 min. ± 2 - 30.0 min. ± 2), 

were investigated with the aim of achieving a low metal concentration in the pulp and 
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to determine the optimal reaction parameters for acidification. The details of the 

acidification liquor and reaction conditions for each set of experimental trials using 

variable parameters are presented in Table 3.3 

Table 3.3 Sequential trials for optimization of acidification stage 

Serial No. Acidification Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials 

1 

• o.d. Pulp 

• Consistency 

• Temperature 

• Time 

30.0 g 

10.0% 

25 ± 1 °C  

30 ± 2 min. 

Acid (4N H2SO4 % on o.d.p.) 

0.0 0.5 1.0 1.5 2.0 

 

              Deciding optimal acid dose (A) for the next trials  

 

2 

• o.d. Pulp 

• Acid 

• Temperature 

• Time 

30.0 g 

A% on o.d.p. 

25 ± 1 °C  

30 ± 2 min. 

Consistency (%) 

3.0 5.0 10.0 15.0 

 

            Deciding optimal consistency (C) for the next trials  

 

3 

• o.d. Pulp 

• Acid 

• Consistency 

• Time 

30.0 g 

A% on o.d.p. 

C% 

30 ± 2 min. 

Temperature ± 1 (°C) 

RT  

(25±1) 
45 55 65 75 

 

              Deciding optimal temperature (T) for the next trials  

 

4 

• o.d. Pulp 

• Acid 

• Consistency 

• Temperature  

30.0 g 

A% on o.d.p. 

C% 

T °C 

Time (minutes) 

10 ± 2 20 ± 2 30 ± 2 

 

 Deciding optimal time (t)  

 

 

 

ACIDIFICATION OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE BLEACHING 

 

 

The purpose of acidification is to remove the metal content of the wheat straw pulp as 

much as possible without deteriorating pulp properties, therefore, the optimal 

acidification dose and conditions were selected on the basis of metal removal (%), 

brightness (% ISO) and pulp strength.  
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3.3.2 Chelation (Q) 

For chelation, AS/AQ wheat straw unbleached pulp sample was treated with EDTA 

solution in a zip-lock polyethylene bag. The reaction mixture was thoroughly mixed 

to gain efficient distribution of EDTA solution with the pulp fiber. A detailed 

sequential procedure for the different chelation trials is presented in table 3.4   

Table 3.4 Sequential trials for optimization of chelation stage 

Serial No. Chelating Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials 

1 

• o.d. Pulp 

• Consistency 

• Temperature 

• Time 

30.0 g 

3.0% 

60 °C 

30 ± 2 min. 

EDTA (% on o.d.p.) 

0.5 1.0 1.5 

 

              Deciding optimal EDTA dose (Q) for the next trials  

 

2 

• o.d. Pulp 

• EDTA 

• Temperature 

• Time 

30.0 g 

Q% on o.d.p. 

60 °C 

30 ± 2 min. 

Consistency (%) 

1.0 2.0 3.0 4.0 

 

            Deciding optimal consistency (C) for the next trials  

 

3 

• o.d. Pulp 

• EDTA 

• Consistency 

• Time 

30.0 g 

Q% on o.d.p. 

C% 

30 ± 2 min. 

Temperature ± 1 (°C) 

50 60 70 80 90 

 

              Deciding optimal temperature (T) for the next trials  

 

4 

• o.d. Pulp 

• EDTA 

• Consistency 

• Temperature  

30.0 g 

Q% on o.d.p. 

C% 

T °C 

Time (minutes) 

30 ± 2 60 ± 2 120 ± 2 

 

 Deciding optimal time (t)  

 

 

 

CHELATION OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE BLEACHING 

 

 

After each chelation trial, the sample was cooled and washed with deionized water to 

neutral pH on a # 200 mesh screen, dewatered with mechanical press to high fiber 

consistency (> 30.0%) and stored at 4°C in plastic bag until further experimentation. 
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3.4 Delignification of Wheat Straw Pulp 

For the purpose of lignin removal, 500.0 g o. d. acid treated AS/AQ wheat straw pulp 

was fluffed using a pulp disintegrator. 0.3% aqueous solution of MgCO3 on o.d. pulp 

was added and mixed, followed by the addition and homogenous mixing of 2.0% 

aqueous solution of NaOH on o.d. pulp. The pulp slurry was maintained at 10.0% 

consistency. Oxygen was fed into the closed loop rotating digester, containing pulp 

and delignifying liquor, at 70-75 psi gauge pressure; and the process was then 

continued for 90 minutes at 80°C with clockwise rotation of the digester for effective 

distribution of the reacting species on the pulp fiber. At the end of reaction, digester 

was switched off, steam was released and distilled water was added to stop further 

reaction.  

The delignified AS/AQ wheat straw pulp was transferred into the pulp washer fitted 

with # 200 mesh screen to wash the pulp thoroughly with distilled water and to 

remove the depolymerized fragments of lignin and other soluble pulp fraction (Fig. 

3.1). The sample was then dewatered at high fiber consistency (> 30.0%) and stored at 

4°C in plastic bags for testing and further experimentation.  To determine the optimal 

conditions for the delignification stage, the reaction variables, consistency (5.0% - 

15%), oxygen gauge pressure (70-100 psi), temperature (60-120°C) and reaction 

times (30 min. - 120 min.) and sequence of addition of delignifying aids were 

investigated (Table 3.5).  
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Table 3.5 Sequential trials for optimization of oxygen delignification stage 

Serial No. Bleach Liquor & Reaction Conditions Variable Parameter for Optimization Trials 

1 

• o.d. Pulp 

• NaOH 

• MgCO3 

• Consistency 

• Temperature 

• Time 

500.0 g 

2.0% on o.d.p. 

0.3% on o.d.p. 

10.0% 

100 °C 

60 min. 

O2 Gauge Pressure (psi) 

75 100 

 

              Deciding optimal pressure (P) primarily on the basis of delignified pulp properties 

 

2 

• o.d. Pulp 

• NaOH 

• Consistency 

• Temperature 

• Time 

• O2 Gauge Pressure 

500.0 g 

2.0% on o.d.p. 

10.0% 

100 °C 

60 min. 

P psi 

Using different bleaching aids 

0.3 % MgCO3 on 

o.d.p. 

0.3 % MgSO4 on  

o.d.p.  

 

              Deciding optimal bleaching aid (M) primarily on the basis delignified pulp properties 

 

3 

• o.d. Pulp 

• NaOH 

• M (MgCO3/ MgSO4) 

• Consistency 

• Time 

• O2 Gauge Pressure 

500.0 g 

2.0% on o.d.p. 

0.3% on o.d.p. 

10.0% 

60 min. 

P psi 

Temperature (°C) 

60 80 100 120 

               

       Deciding optimal bleaching temperature (T) primarily on the basis of delignified pulp properties 

 

4 

• o.d. Pulp 

• NaOH 

• M (MgCO3/ MgSO4) 

• Consistency 

• Temperature 

• O2 Gauge Pressure 

500.0 g 

2.0% on o.d.p. 

0.3% on o.d.p. 

10.0% 

T °C 

P psi 

Time (minutes) 

30 60 120 

               

Deciding optimal bleaching time (t) primarily on the basis of delignified pulp properties 

 

5 

• o.d. Pulp 

• NaOH 

• M (MgCO3/ MgSO4) 

• Consistency 

• Temperature 

• Time 

• O2 Gauge Pressure 

500.0 g 

2.0% on o.d.p. 

0.3% on o.d.p. 

10.0% 

T °C 

t min. 

P psi 

Sequence of addition of delignifying aids 

• S1 – addition of MgCO3 followed by NaOH 

• S2 –combined addition of MgCO3 and  

NaOH  

• S3 – addition of NaOH followed by MgCO3 

 

 

              Deciding sequence of addition (S) on the basis of delignified pulp properties 

 

 

 

DELIGNIFICATION OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE BLEACHING 
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3.5 TCF Bleaching of Wheat Straw Pulp 

Different oxidative and reductive TCF bleaching agents i.e., oxone (Ox), hydrogen 

peroxide (P) and sodium dithionite (Y)) were employed for AO treated pulp at 

varying conditions of temperature, time, consistency and chemical doses. Each 

bleaching trial was carried out in polyethylene zip lock bags kept in a temperature 

controlled pre-heated water bath set at certain specified reaction conditions mentioned 

in table 3.6, 3.7 & 3.8).  

After each trial, the pulp was thoroughly washed using # 200 mesh screen with 

distilled water to neutral pH. The sample was then dewatered at high fiber consistency 

~ 20 - 25%. Handsheets of bleached pulp were prepared with a sheet former. Pulp and 

handsheets’ samples were used for testing various pulp and paper properties to decide 

the optimal reaction parameter to proceed to the next bleaching trial.  

Residual peroxide discharged at the end of each hydrogen peroxide bleaching trial 

(Table 3.7) was determined by titration against sodium thiosulphate solution 

(Appendix I). 

3.6 Designing Optimal TCF Bleaching Sequences 

Different bleaching agents used during the study were investigated in various 

sequences of bleaching stages to achieve brightness > 80% ISO with good pulp 

properties. Alkaline extraction stage (E) was also incorporated in a TCF bleach 

sequence to investigate its effect in removal of depolymerized fragments of pulp 

lignin. Like all other stages, reaction variables were also optimized for the alkaline 

extraction stage (Table 3.9). The optimized stages were then investigated in various 

bleaching sequences (Scheme 4.5). 
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Table 3.6 Sequential bleach trials for optimization of oxone stage 

Serial 

No. 

Bleach Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials  

1 

• o.d. Pulp  

• NaOH 

• Consistency 

• Temperature 

• Time 

30.0 g 

5.0% 

10.0% 

75 °C 

30.0 min. 

Oxone (% on o.d.p.) 

3.0 5.0 7.0 10.0 

 

             Deciding optimal oxone dose (Ox) for the next trials primarily on the basis of brightness % ISO 

 

2 

• o.d. Pulp 

• Oxone  

• Consistency 

• Temperature 

• Time 

30.0 g 

Ox% on o.d.p. 

10.0% 

75 °C 

30.0 min.   

NaOH (% on o.d.p.) 

0.0 0.1 0.5 1.0 1.5 3.0 5.0 7.0 10.0 

 

            Deciding optimal Alkali dose (E) for the next trials primarily on the basis of brightness % ISO 

 

3 

• o.d. Pulp 

• Oxone 

• NaOH  

• Temperature 

• Time 

30.0 g 

Ox% on o.d.p. 

E% on o.d.p. 

75 °C 

30.0 min.   

Consistency (%) 

5.0 10.0 15.0 20.0 25.0 

 

            Deciding optimal consistency (C) for the next trials primarily on the basis of brightness % ISO 

 

4 

• o.d. Pulp 

• Oxone 

• NaOH  

• Consistency 

• Time 

30.0 g 

Ox% on o.d.p. 

E% on o.d.p. 

C% 

30.0 min.   

Temperature (°C) 

AT* 45 55 65 75 85 

 

              Deciding optimal temperature (T) for the next trials primarily on the basis of brightness % ISO 

 

5 

• o.d. Pulp 

• Oxone 

• NaOH  

• Consistency 

• Temperature 

30.0 g 

Ox% on o.d.p. 

E% on o.d.p. 

C% 

T (°C).   

Time (minutes) 

15.0 30.0 60.0 120.0 180.0 

 

            Deciding optimal time (t) for the next trials primarily on the basis of brightness % ISO 

 

 

 

OXONE BLEACHING OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE BLEACHING 

 

*AT is ambient temperature, 25°C 
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Table 3.7 Sequential trials for optimization of hydrogen peroxide stage 

Serial 

No. 

Bleach Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials 

1 

• o.d. Pulp  

• Consistency 

• NaOH 

• Stabilizer U 

• Temperature 

• Time 

30.0 g 

10.0% 

1.5 

0.1% 

90 °C 

60.0 min. 

Hydrogen peroxide (% on o.d.p.) 

1.0 2.0 3.0 4.0 5.0 7.0 10.0 

 

             Deciding optimal hydrogen peroxide dose (P) for the next trials  

 

2 

• o.d. Pulp  

• Consistency 

• H2O2 

• Stabilizer U 

• Temperature 

• Time 

30.0 g 

10.0% 

P% on o.d.p. 

0.1% 

90 °C 

60.0 min. 

NaOH (% on o.d.p.) 

0.0 0.5 1.5 3.0 5.0 7.0 

 

Deciding optimal Alkali dose (E) for the next trials 

 

3 

• o.d. Pulp  

• Consistency 

• H2O2 

• NaOH 

• Temperature 

• Time 

30.0 g 

10.0% 

P% on o.d.p. 

E% on o.d.p. 

90 °C 

60.0 min. 

 

Stabilizer U (% on o.d.p.) 

 

0.0 0.1 0.5 

 

Deciding optimal Stabilizer U % (Su) for the next trials 

4 

• o.d. Pulp  

• H2O2 

• NaOH 

• Stabilizer U 

• Temperature 

• Time 

30.0 g 

P% on o.d.p. 

E% on o.d.p. 

 Su% on o.d.p. 

90 °C 

60.0 min. 

Consistency (%) 

5.0 10.0 15.0 20.0 

 

            Deciding optimal consistency (C) for the next trials  

 

5 

• o.d. Pulp 

• Consistency  

• H2O2 

• NaOH 

• Stabilizer U 

• Time 

30.0 g 

C%  

P% on o.d.p. 

E% on o.d.p. 

Su% on o.d.p. 

60.0 min. 

Temperature (°C) 

50 60 70 80 90 95 

 

              Deciding optimal temperature (T) for the next trials  
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6 

• o.d. Pulp 

• Consistency  

• H2O2 

• NaOH 

• Stabilizer U 

• Temperature 

30.0 g 

C%  

P% on o.d.p. 

E% on o.d.p. 

 Su% on o.d.p. 

T (°C).   

Time (minutes) 

15 30 60 120 180 240 

 

            Deciding optimal time (t) for the next trials  

 

7‡ 

• o.d. Pulp  

• Consistency 

• H2O2 

• NaOH 

• Temperature 

• Time 

30.0 g 

C%  

P% on o.d.p. 

E% on o.d.p. 

T (°C).   

t  min. 

DTPA (% on o.d.p.) 

0.2 0.5 

            

             Deciding optimal DTPA % for the next trials  

 

 

 

HYDROGEN PEROXIDE BLEACHING OF PULP AT OPTIMIZED CONDITIONS FOR NEXT 

STAGE BLEACHING 

 

 
‡DTPA was optimized for bleaching trials carried out at UTAS 
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Table 3.8 Sequential trials for optimization of dithionite stage 

Serial 

No. 

Bleach Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials 

1 

• o.d. Pulp  

• Consistency 

• Temperature 

• Time 

30.0 g 

5.0  

70 °C 

60.0 min. 

Sodium dithionite (% on o.d.p.) 

0.2 0.6 1.0 

 

            Deciding optimal dithionite dose (Y) for the next trials  

 

2 

• o.d. Pulp  

• dithionite 

• Temperature 

• Time 

30.0 g 

Y% on o.d.p 

70 °C 

60.0 min. 

Consistency (%) 

1.0 3.0 5.0 

 

            Deciding optimal consistency (C) for the next trials  

 

4 

• o.d. Pulp  

• dithionite 

• Consistency 

• Time 

30.0 g 

Y% on o.d.p 

C%  

60.0 min. 

Temperature (°C) 

50 60 70 80 90 

 

              Deciding optimal temperature (T) for the next trials  

 

5 

• o.d. Pulp  

• dithionite 

• Consistency 

• Temperature 

30.0 g 

Y% on o.d.p 

C%  

T °C 

Time (minutes) 

15 30 60 

 

            Deciding optimal time (t) for the next trials  

 

 

 

DITHIONITE TREATMENT OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE 

BLEACHING 
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Table 3.9 Sequential trials for optimization of alkaline extraction Stage 

Serial 

No. 

Bleach Liquor & Reaction 

Conditions 

Variable Parameter for Optimization Trials 

1 

• o.d. Pulp  

• Consistency 

• Temperature 

• Time 

30.0 g 

10.0  

50 °C 

60.0 min. 

NaOH (% on o.d.p.) 

1.0 3.0 5.0 

 

            Deciding optimal alkali % (E) for the next trials  

 

2 

• o.d. Pulp  

• NaOH 

• Temperature 

• Time 

30.0 g 

E% on o.d.p 

50 °C 

60.0 min. 

Consistency (%) 

5.0 10.0 15.0 

 

            Deciding optimal consistency (C) for the next trials  

 

4 

• o.d. Pulp  

• NaOH 

• Consistency 

• Time 

30.0 g 

E% on o.d.p 

C%  

60.0 min. 

Temperature (°C) 

50 60 70 80 90 

 

              Deciding optimal temperature (T) for the next trials  

 

5 

• o.d. Pulp  

• NaOH 

• Consistency 

• Temperature 

30.0 g 

E% on o.d.p 

C%  

T °C 

Time (minutes) 

30 60 120 180 

 

            Deciding optimal time (t) for the next trials  

 

 

 

ALKALINE EXTRACTION OF PULP AT OPTIMIZED CONDITIONS FOR NEXT STAGE 

BLEACHING 
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3.7 Study of Pulp and Paper Properties 

3.7.1 Formation of Handsheets 

For the study of various properties of bleached AS/AQ wheat straw pulp, hand sheets 

were prepared by conventional sheet former TAPPI method
110

 which involved the 

following steps: 

• Disintegration of pulp samples 

• Sheet-making 

• Blotting and pressing of hand sheet 

• Drying and calendaring of hand sheet 

3.7.2 Optical, Physical and Chemical Properties  

Prior to any testing, handsheets were conditioned for 24 hrs. Bleached pulp properties 

were tested by using standard TAPPI and ISO methods (Table 3.10). 

Table 3.10 Standard methods used for testing pulp or handsheets 

Tests International Standard Method References 

Optical Properties  

Brightness (% ISO) T 452 om-98 [
111

] 

Yellowness (%) T 1216 sp-98 [
112

] 

Opacity (%) ISO 2471: 1998 [
113

] 

Color (CIE L*, a* & b*) T 527 om-07 [
114

] 

K & S coefficients T 1214 sp-07 [
115

] 

Physical Properties  

Burst Index (KPa.m
2
.g

-1
) T 403 om-97 [

116
] 

Tear Index (mN.m
2
.g

-1
) ISO 1974: 1990 (E) [

117
] 

Tensile Index (Nm.g
-1

) ISO 1924-2: 1994 (E) [
118

] 

Yield (%) T 210 om-93 [
119

] 

Chemical Properties  

Kappa Number T 236 cm-85 [
120

] 

CED Viscosity (cP) T 230 om-94 [
121

] 

α-Cellulose (%) T 203 cm-99 [
122

] 

Acid Insoluble Lignin (%) T222 om-98 [
123

] 
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3.7.3 Other Pulp Properties 

3.7.3.1 Induced Ageing of Pulp 

3.7.3.1.1 Determination of Brightness Reversion (%): Brightness reversion (%) 

was determined by accelerated aging the pulp sample at 105°C in an oven for 72 hrs. 

± 10.0 minutes
124

. Reversion percent was then calculated by comparing the average 

brightness results before and after the dry heat treatment in the oven. 

3.7.3.1.2 Color Stripping Index (CSI): To evaluate the post aged bleaching 

effectiveness, CSI was determined. CSI is based on three color coordinates (L*-

lightness, a*-redness-green and b*-yellowness to blueness). Tristimulus values of 

hand sheet were determined using an Elrepho 2000 spectrometer and CSI was then 

calculated using Equations 3.1 – 3.8: 

    [eq. 3.1] 

 

[eq. 3.2] 

 

[eq. 3.3] 

 

[eq. 3.4] 

 

[eq. 3.5] 

 

[eq. 3.6] 

 

 

[eq. 3.7] 

 

[eq. 3.8] 

 
 

 

Where 

Un – Unbleached AS/AQ wheat straw pulp 

CSI1 – CSI of bleached pulp 

CSI2 – CSI of aged pulp 

CSI – Combined effect of bleaching and ageing 
 

3.7.3.1.3 Post Color Number (PC): The quantitative effects of thermal 

treatment (105°C) on chromophoric generation at different exposure times of 72 hrs., 

144 hrs. and 216 hrs. were evaluated with PC number. PC number utilizes the concept 
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of Kubelka-Munk (light absorption, K and scattering, S) coefficients
115

 and was 

calculated according to the equation 3.9. 

��� � 100 �	
 �� ���� � 	
 �� ��������  ��                          ���. 3.9  

Where  

K is the light absorption coefficient 

S is the light scattering coefficient 

(K/S) represents the chromophoric constituents of 

pulp samples 
 

3.7.3.2 Determination of Pulp Hemicelluloses 

Hemicelluloses in bleached AS/AQ wheat straw pulp were determined by a GC 

method developed by Sundberg et al
125

. Samples were subjected to acid methanolysis, 

neutralization, derivatization and analysis by gas chromatography. The procedure was 

as follows: 

• To prepare acid methanolysis reagent (HCl/MeOH), 14.0 mL of acetyl chloride 

was slowly added to 86.0 mL of dried methanol under inert atmosphere of N2 

using an ice bath. 

• Sugar standards of xylose, arabinose, glactose, glucose, mannose, D-glactouronic 

acid and D-glucouronic acid were prepared in methanol each with concentration 

of 0.1 mg/mL.  To 100.0 µL of each sugar standard in GC vial was added 100.0 

µL of sorbitol as internal standard solution.  

• Unbleached and bleached samples of AS/AQ wheat straw pulp were freeze dried 

at -40°C for 24 hours. To approximately 0.01 g of freeze dried pulp (weighed 

accurately to 0.0001 g) was added 3.0 ml of 2 M anhydrous HCl/MeOH. The 

samples were heated at 75°C for 5 hrs with continuous stirring. The extracted 

contents were cooled to room temperature followed by the addition of 100.0 µL of 

pyridine to neutralize the acid and 4.0 mL of sorbitol internal standard solution 

(containing 0.1 mg/mL sorbitol solution in methanol). The pulp fibers were then 

allowed to settle and 1.0 mL of clear supernatant was transferred into GC vials.   

• Both the sugar standards and pulp samples were blow down to evaporate the 

solvent to dryness. Silylation was done by adding 100.0 µL of pyridine and 300.0 
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µL of BSA (N,O-bis(trimethylsilyl)-acetamide) in the GC vials’s residue. The 

vials were then put in a preheated oven at 60°C for 20 minutes. The standards and 

sample solutions were cooled; 600.0 µL of toluene was added in each vial and 

loaded onto GC auto-sampler.  

• To ensure proper operation of GC, 1.0 mL of methanol/sorbitol internal standard 

was run regularly throughout GC run.  

3.7.2.2 Determination of Hexenuronic acid (HexA) 

For the determination of hexenuronic acid (HexA), 0.05 g of AS/AQ pulp sample was 

hydrolyzed with 10.0 ml of mercuric chloride (0.6%) and sodium acetate (0.7%) 

solution in a sealed sample vial. The contents of the vial were shaken for thorough 

mixing of fiber with the hydrolysis mixture. The reaction was carried out in a pre-

heated water bath at 65 °C for 30 minutes. At the end of reaction, the samples were 

cooled and filtered with 0.2 µ millipore filter paper. The HexA content  of the 

hydrolyzed extract was determined by measuring the UV absorption at two 

wavelengths i.e., 260 nm and 290 nm and using Equation 3.10
126

: 

[CHexA = 0.287 x {(A260 – A290) x V/w}]  [eq. 3.10] 

Where 

0.287 is the calibration factor for dual 

wavelength measurement 

V = volume of hydrolysed solution (ml) 

w = o.d pulp (g) 

3.8 Study of Effluent Load 

To study the bleach plant effluent load, at a laboratory scale, both grab and composite 

samples were collected at each stage of developed bleaching sequences as presented 

in Figure 3.2. Effluent samples collected were then tested for various pollution 

characteristics such as: 

• pH • BOD 

• Color • COD 

• TSS • Toxicity 

• TDS  
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3.8.1 pH 

The pH of the effluent was measured at 25 ± 1°C using a pH meter.  

3.8.2 Color of Effluent  

A spectrophotometric method was used to determine the color of the bleach plant 

effluent at room temperature
127,128

. Each effluent sample was manually stirred for 2-3 

minutes and centrifuged at 3000 rpm for 60 minutes to remove the turbidity of the 

effluent. The pH was recorded and the clear supernatant was used to determine the 

light transmittance characteristics in a 10 mm absorption silica cell using a 

spectrophotometer. Transmittance value was adjusted to 100% by using distilled 

water as the blank. Transmittance value (%) of each effluent was measured at 

standard specified ordinates (wavelength) for spectrophotometric color determinations 

(Table 3.11).    

Table 3.11 Ordinates for spectrophotometric color determination 

Ordinate No.    X    Y    Z 

Wavelength (nm) 

2* 435.5 489.5 422.2 

5* 461.2 515.2 432.0 

8* 544.3 529.8 438.6 

11* 564.1 541.4 444.4 

14* 577.4 551.8 450.1 

17* 588.7 561.9 455.9 

20* 599.6 572.5 462.0 

23* 610.9 584.8 468.7 

26* 624.2 600.8 477.7 

29* 645.9 627.3 495.2 

Factor when 10 ordinates used 

 0.09806 0.10000 0.11814 
* represent the original ordinate number used in the source table

128
 

Transmittance values of each column ordinate were added to calculate the tristimulus 

values (X, Y and Z) and multiplied by the appropriate factor for 10 ordinates (Table 

3.11). Trichromatic coefficients (x, y) were then calculated using equation 3.11 and 

3.12. 

[eq. 3.11] 

 

[eq. 3.12] 
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To determine the dominant wavelength (nm) and purity (%) of effluent color, x and y 

were located by referring to the chromaticity diagram
128

 (Appendix II). Color hue was 

reported based on the dominant wavelength value
128

 (Appendix III). 

3.8.3 Total suspended solids (TSS) 

TSS was measured by a gravimetric method
129

. 1000.0 mL of effluent sample was 

filtered through a pre-weighed and dried (105 °C until constant weight) ash less filter 

paper (Whatman # 42). The residues on the filter paper were washed with distilled 

water, dried at 105°C in an oven until constant weight, cooled in a desiccator and 

weighed. The increase in weight was the total suspended matter (mg/L). 

3.8.4 Total dissolved solids (TDS) 

Filtrate collected during measurement of TSS was evaporated in a pre-weighed 

crucible to dryness in an oven at 105°C until constant weight. The crucible containing 

residue was cooled in a desiccator and weighed. The amount of TDS was reported in 

ppm of effluent
129

. 

3.8.5 Chemical oxygen demand (COD) 

Chemical oxygen demand is used as a mean of measuring the pollution strength of 

domestic and industrial wastes. EPA standard method 410.3 was used for 

determination of effluent chemical oxygen demand
130

. To 20.0 mL of effluent sample, 

0.4 g of mercuric sulphate was added in a reflux flask and mixed thoroughly to 

homogenize. 10.0 mL of 0.250 N potassium dichromate solution was then added 

followed by the slow addition of 30.0 mL of conc. sulphuric acid. The contents of the 

flask were then refluxed for 2.0 hrs. and cooled to room temperature. The reaction 

mixture was diluted to 150 mL with distilled water. The excess of dichromate was 

then titrated with standard ferrous ammonium sulphate using ferroin indicator. A 

blank was prepared by following the same procedure as mentioned above except 

using distilled water in place of effluent. The COD was then calculated by using 

equation 3.13. 

[eq. 3.13] 
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Where 

a = mL of titrant used for blank 

b = mL of titrant used for Sample 

N = Normality of the titrant  

3.8.6 Biological oxygen demand (BOD5)  

Biological oxygen demand test is widely used to determine the pollution strength of 

effluent in terms of oxygen that it requires when discharged into water courses where 

aerobic conditions exist. Measurement of biological oxygen demand involves the 

following procedure
131

: 

• Measurement of dissolved oxygen (DO) of effluent with DO meter at 20 °C 

(DO1) 

• Incubation of effluent for 5 days at 20 °C in complete darkness 

• Measurement of DO after 5 days (DO5) 

• Calculating BOD5 of effluent by eq. 3.14 

BOD (ppm) = DO1 – DO5   [eq. 3.14] 

3.8.7 Monitoring Effluent Toxicity 

To estimate the toxicity level of composite bleach plant effluent samples, WET 

(whole effluent toxicity) test was used
132

. Daphnia pulex (water flea) being an 

ecological indicator was used for acute toxicity evaluation. 

3.8.7.1 Cultivating food for Daphnia 

Algae are an excellent food to culture daphnia. Wind borne algal spores were 

colonized on water by exposing water with direct sunlight for two to three weeks. 

Algae bloomed against the wall of vessel were isolated to feed daphnia
133

.  

3.8.7.2 Culturing Daphnia  

Female Daphnia pulex was isolated from home aquaria and cultured in a 5.0 liter 

plastic container at 20°C ± 2 with ~14 hrs. light period (protected from direct 

sunlight). Daphnids were fed on algae
133

. 
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3.8.7.3 Harvesting Daphnia 

Daphnid cultures were harvested after a week and transferred into a number of small 

beakers containing aquarium clear filtered water. Special precautions were taken 

while transferring daphnia; they were released very gently under water as naked air 

contact immobilizes or causes death of the organism
133

.  

3.8.7.4 WET Test 

Composite effluent samples of bleaching processes: AOOxPP*, AOOxEP, AOOxYP, 

AO′Ox′P′ were diluted with aquarium filtered water to make different volumetric 

percentage composition of the effluent (5.0%, 20.0%, 60.0%, 80.0% and 100.0%).  

Daphnid neonates were drawn into a pipette and poured under testing effluent sample 

in a petri dish. Each sample was loaded with 20 daphnid neonates for WET test and 

remained exposed for 24 hrs. Aquarium filtered water aerated for 24 hrs. prior to 

experimentation was used as control. After 24 hrs. the effluent sample was gently 

stirred with a small rod. Daphnid neonates unable to jig or hop in the water were 

counted as dead or immobilized.  

3.8.7.5 Probit Analysis 

Effluent lethal concentration (LC50) at which 50.0% death occurs with reference to 

control was then evaluated by using probit analysis.  The response of organism to 

toxic chemicals is a normal distribution. Simple regression analysis cannot measure a 

normal distribution, hence for commutative distribution concentration dose of effluent 

was converted to logarithmic values; and mortality percentages were transformed into 

probits
134

 (Appendix IV). Effluent log concentration dose was then plotted against 

probits to determine LC50, LC16 and LC84 by using the regression equation calculated 

for corresponding graphical representation of an effluent sample. Probit value 5 

referred to LC50 during transformation.  

3.8.7.6 LC50 at 95 % Confidence Limit 

By referring to the regression equation for each set of different effluent samples, log 

10 concentration value was determined for LC50, LC16 and LC84. The anti-log of the 
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value was calculated in order to express the value in percentages. The confidence 

limit was then calculated using equations 3.15 – 3.19
135

. 

[S = {( LC84 / LC50) + (LC50 / LC16) / 2}]   [eq. 3.15] 

[Log 10 ( f ) = {( 2.77 / √N ) x Log 10 ( S )}]   [eq. 3.16] 

[Log 10 ( f )   converted to ‘f’]   [eq. 3.17] 

[Upper 95 % confidence limit = LC50 x f ]   [eq. 3.18] 

[Lower 95 % confidence limit = LC50 / f ]   [eq. 3.19] 

 

Where  

N – Total number of daphnids used for 

toxicity evaluation between LC16 and LC84 

dosage range  
 

3.9 Environmental-Economical Feasibility studies 

3.9.1 Estimation of Bleaching Cost   

3.9.1.1 Bleaching Chemical Cost 

Calculating the bleaching cost of an optimized sequence at laboratory scale involves 

two simple steps: 

• Calculating bleach cost of every optimized stage by adding the cost of each 

component of bleach formulation 

• Adding up the cost of each individual stage of a multistage bleach sequence to 

determine the cost to fully bleach the pulp 

3.9.1.2 Processing Cost 

Processing cost (cost of electricity for equipment run per hour) at laboratory scale was 

calculated by adding the processing cost of every optimized stage of a multistage 

bleach sequence with respect to reaction run time. 

3.9.2 Cost Reduction Estimation on Effluent Treatment 

BOD, COD and AOX of effluent were monitored for the developed bleaching 

sequences to estimate how much cost will be required or reduced on effluent 
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treatment with reference to effluent load being generated by existing sodium 

hypochlorite bleaching technology.  

3.9.3 Assessment of Environ-economic Savings 

Environmental-economical savings were assessed based upon experimental outcomes 

of the study.   

3.9.3.1 Accessing Chemical Cost of Brightness 

The chemical cost of bleaching per unit gain in % ISO brightness was calculated by 

the following simple mathematical equations: 

�! � "#$% & "'�    [eq. 3.20] 

() �  *+ !� ,-    [eq. 3.21] 

 

Where 

X - Units of brightness gain  

BTCF - Bleached pulp brightness  

BUn - Unbleached pulp brightness  

Y - Chemical costing/unit brightness gain 

Z - Chemical cost of complete bleaching process 

 

3.9.3.2 Savings on Environ-Economic Load 

TCF combined effluent load was calculated by adding up load of BOD, COD, TSS, 

TDS and AOX of each composite effluent and was regarded as the total effluent load 

(TELTCF).  TEL was plotted for each TCF beaching process and TCF effluent load 

reduction (ELRTCF) cost was then calculated with reference to existing indigenous 

hypochlorite bleaching process to estimate environmental-economic savings as 

follows (eq. 3.22-3.24): 

� TELTCF 	% w.r.t TELH  �  	 TELTCF  / TELH   x  100    [eq. 3.22] � ELRTCF 	%  �  100  –  TELTCF 	%     [eq. 3.23] ELR 	% ∝ CR 	%     [eq. 3.24] 

 

Where 

TELH is TEF of hypochlorite process 

CR (%) is cost reduction on effluent treatment 

process 



50 

 

3.10 Experimental Error or Reproducibility and Data Presentation 

After each bleaching trial, 8 – 10 hand sheets were prepared to study the various 

characteristics of pulp and handsheet samples. To avoid the maximum possible 

experimental error, each result was presented as an average of at least three 

independent measurements unless otherwise stated. Statistical analysis was made 

according to the experimental requirements by using MS excel. Experimental error or 

reproducibility of the results was indicated either by error bars on graphical 

representation, asterisk symbol (*) on data to indicate the significance of 

measurement based on student t-test values or ± symbol for standard deviation (SD) 

to indicate the SD of average results of pulp properties. Correlation coefficient (R
2
) 

was calculated based on linear regression model, to study the correlation between 

different pulp variables
136

. Probit regression
134

 was calculated to measure the bio-

toxicity of effluents with binary response variables at 95% confidence limit
135

. 

Diagramming program, Dia Portable was used to design sequence diagram and 

flow/class diagrams.  
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Chapter 4 

RESULTS AND DISCUSSION 

In this work an attempt was made to bleach AS/AQ wheat straw pulp in a multistage 

sequence using mild reaction conditions at laboratory scale. Different oxidative and 

reductive stages were optimized to develop a bleaching sequence for the indigenous 

pulp variety with the aim to effectively bleach AS/AQ wheat straw pulp at ≥ 80% ISO 

brightness without significant deterioration of post bleached fiber characteristics such 

as viscosity, fiber strength, cellulose, brightness stability etc. The study also involved 

the monitoring of effluent load of the bleaching process for its effectiveness. Although 

costing was beyond the scope of this thesis work, an effort is also made to estimate the 

economic feasibility of the process for its application in the industry.   

4.1 Pulping and Screening of AS/AQ Wheat Straw Pulp 

The three most important factors which define pulp quality are the pulping process, 

fiber length and brightness. Alkaline sulphite-anthraquinone wheat straw pulp was 

prepared in a laboratory under similar conditions as those used in commercial scale 

production. The pulping conditions used are outlined earlier in table 3.1. During 

cooking, a surfactant as impregnation aid and anthraquinone as a digester additive 

were used to improve the impregnation and selective reactivity of the straw
137

. The 

improved selectivity of AS/AQ pulping process was achieved through protection of 

the cellulose from degradation and softening of intercellular lignin to free the 

individual fiber and making lignin water soluble so it can be removed during washing 

stages
137

. Lignin retention in the pulp causes fiber stiffness which reduces fiber 

strength and increases brightness reversion. AS/AQ chemical pulping process for 

wheat straw yield pulp with good strength and bleachability of pulp fiber
137

. 

After pulping the wheat straw under strict laboratory controlled conditions, the pulp 

was passed through multi-screens and washing stages to remove the rejects which 

included uncooked fibers, knots and shives (16%) etc. whereas the useful fiber portion 

was calculated to 84% (Fig. 4.1). The screened pulp at this stage was ready to be used 

for bleaching experiments.  



 

Figure 4.1 Proportion of s
(Each Proportion calcul

Pulp fiber length was tested by using Bauer

TAPPI method for fiber classification

proportional to its fiber length. Also pulping process directly affects the fiber le

Mechanical processes shorten and damage the length and strength of fiber

AS/AQ pulping method yields good blend of different fiber length weight proportions 

(%) during fiber classification (Table 4.1). Literature also favors chemica

techniques for comparatively good fiber length and strength

Table 4.1 Weight proportion (%) based on average fiber length of screen

Mesh Size

 

4.2 Determination 

To carry out successful TCF bleaching, removal of transition metals e.g., Fe, Mn

Cu is a prerequisite as they are known to catalyze the decomposition of oxidative 

bleaching reagents
11

.  Hence, AS/AQ wheat straw pulp was analyzed for the presence 

of Fe, Mn and Cu by flame atomic absorption spectrometer. Fe was found to be the 

major transition metal in indigenous AS/AQ wheat straw pulp composition (Fig. 4.2) 

whereas literature revealed Cu (185 ppm) as the major transition metal of soda AQ 

Proportion of screening rejects and useful pulp fiber
(Each Proportion calculated is an average result of 5 independent batch runs)

 

Pulp fiber length was tested by using Bauer-McNett type classifier using standard 

TAPPI method for fiber classification
138

. Strength of a pulp specimen is directly 

proportional to its fiber length. Also pulping process directly affects the fiber le

Mechanical processes shorten and damage the length and strength of fiber

AS/AQ pulping method yields good blend of different fiber length weight proportions 

(%) during fiber classification (Table 4.1). Literature also favors chemica

techniques for comparatively good fiber length and strength
140

.  

Weight proportion (%) based on average fiber length of screen

Mesh Size Fiber proportion  

(%) 

+ 30 46.68 

+ 50 11.71 

+ 100 10.05 

+ 200 11.88 

−200 19.68 

Determination and Removal of Metal Content

To carry out successful TCF bleaching, removal of transition metals e.g., Fe, Mn

Cu is a prerequisite as they are known to catalyze the decomposition of oxidative 

.  Hence, AS/AQ wheat straw pulp was analyzed for the presence 

and Cu by flame atomic absorption spectrometer. Fe was found to be the 

major transition metal in indigenous AS/AQ wheat straw pulp composition (Fig. 4.2) 

whereas literature revealed Cu (185 ppm) as the major transition metal of soda AQ 
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McNett type classifier using standard 

. Strength of a pulp specimen is directly 

proportional to its fiber length. Also pulping process directly affects the fiber length. 

Mechanical processes shorten and damage the length and strength of fiber
139

. Use of 

AS/AQ pulping method yields good blend of different fiber length weight proportions 

(%) during fiber classification (Table 4.1). Literature also favors chemical cooking 

Weight proportion (%) based on average fiber length of screened pulp fiber 

of Metal Content 

To carry out successful TCF bleaching, removal of transition metals e.g., Fe, Mn and 

Cu is a prerequisite as they are known to catalyze the decomposition of oxidative 

.  Hence, AS/AQ wheat straw pulp was analyzed for the presence 

and Cu by flame atomic absorption spectrometer. Fe was found to be the 

major transition metal in indigenous AS/AQ wheat straw pulp composition (Fig. 4.2) 

whereas literature revealed Cu (185 ppm) as the major transition metal of soda AQ 



 

wheat straw pulp
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. The variation in pulp metal profile and/ or composition is 

reported to be effected greatly 

processing and pulping conditions

chelation, were employed and optimized for the AS/AQ wheat straw pulp with the aim 

to reduce and wash away the metal contents without deteriorating pulp properties.

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Transition Metals (ppm) in AS/AQ unbleached wheat straw pulp
*Each value is an average of three independent measurements of three representative samples

 

4.2.1 Acidification (A)

During different pulping processes metals are converted into metal hydroxides and/or 

sulphides which are water insoluble, and hence remain 

chlorine and chlorine dioxide bleaching processes tend to wash most of the metal ions 

because of their solubility at low pH process; wh

oxidative chemicals which are highly susceptible to the detrimental effects of the 

transition metal ions. The presence of transition metals may effect both the efficiency 

and selectivity of the process, therefore, it is 

transition metals especially for TCF bleaching. Acidification (pH 1.5 

to significantly reduce the metal content of pulp

In the present study, AS/AQ wheat straw pulp was treated with sulphuric acid. 

Different reaction variables e.g., acid dose, pulp consistency, temperature and 

retention time were experimented

would maintain good pulp fiber characteristics. Therefore, the following three factors 

were taken into consideration to decide an optimum acid stage:

. The variation in pulp metal profile and/ or composition is 

reported to be effected greatly by geographical origin, genetic makeup, and growing, 

processing and pulping conditions
142

. Two conventional methods, acidification and 

were employed and optimized for the AS/AQ wheat straw pulp with the aim 

to reduce and wash away the metal contents without deteriorating pulp properties.

Transition Metals (ppm) in AS/AQ unbleached wheat straw pulp
*Each value is an average of three independent measurements of three representative samples

(A) 

During different pulping processes metals are converted into metal hydroxides and/or 

sulphides which are water insoluble, and hence remain in the fiber structure

chlorine and chlorine dioxide bleaching processes tend to wash most of the metal ions 

because of their solubility at low pH process; whereas TCF bleaching mostly involves 

oxidative chemicals which are highly susceptible to the detrimental effects of the 

transition metal ions. The presence of transition metals may effect both the efficiency 

and selectivity of the process, therefore, it is highly demanding to remove the 

transition metals especially for TCF bleaching. Acidification (pH 1.5 – 

to significantly reduce the metal content of pulp
144

.  

In the present study, AS/AQ wheat straw pulp was treated with sulphuric acid. 

Different reaction variables e.g., acid dose, pulp consistency, temperature and 

retention time were experimented, with the aim to develop an optimal acid stage which 

would maintain good pulp fiber characteristics. Therefore, the following three factors 

were taken into consideration to decide an optimum acid stage: 
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. The variation in pulp metal profile and/ or composition is 

geographical origin, genetic makeup, and growing, 

, acidification and 

were employed and optimized for the AS/AQ wheat straw pulp with the aim 

to reduce and wash away the metal contents without deteriorating pulp properties. 

Transition Metals (ppm) in AS/AQ unbleached wheat straw pulp 
*Each value is an average of three independent measurements of three representative samples 

During different pulping processes metals are converted into metal hydroxides and/or 

the fiber structure
143

. Acidic 

chlorine and chlorine dioxide bleaching processes tend to wash most of the metal ions 

ereas TCF bleaching mostly involves 

oxidative chemicals which are highly susceptible to the detrimental effects of the 

transition metal ions. The presence of transition metals may effect both the efficiency 

highly demanding to remove the 

 3.0) is known 

In the present study, AS/AQ wheat straw pulp was treated with sulphuric acid. 

Different reaction variables e.g., acid dose, pulp consistency, temperature and 

with the aim to develop an optimal acid stage which 

would maintain good pulp fiber characteristics. Therefore, the following three factors 
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• Concentration of transition metals (Fe, Cu and Mn) 

• Brightness (% ISO) 

• Burst Index (K.Pa.m
2
.g

-1
) 

Analysis of the data showed that increasing the acid dose from 0.0% – 2.0% on o.d. 

pulp significantly decreased all three transition metals (Fe, Mn and Cu). 

Approximately 80% of the Fe and Mn were found to be removed with 2.0 % charge of 

4 N H2SO4 on o.d.p. followed by successive washing while Cu was not detected at this 

dose level. A small increase in brightness from 43.9% ISO to 45.0% ISO with a slight 

drop in burst index from 2.8 to 2.4 K.Pa.m
2
.g

-1
 was observed for untreated pulp and 

pulp treated with 2.0% acid respectively. As a significant drop in pulp metal 

concentration was measured with good pulp properties (brightness and burst), 2.0% 

acid charge on o.d.p. was selected to be optimal for further experimentation (Fig. 4.3).  

 

 

 

 

 

 

 

 

 

Figure 4.3 Effect of acid dose (% on o.d.p) on bleaching efficiency during 

optimization of acidification stage (A)  
(Other conditions for optimization trials were: 10% consistency, 25 °C temperature and 30±2 

minutes;  � represents optimal condition) 

 

Pulp consistency is an important factor. It effects the bleaching response of various 

chemicals used in pulp system. Generally, high fiber consistency increases the relative 

concentration of reacting species to pulp which helps to increase the likelihood of 

reaction with fiber constituents. In particular, the reaction response of a chemical on 

pulp may get effected at varying consistency values as a number of other factors might 

interfere with the process. Thus the optimization of consistency for different reaction 

systems is always required. For the present study, AS/AQ pulp was charged with 2.0% 
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sulphuric acid to determine the effectiveness of acid to remove transition metals at 

different pulp consistencies (3.0% – 15.0%). The results shows that at 3.0% pulp 

consistency, 2.0% acid dose is effective to remove 75% of pulp Fe concentration (Fig. 

4.4). Gradually increasing pulp consistency from 3.0% – 15.0% removed ~ 91% Fe 

while no Cu and Mn were found to be present in the pulp sample as measured by 

FAAS. A slight improvement in brightness from 44.1% ISO for 3.0% consistency to 

45.2% ISO for 15% consistency occurred. Burst index was also found to be improved 

to 2.5 K.Pa.m
2
.g

-1
 for acid treatment at 15% consistency as compared to 1.9 

K.Pa.m
2
.g

-1
 at 3.0% pulp consistency. Hence, 15% was considered as the optimal pulp 

consistency for further trials.  

Figure 4.4 Effect of pulp consistency (% on o.d.p.) on bleaching efficiency during 

optimization of acidification stage (A)  
(Other conditions for optimization trials were: 2.0% acid dose on o.d.p., 25 °C temperature and 

30±2 minutes;  � represents optimal condition) 

 

Increasing temperature inversely effected pulp properties as both brightness and burst 

index of pulp decreased with any increase in temperature above ambient i.e., 25°C – 

30°C (Fig. 4.5). Increasing temperature from ambient to 75°C increased the metal 

removal efficiency of acid by only 1.2% which is not significant enough to favor 

higher temperature values for acidification. Ambient temperature (25 °C) was, thus, 

selected as the optimal acid stage.  

As was found during temperature optimization trials, increased acidification time of 

the pulp also resulted in a decrease in pulp brightness and burst index with no 

significant change in the metal removal percentage (Fig. 4.6). A time of 10 ± 2 
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minutes was found to be sufficient for successful acidification with ~ 90% of Fe 

removed from the pulp with no traces of Mn and Cu detected by flame atomic 

absorption spectrometer.  

 

 

 

 

Figure 4.5 Effect of temperature on bleaching efficiency during optimization of 

acidification stage (A) 
(Other conditions for optimization trials were: 2.0% acid dose on o.d.p., 3.0% consistency and 

30±2 minutes;  � represents optimal condition) 

 

 

 

 

 

 

 

 

 

Figure 4.6 Effect of time on bleaching efficiency during optimization of acidification 

stage (A)  
(Other conditions for optimization trials were: 2.0% acid dose on o.d.p., 3.0% consistency and 25 

°C temperature;  � represents optimal condition) 

 

4.2.2 Chelation (Q) 

It is evident from the literature that chelation is considered to be more effective than 

acidification.  It is reported to be more selective in removing transition metals, 
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preventing loss in pulp strength and achieving a gain in brightness 
144

. Thus, a 

chelation stage was also investigated for AS/AQ wheat straw pulp to decide if it was a 

better option for metal removal without compromising pulp properties. EDTA 

treatment followed by water wash was used to remove sequestered transition metals of 

AS/AQ wheat straw pulp. Various chelation trials were conducted to determine the 

optimal EDTA dose on o.d.p., pulp consistency, chelating temperature and chelation 

time to produce a chelated pulp with good fiber characteristics. Like the acidification 

optimization trials, metal concentration (ppm), pulp brightness and burst index were 

considered for optimizing the various reaction conditions for the chelation treatment.  

EDTA concentration was varied from 0.5% to 1.5% on o.d.p. for the dose optimization 

trials. The results in the figure 4.7 show that 0.5% EDTA on o.d.p. reduced the Fe by 

4.0% (96 ppm) only while Mn and Cu reduced by 2.0% (5.3 ppm) and 7.1% (2.6 ppm) 

respectively with reference to the untreated AS/AQ wheat straw pulp. Increasing the 

EDTA dose to 1.0% on o.d.p. further reduced the metal content by 7.0% Fe, 4% Mn 

and 12% Cu as compared to the pulp treated with 0.5% EDTA on o.d.p. An increase in 

EDTA dose to 1.5% on o.d.p. further reduced the metal content to 4.0% Fe, 4.0% Mn 

and 5.0% Cu (Fig. 4.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Effect of EDTA dose (% on o.d.p.) on bleaching efficiency during 

optimization of chelation stage (Q)  
(Other conditions for optimization trials were: 3.0% consistency and 60 °C temperature and 30±2 

minutes;  � represents optimal condition) 

 

Pulp brightness was measured as 43.9% ISO for untreated pulp that increased to 

44.5% ISO for the pulp chelated at 0.5% EDTA dose on o.d.p. Similarly, greater than 

1.0 unit increase in brightness (45.8% ISO) was measured for pulp treated with 1.0% 
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EDTA. Burst index was determined to be decreased slightly to 2.6 K.Pa.m
2
.g

-1 
at 1.0% 

EDTA treatment on o.d.p.
 
as compared to unbleached pulp with burst index 2.8 

K.Pa.m
2
.g

-1
. No increase in % ISO brightness and decrease in burst index were 

measured while increasing the dose of EDTA to 1.5% on o.d.p (Fig. 4.7). As 

increasing the dose beyond 1.0% neither helped to decrease the transition metal nor 

improve brightness and burst index, 1.0% dose of EDTA on o.d.p. was selected for 

further optimization trials.  

The effect of pulp consistency on chelation of metal ions was also measured (Fig. 4.8). 

Chelation carried out at 1.0% consistency resulted in the reduction of Fe only by 4.0% 

while no reduction in concentration of Mn and Cu was measured. Brightness gain was 

1.4 unit greater than untreated pulp, while burst index was found to be reduced by > 

10%. Chelation at 2.0% consistency, only slightly improved the pulp properties with 

reference to pulp chelated at 1.0% consistency. Chelation carried out at 3.0% 

consistency reduced 10% of Fe, greater than 8% Mn and 12% Cu with reference to 

untreated AS/AQ pulp while brightness increased up to 45.8 with a slight loss in burst 

index by ~ 7% was measured. A further increase in consistency up to 4.0% did not 

yield any gain in pulp brightness or burst index and no significant reduction in 

transition metal concentration occurred compared to chelation carried out at 3.0% 

consistency. Therefore, 3.0% pulp consistency was selected to be optimum for further 

chelating optimization trials.  

 

 

 

 

 

Figure 4.8 Effect of pulp consistency (% on o.d.p.) on bleaching efficiency during 

optimization of chelation stage (Q)  
(Other conditions for optimization trials were: 1.0% EDTA dose on o.d.p., 60 °C temperature and 

30±2 minutes;  � represents optimal condition) 
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It is noteworthy that increasing temperature from 50°C to 70°C at 1.0% EDTA dose 

(optimum) and 3.0% consistency (optimum) gradually reduced the pulp metal 

concentrations as shown in Figure 4.9. A reduction in metal content (19% Fe, 16.7% 

Mn and 28.6% Cu) was observed, when chelation was carried out at 80°C.  Raising the 

temperature to 90°C for chelation did not significantly help to remove metals. A 

gradual but slight increase in brightness was measured for every 10°C increase in 

temperature with slight drop in burst index. As a chelation temperature of 80°C 

showed greater reductions in pulp metal content with good pulp properties, it was 

selected for the next set of optimization trials.  

 

 

 

 

 

 

Figure 4.9 Effect of temperature on bleaching efficiency during optimization of 

chelation stage (Q)  
(Other conditions for optimization trials were: 1.0% EDTA dose on o.d.p., 3.0% consistency and 

30±2 minutes;  � represents optimal condition) 

 

Another set of trials was conducted with three chelation time periods i.e., 30, 60 and 

120 minutes (Figure 4.10). Fe was determined to be removed by 19%, 25% and 27% 

during chelation carried out at 30, 60 and 120 minutes respectively; while burst index 

decreased from 2.8 K.Pa.m
2
.g

-1
 for unbleached pulp to 2.5 K.Pa.m

2
.g

-1
, 2.4 K.Pa.m

2
g

-1
 

and 2.2 K.Pa.m
2
.g

-1
 during  30, 60 and 120 minutes chelation respectively. A non-

significant increase in brightness from 46.1% ISO to 46.2% ISO was measured for 

chelation at 30 and 60 minutes respectively while brightness dropped to 46.0 during 

120 minutes pulp chelation (Fig. 4.10). Thus 60 minutes was selected to be optimal for 

use in further experimentation. 
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Figure 4.10 Effect of reaction time on bleaching efficiency during optimization of 

chelation stage (Q)  
(Other conditions for optimization trials were: 1.0% EDTA dose on o.d.p., 3.0% consistency and 

80°C temperature;  � represents optimal condition) 

 

4.2.3 Selecting Optimal Procedure for Metal Removal 

AS/AQ wheat straw pulp samples prepared at optimized conditions of acidification 

and chelation were compared for their various pulp and paper properties to decide on 

the best treatment for further experimentation. Selective delignification of lignin 

requires the removal of transition metals and preservation of alkaline earth metals
8
. 

Results in Table 4.2 show that acidification removed both transition metals and 

alkaline earth metals.  Chelation was found to reduce the undesirable transition metals 

to small extent only.  

Table 4.2 Mg profile in treated AS/AQ wheat straw pulp 

AS/AQ treated pulp Un A Q 

Mg (ppm) 1790 607 1483 

 

Acidification of AS/AQ pulp was preferred over chelation for this study as maximum 

removal of transition metals was essential to increase the efficiency of all the 

successive bleaching stages. To maintain the efficiency of delignification and the 

bleaching processes, Mg was added as an aqueous salt in the pulp system during 

oxygen stage. 

Besides brightness and burst index some other properties of acid treated and chelated 

samples of pulp and handsheets were also studied (Table 4.3). Except for a small gain 



61 

 

in brightness and reduction in pulp yellowness (%) of chelated pulp, all other 

properties including burst, tensile and tear index, cellulosic content and residual lignin 

(%) supported acidification as the best treatment for further experimentation. It has 

been shown that the presence of metal ions in pulp system catalyzes the decomposition 

of polysaccharides. Acid treatment solublized the sequestered metals; ultimately kappa 

number and lignin of AS/AQ wheat straw pulp were reduced
6
. 

Table 4.3 Pulp and handsheet properties of AS/AQ wheat straw pulp samples at 

different treatment stages 

Parameters Un A Q 

Optical properties 

Brightness (%) 43.9 45.8 46.2 

Yellowness (%) 19.3 15.0 13.1 

Opacity 91.8 89.1 87.3 

Physical Properties 

Burst Index (KPa.m
2
.g

-1
) 2.8 2.8 2.4 

Tensile Index (Nm.g
-1

) 61.3 62.3 61.0 

Tear Index (mN.m
2
.g

-1
) 3.8 3.7 3.4 

Chemical Properties 

Kappa number 12.4±0.49 10.8±0.19 11.4±0.27 

CED Viscosity (cP) 13.10±0.11 13.28±0.19 13.05±0.13 

α-cellulose (%) 76.6±0.40 76.8±0.92 76.5±0.14 

Acid Insoluble Lignin (%) 7.6±0.40 6.1±0.26 7.4±0.13 

Other pulp properties 

Ash (%) 7.0 6.3 6.9 

*Each value is an average of three independent measurements 

 

4.3 Oxygen Delignification (O) 

Chlorinated bleaching chemicals pose serious threats to the environment and 

inhabitants due to generation of chlorinated organics. To address these issues of bleach 

plant discharge pollution control, and energy consumption, oxygen delignification was 

developed in late 1960s as a pre-bleaching stage. The 1970s in Sweden and 1980s in 

Japan were an important era for the process development and modifications of oxygen 

delignification in regards to energy savings and the environment. Implementation of a 

chlorine free bleaching process required pulp with low lignin content. Employment of 

oxygen delignification stage prior to bleaching reduces the % lignin of pulp
144, 145

.  



62 

 

During the oxygen delignification process, oxygen is reacted with pulp under alkaline 

conditions at increased pressure. The successive washing of delignified pulp removes 

the depolymerized fragments of lignin leaving the pulp brighter and low in kappa 

number.  Oxygen delignification involves radical chain reactions (autooxidation) 
146

: 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1 Radical Chain Reactions during oxygen delignification
146

 

 

The reaction scheme involves the formation of different transient species 

(hydroperoxyl radical, hydroperoxide anion, hydrogen peroxide, hydroxyl radicals and 

their anion) derived mainly from lignin and to some extent from polysaccharides 

depending on the selectivity of the oxygen attack in the bleach system. Most of the 

depolymerized products thus remain soluble in the alkaline media of delignification 

and are removed during subsequent washing by water.  

In the present study, conventional delignification of the pulp with oxygen in the 

presence of sodium hydroxide and magnesium salt was undertaken. The addition of 

alkali is a prerequisite as it ionizes (increases electron density) the free phenolic 

hydroxyl groups of the pulp residual lignin making lignin convenient for oxygen 

attack
146

. The conditions to be used in this study needed to be optimized as every type 
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of raw material responds differently to pulping depending upon its origin, pulp type, 

genetic makeup and cooking condition. To estimate the selectivity of oxygen 

delignification for wheat straw pulp, the effect of each reaction variable i.e., pressure, 

temperature, time and delignifying aids was investigated on the basis of four factors: 

• Brightness (% ISO) 

• Tensile index (N.m.g
-1

) 

• Kappa number 

• CED Viscosity (cP) 

As a first step, oxygen feed pressure was optimized, using the apparatus shown 

schematically in figure 3.1. Delignification was carried out at two different gauge 

pressures i.e., 25 psi to 100 psi. Only a small increase in brightness was measured by 

increasing oxygen pressure from 25 psi to 50 psi with a very small drop in kappa 

number from 9.8 to 9.1. Brightness increased by 3.0 units from 53.2% ISO to 56.2% 

ISO in increasing gauge pressure from 75 psi to 100 psi respectively.  Kappa number 

decreased to 6.7 and 6.6 for delignification carried out at 75 psi and 100 psi 

respectively with reference to acidified pulp with kappa number 10.8, indicating ~ 

38% reduction in lignin content in oxygen treated pulps. A non-significant drop in 

pulp viscosity was determined with increasing pressure up to 100 psi (Fig. 4.11).  

 

 

Figure 4.11 Effect of oxygen feed gauge pressure on bleaching efficiency during 

optimization of oxygen delignification stage (O)  
(Other conditions were: 10% consistency, 100°C temperature, 60 minutes reaction time, 2.0% 

NaOH on o.d.p., and 0.3% MgCO3 on o.d.p.;  � represents optimal condition) 

 

Despite the selectivity of the delignification process in terms of preserving pulp 

viscosity and removing lignin, a huge loss in tensile index was measured with the 
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increase of oxygen feed pressure from 75 psi to 100 psi. Hence, 75 psi gauge pressure 

was selected for further optimization trials (Fig. 4.11). To initiate the reactivity of 

molecular oxygen during the delignification stage, the process was carried out at high 

temperature and pressure as it is well known from the literature that molecular oxygen 

has very low reduction and oxidation potential
146

. 

Two of the major limitations on use of an oxygen stage at a commercial scale were its 

low selectivity towards lignin removal and poor ability to preserve the carbohydrate 

content
147

. Oxygen has been found to oxidize carbohydrate which is an essential 

component required to build up a paper structure. Removal of carbohydrate results in 

low pulp viscosity/degree of polymerization which in turn reduces the pulp strength. 

Addition of Mg salt to preserve pulp strength was a major breakthrough, reported in 

1960s, for a selective delignification process. Traditionally, epsom salt (MgSO4.7H2O) 

is used. In this study, both magnesium sulphate and magnesium carbonate were used 

during the oxygen stage. As with the pressure optimization trials, little difference in 

handsheet brightness, kappa number and pulp viscosity were measured between 

MgSO4 or MgCO3. However, tensile index was higher (60.0 N.m.g
-1

) when MgCO3 

was used as compared to MgSO4 (44.7 N.m.g
-1

), therefore, MgCO3 was used for 

further optimization trials (Fig. 4.12). Singh also favored the use of MgCO3 during the 

delignification process due to the increased pulp yield, viscosity and tensile 

strength
147

.  

 

 

 

 

 

 

 

Figure 4.12 Effect of delignifying aids (MgCO3 and MgSO4 as protecting agent) on 

bleaching efficiency during optimization of oxygen delignification stage (O)  
(Other conditions for optimization trials were: 10% consistency, 100°C temperature, 60 minutes 

reaction time, 75 psi oxygen gauge pressure and 2.0% NaOH on o.d.p.;  � represents optimal 

condition) 
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The effect of temperature variations from 60°C to 120°C was also investigated on the 

pulp properties. Selectivity of the delignification process was found to be greatly 

affected by temperature. A gradual increase in temperature from 60°C to 120°C 

resulted in a gradual increase in the brightness from 48.7 % ISO to 55.9 % ISO. On the 

other hand, a decrease in viscosity from 13.07 cP to 12.68 cP and a reduction in kappa 

number from 6.9 to 6.6 were measured. In contrast, tensile index was found to be 

improved with an increase in temperature but beyond 100°C no further improvement 

in tensile strength was measured. Because all other pulp properties were also found to 

be significantly good, therefore, 100°C was used as the optimum temperature for 

further delignification trials (Fig. 4.13).  

 

 

 

 

Figure 4.13 Effect of temperature on bleaching efficiency during optimization of 

oxygen delignification stage (O)  
(Other conditions for optimization trials were: 10% consistency, 60 minutes reaction time, 75 psi 

oxygen gauge pressure, 2.0% NaOH on o.d.p. and 0. % MgCO3 on o.d.p.;  � represents optimal 

condition) 

 

Unlike the above delignification trials, the oxygen reaction time was found to greatly 

affect pulp brightness. Increasing the oxygen reaction time from 30 minutes to 60 

minutes increased the brightness from 47.9% ISO to 53.2% ISO (5.3 unit increase) and 

kappa number decreased from 7.9 to 6.7. At 120 minutes delignification, very little 

gain in brightness and reduction in kappa number were obtained. A small drop in 

viscosity < 1.0% was measured with increasing the reaction time from 30 minutes to 

60 minutes while > 3.0% drop was measured with increasing the reaction time from 60 

minutes to 120 minutes. Little improvement in tensile index from 57. 8 N.m.g
-1

 to 60.6 

N.m.g
-1

 was observed when increasing the oxygen reaction time from 30 minutes to 60 



66 

 

minutes while it dropped to 59.3 N.m.g
-1

 at 120 minutes oxygen reaction time. Hence, 

60 minutes was selected as the optimal reaction time for the oxygen stage (Fig. 4.14).  

 

 

 

 

 

 

Figure 4.14 Effect of reaction period on bleaching efficiency during optimization of 

oxygen delignification stage (O)  
(Other conditions for optimization trials were: 10% consistency, 100°C temperature, 75 psi oxygen 

gauge pressure, 2.0% NaOH on o.d.p. and 0.3% MgCO3 on o.d.p.;  � represents optimal 

condition) 

 

The sequence of addition of delignifying aid (alkali) and protecting agent (magnesium 

salt) was also found to affect the delignifying efficiency to some extent. The sequence 

of addition of both NaOH and MgCO3 on pulp was altered in two different trials 

(denoted by S1 and S2) while in the third trial, both delignifying aids were added at a 

time (denoted by S3). The results showed that addition and homogenous distribution 

of MgCO3 on pulp fiber followed by NaOH (S1) yielded pulp with better properties as 

compared to the other trials involving other sequences of chemical addition (Fig. 

4.15).  The oxygen delignified pulp at optimized condition obtained a brightness of 

53.2% ISO, kappa number 6.7, CED viscosity 13.00 cP and tensile index 60.6 N.m.g
-1

.  

Similar findings were reported by Singh who found that adding a soluble form of 

magnesium salt for effective distribution on pulp fiber followed by addition of 

aqueous alkali resulted in better viscosity and improved fiber strength
147

.  

Other pulp properties were also studied for oxygen delignified pulp at both oxygen 

pressures used during delignification trials. Table 4.4 showed a three unit increase in 

brightness with loss in fiber strength of bleached pulp at 100 psi oxygen gauge 

pressure. Comparable results in terms of kappa number and CED viscosity indicating 

that residual lignin and cellulose might not be affected considerably on increasing 

oxygen feed pressure values during delignification stage. Therefore, primarily AO 

pulp treated at 75 psi oxygen pressure was selected for next bleaching trials.  
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Figure 4.15 Effect of sequence of addition of delignifying aids on bleaching efficiency 

during optimization of oxygen delignification stage (O) 
(Other conditions for optimization trials were: 10 % consistency, 100°C temperature, 60 minutes 

reaction time, 75 psi oxygen gauge pressure, 2.0 % NaOH on o.d.p. and 0.3 % MgCO3 on o.d.p.; 

S1 represents addition of MgCO3 followed by NaOH on pulp system, S2 represents addition of 

NaOH followed by MgCO3on pulp system, S3 represents addition of MgCO3 and NaOH at a time 

on pulp system,    � represents optimal condition) 

 

Table 4.4 Different pulp and handsheet properties of oxygen delignified pulp 

Parameters AO 

(O at 75 psi) 

AO 

(O at 100 psi) 

Brightness 53.2 56.2 

Burst Index (K.Pa.m
2
/g) 2.9 2.7 

Tensile Index (Nm/g) 60.6 39.5 

Tear Index (mN.m
2
/g) 5.0 5.2 

Yield (%) 93.1 93.42 

Kappa Number 6.7 6.6 

CED Viscosity (cP) 13.00 12.98 

 

 

To order to improve the oxygen selectivity to remove lignin and preserve 

carbohydrate, the effect of acid and EDTA pretreatment were further investigated.  It 

is evident from the figure 4.16 that oxygen treatment of acid pre-treated pulp (AO) is 

approximately 40% more efficient in reducing acid insoluble lignin and about 1.3% 

more selective in preserving pulp celluloses as compared to EDTA pre-treated oxygen 

delignified pulp (QO).   

Pulp contaminants and the delignification conditions directly affect the selectivity of 

oxygen stage. The selectivity of the stage is mainly governed by two important 

processes i.e., removal of transition metals prior to delignification and addition of 

carbohydrate protectors (e.g., Mg ions) on pulp system. 
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Figure 4.16 Selectivity towards O stage: degradation of residual lignin (a) and 

preservation of alpha celluloses (b) for oxygen delignified pulp pretreated with A stage 

and Q stage 

 

Presence of transition metal ions such as Fe, Cu and Mn generate free radical species 

that can catalyze the attack of bleaching chemicals on both the lignin and cellulosic 

groups of pulp. The addition of magnesium ion favors in situ formation of Mg(OH)2 

during the O-stage. Precipitates of Mg(OH)2 in the pulp system deactivates the 

catalytic activity of transition metals by either adsorbing or forming complexes with 

them, hence, retarding cellulosic degradation
148

.   

Most of the transition metals were removed during the A-stage (Figure 4.3 to 4.6) and 

Mg ions were added as protecting agent during the O-stage; but as indicated from the 

figures 4.7 to 4.10 during Q-stage most of the Fe and other transition metals remained 

within the pulp system even after subsequent washing. Findings of the present study 

are also supported by the literature that revealed the difficulty in removal of most of 

the Fe content of pulp by using chelation
149

. Presence of these transition metals in Q-

treated pulp thus affected the subsequent O-stage selective delignification efficiency. 

(a) 

(b) 
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Therefore, it was concluded from the present investigation that acidification of AS/AQ 

wheat straw pulp prior to oxygen delignification was an important step towards the 

development of a selective and effective bleaching sequence.  

4.4 Oxone Bleaching (Ox) 

Oxone is a tri-salt having potassium peroxymonosulphate (KHSO5) as active 

component
150, 151

. Over the past 60 years peroxyacids have been reported to have 

delignifying bleaching applications in pulp and paper sector
6-8, 152-154

.  

As the prime purpose of bleaching is to gain maximum brightness, brightness was thus 

the only parameter used for optimization of the various reaction parameters such as 

oxone and alkali charge, pulp consistency, temperature and bleaching time for the 

oxone bleaching stage. After each bleaching trial, pulp was washed with distilled 

water to neutral pH to remove the color and dissolved constituents. The washed pulp 

and its handsheets were then used for testing and characterization. Increasing the 

oxone charge from 3.0% to 5.0% on o.d.p. increased the brightness by two units while 

less than 1.0 unit increase in brightness was measured with oxone dose up to 10.0% on 

o.d.p. (Fig. 4.17). Hence, 5.0% oxone charge on o.d.p. was selected for further 

optimization trials.  

 

 

 

 

Figure 4.17 Effect of oxone charge on bleaching efficiency during optimization of 

oxone stage (Ox)  
(� represents optimal condition) 

 

The alkali dose was varied from 0.0% to 10.0% on o.d.p. Increasing the alkali dose 

from 0.0% - 1.5% on AS/AQ acidified oxygen delignified o.d. pulp showed an 

increasing trend in brightness % ISO. Further increase in the alkali dose reduced the 

pulp brightness. It was found that an alkali dose up to 0.5% on o.d.p. was effective for 

a considerable gain in brightness 64.5% ISO occurred as compared to oxone bleached 
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pulp without any addition of alkali with brightness 57.2%. Increasing alkali dose from 

0.5% to 1.5% yielded only a 0.6 unit increase in brightness. Hence, 0.5% NaOH on 

o.d.p. was selected to be the optimal dose for oxone bleaching (Fig. 4.18). 

 

 

 

 

 

Figure 4.18 Effect of alkali dose on bleaching efficiency during optimization of oxone 

stage (Ox) 
(� represents optimal condition) 

 

 

In another set of trials, the effect of pulp consistency (5.0% - 25.0%) on oxone 

bleaching was also investigated. It was observed that increasing the pulp consistency 

from 5.0% to 10.0% increased the pulp % ISO brightness > 5 units from 59.3% ISO to 

64.5% ISO respectively. Further increase in pulp consistency even up to 25% only 

increased brightness by 0.3% ISO. Therefore, oxone bleaching was carried out at 

10.0% for further optimization trials (Fig. 4.19). 

 

 

 

 

Figure 4.19 Effect of pulp consistency on bleaching efficiency during optimization of 

oxone stage (Ox) 
(� represents optimal condition) 

After optimization of the pulp consistency, the effect of oxone bleaching was 

investigated at different temperatures varying from 25°C to 85°C. It was noteworthy 

that increasing the temperature from 25°C to 65°C increased the pulp brightness from 

59.9% ISO to 64.5% ISO respectively. Further increase from 65°C to 85°C increased 
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the % ISO brightness by only 0.8 units. Therefore, to conserve energy, 65°C was 

selected for further bleaching trials (Fig. 4.20). 

 

 

 

 

 

 

 

Figure 4.20 Effect of temperature on bleaching efficiency during optimization of 

oxone stage (Ox)  
(� represents optimal condition) 

 

Optimization of the bleaching time was important in order to increase the selectivity of 

oxone bleaching. The effect of retention time of oxone beaching was investigated over 

the range 15 minutes to 180 minutes. Increasing the reaction time from 15 minutes to 

30 minutes yielded a highly significant increase in brightness from 59.8% ISO to 

64.5% ISO. Beyond this time period no significant increase in brightness was 

measured. Thus 30.0 minutes reaction period was selected to be optimal for further 

bleaching trials (Fig. 4.21).  

 

 

 

Figure 4.21 Effect of reaction time on bleaching efficiency during optimization of 

oxone stage (Ox)  
(� represents optimal condition) 

 

4.5 Bleaching with Hydrogen Peroxide (P) 

AOOx bleached pulp was further bleached with hydrogen peroxide. Hydrogen 

peroxide is environmentally benign as it decomposes to water and oxygen. An added 
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advantage is that it also produces high yield pulp with good brightness. The effect of 

various reaction parameters (hydrogen peroxide dose, alkali and stabilizer on o.d.p. 

and pulp consistency, bleaching temperature and time) were investigated for their 

effect on % ISO brightness of AOOx bleached alkaline sulphite-anthraquinoe wheat 

straw pulp. Residual peroxide was determined at the end of each bleaching trial as it 

an important indication of the optimal hydrogen peroxide activation dose on the pulp 

system. 

The effect of different doses of hydrogen peroxide from 1.0% - 10.0% o.d.p. on pulp 

% ISO brightness was investigated. It was observed that increase in the charge of 

hydrogen peroxide from 1.0% to 3.0% on o.d.p. gradually improved the pulp 

brightness from 69.0% to 76.8% ISO.   Increasing the dose beyond 3.0% and up to 

10.0% peroxide on o.d.p. resulted in a very small increase in % ISO brightness of 1.1 

units. As no significant improvement was achieved with increase hydrogen peroxide 

charge, 3.0% peroxide dose on o.d.p. was selected as optimal charge for pulp (Fig. 

4.22). Literature reveals 1.5% – 4.5% as the typical doses for hydrogen peroxide on 

o.d.p. in single and/or multiple stages of elemental chlorine free and total chlorine free 

bleaching sequences
155

. 

  

 

 

 

Figure 4.22 Effect of hydrogen peroxide dose on bleaching efficiency during 

optimization of hydrogen peroxide stage (P)  
(� represents optimal condition) 

 

A large amount of residual peroxide was determined in the filtrate of pulp bleached at 

high doses of hydrogen peroxide without any significant increase in brightness beyond 

3.0% hydrogen peroxide charge (Fig. 4.22). This indicated an overdosing of hydrogen 

peroxide on the pulp system at the experimental conditions (1.5% alkali and 0.1% 
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stabilizer U on o.d.p.) used during the study. Bleaching of a pulp sample requires an 

appropriate dose level of bleaching chemicals. Overdosing of pulp bleach system is 

not an effective method to gain any improvement in brightness results and the excess 

amount of chemical is discharged in effluents during washing stage. Therefore, 

determination of residual peroxide is an important parameter to optimize peroxide 

bleaching process at various reaction conditions and to save the bleaching chemicals.  

Sodium hydroxide was found to be very effective in increasing the pulp brightness 

during P-stage (Fig. 4.23). Pulp bleached with hydrogen peroxide without any alkali 

addition yielded pulp with 67.2% ISO brightness. Adding 0.5% NaOH on o.d.p to pulp 

being bleached with 3.0% hydrogen peroxide resulted in pulp with 69.3% ISO. 

Increasing the NaOH dose up to 1.5% on o.d.p. achieved 76.8% ISO brightness. It is 

evident that any further increase beyond 1.5% to 7.0% did not contribute to increase 

the pulp brightness but resulted in significantly higher residual peroxide that shows the 

waste of chemical. Alkali dose of 1.5% on o.d.p. was found to be sufficient to activate 

3.0% hydrogen peroxide charge on pulp system.  

 

 

 

 

 

 

Figure 4.23 Effect of alkali dose on bleaching efficiency during optimization of 

hydrogen peroxide stage (P)  
(� represents optimal condition) 

 

Hydrogen peroxide bleaching involves dissociation of the peroxide into perhydroxyl 

and hydronium ions. The perhydroxyl ion, being nucleophilic, is the active bleaching 

agent. During peroxide bleaching high pH is extremely desirable as it favors the 

generation of perhydroxyl ions on the pulp system. Addition of hydroxyl ions, in the 

form of alkali, activates hydrogen peroxide to form the active bleaching species to 

yield brighter pulp (Scheme 4.2)
156, 157

.  
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Scheme 4.2 Dissociation [I] and activation [II] of hydrogen peroxide in aqueous 

alkaline medium 

 

Stabilizer U is a silicate free product (based on organic acids) being used in textiles for 

fabrics bleaching with peroxide. It was employed during bleaching for the stabilization 

of hydrogen peroxide on pulp. Figure 4.24 shows hydrogen peroxide bleaching of pulp 

in the absence and presence of stabilizer U at two different dose levels. Peroxide 

bleaching carried out in the absence of stabilizer U at optimal doses of hydrogen 

peroxide (3.0% on o.d.p.) and alkali (1.5% on o.d.p.) yielded pulp with a brightness of 

70.5% ISO, while bleaching in the presence of 0.1% and 0.5% of stabilizer U on o.d.p. 

increased the pulp brightness to 76.8% ISO and 77.7% ISO respectively. As stabilizer 

U at both dose levels yielded pulp with similar brightness and small reduction of 

residual peroxide (%), 0.1% dose was used for further experimentation.  

 

Figure 4.24 Effect of stabilizer U (% on o.d.p.) on bleaching efficiency during 

optimization of hydrogen peroxide stage (P)  
(� represents optimal condition) 

 

Chelating agents such as DTPA are usually employed during hydrogen peroxide 

bleaching  to sequester metals ions in order to avoid deactivation of hydrogen 
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peroxide
157-159

. As most of the metals were already removed during the A-stage, no 

chelating agent was used in the reaction process instead stabilizer U was employed. It 

was found that stabilizer U scavenges the active oxygen generated during the peroxide 

bleaching reaction ultimately reducing the consumption of hydrogen peroxide for pulp 

bleaching.  

Results showed that increasing pulp consistency from 5.0% to 10.0% helped to 

increase its brightness by 3.7% ISO whereas consistency higher than 10.0% did not 

significantly improve pulp brightness (Fig. 4.25). Literature revealed that brightness 

can be improved if the peroxide bleaching is carried out at high pulp consistency (25% 

– 30%)
156, 157

. At these consistencies there is increased availability of peroxide to pulp 

and better contact between the peroxide and the fiber, however thorough mixing of the 

bleaching agent with the fiber is limited but can be overcome by more efficient mixing 

methods. It is a generalized fact that 25% consistency is a limit for commercial scale 

bleaching; where most of the bleaching plants operate at 10% – 25% consistency
144

. 

For the present studies, the pulp was mixed with the bleaching chemicals in a 

laboratory disintegrator and the reaction was carried out in polyethylene zip-lock bags 

where complete mixing of the reaction mixture at high pulp consistency may not be 

efficient, hence, for the present investigation 10% consistency yielded good brightness 

with residual peroxide up to 8.75%.  

 

 

 

 

Figure 4.25 Effect of pulp consistency on bleaching efficiency during optimization of 

hydrogen peroxide stage (P)  
(� represents optimal condition) 

 

Reaction temperature and time are also important parameters in hydrogen peroxide 

bleaching. The results in figure 4.26 showed that both brightness and peroxide 
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stabilization increased gradually with increasing reaction temperature up to 90°C. 

Very little brightness gain occurred at higher temperatures above 90°C. High 

temperature is reported to speed up the bleaching process achieving high brightness at 

a shorter time interval
144

.    

 

 

 

 

 

Figure 4.26 Effect of temperature on bleaching efficiency during optimization of 

hydrogen peroxide stage (P)  
(� represents optimal condition) 

 

It was observed during the study that increasing the reaction time period from 15 

minutes to 60 minutes gradually improved peroxide stabilization on pulp system and 

increased brightness from 73.2% ISO to 76.8% ISO while further increasing the time 

to 120 minutes, only increased % ISO brightness by 0.2 units (Fig. 4.27). A 60 minute 

reaction time was, therefore, used for further experimentation. Reaction times of 60 

minutes to 240 minutes are conventional to peroxide bleaching.  A 60 minutes reaction 

period was chosen for the present work in order to achieve good brightness while 

minimizing pulp yellowing
144

.  

 

 

 

 

 

 

 

 

Figure 4.27 Effect of reaction time on bleaching efficiency during optimization of 

hydrogen peroxide stage (P)  
(� represents optimal condition) 
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A final bleached brightness of only 76.8% ISO was obtained for the AOOxP sequence.  

To achieve the target brightness ≥ 80% ISO, further bleaching of the AOOx pulp was 

undertaken using the following treatments: 

• Two successive hydrogen peroxide bleaching stages  

• Incorporation of dithionite stage (Y) prior to hydrogen peroxide stage 

• Incorporation of NaOH extraction stage (E) prior to hydrogen peroxide stage 

Multiple bleaching stages have been found to be more effective than single stage 

bleaching from a quality and economic viewpoint. With multistage bleaching most of 

the breakdown products of the residual lignin are washed away improving the pulp 

brightness and the need for additional chemicals thus lowering the bleaching costs. 

Adding another hydrogen peroxide stage (P*) in the AOOxP sequence with 2.0% P 

charge on o.d.p. yielded 81.2% ISO brightness; whereas increasing hydrogen peroxide 

charge in P stage of AOOxP bleach sequence up to 7.0% in single P stage gained 

maximum 77.9% ISO brightness (P7) at 1.5% alkali on o.d.p. as shown in figure 4.28.  

 

 

 

 

 

 

Figure 4.28 Effect of single and two hydrogen peroxide stages on brightness of AOOx 

sequence bleached pulp 
(P3, P5 and P7 represents P stage of AOOxP bleach sequence with 3.0%, 5.0% and 7.0% charge of 

P on o.d.p. respectively and P* represents AOOxPP* with 3+2% P charge on o.d.p. in two 

separate stages)  

 

4.6 Optimization of Sodium Dithionite Stage (Y) 

Sodium dithionite is a reductive bleaching chemical and according to the available 

literature, the first use of dithionite was reported for mechanical pulp in the 1930s. 

Low temperature and short reaction times were reported to limit the bleaching 
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effectiveness in these earlier years when dithionite was employed as a bleaching agent. 

The addition of dithionite to a pulp system is known to involve three competing 

reactions (Scheme 4.3). Only the reaction mentioned as scheme 4.3 [r.1] is beneficial 

for the bleaching process. Dithionite when exposed to the atmosphere during pulp 

bleaching reacts with oxygen [Scheme 4.3 r.2] and rapidly decomposes. This increases 

the consumption of dithionite ultimately leading to poor bleaching efficiency. Thus, to 

avoid the reaction with air, in the present study, bleaching with sodium dithionite was 

carried out in sealed bags to reduce exposure to air and oxygen. Formation of 

thiosulphate is also known to occur as a side product [scheme 4.3 r.3] and can cause 

pitting corrosion, thus low doses of dithionite are recomended
144

.  

 

      [r.1] 

  

 [r.2]  

 

 [r.3] 

 

Scheme 4.3 Competing reactions of dithionite on pulp system
144

 

 

As the dose required for bleaching can vary with the pulp type and composition, the 

dose and other reaction variables were optimized for AOOx bleached AS/AQ wheat 

straw pulp. A few studies have also reported yellowing of pulp at different reaction 

conditions during dithionite bleaching, hence, both the brightness and yellowness of 

handsheets were measured with varying sodium dithionite dose, pulp consistency, 

reacting temperature and time.  

Three different dose levels of sodium dithionite (0.2%, 0.6% and 1.0% on o.d.p) were 

investigated to study the effect on pulp brightness. A small increase in pulp brightness 

and drop in yellowness was observed at increasing sodium dithionite addition with 

reference to AOOx bleached pulp where bleached brightness was determined to be 

64.5% ISO, hence, 0.2% sodium dithionite on o.d.p. was used for further optimization 

trials (Fig. 4.29). Bajpai has also reported the use of a small amount of dithionite to 

suppress the formation of thiosulphate in aqueous media which causes corrosion of 

equipment and buildings
144

.   

Pulp + Na2S2O4 + H2O
∆

Bleached Pulp + NaHSO 3 + H2O

Na2S2O4 + H2O + O2

∆
NaHSO3 + NaHSO4

Na2S2O4 + H2O
∆

Na2S2O3 + NaHSO3
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Figure 4.29 Effect of sodium dithionite on bleaching efficiency during optimization of 

sodium dithionite stage (Y)  
(� represents optimal condition) 

 

The effect of pulp consistency on brightness and yellowness was studied over the 

range of 1.0% to 5.0% consistency.  Increasing fiber consistency from 1.0% to 3.0% 

resulted in the brightness gain from 66.0% ISO to 66.2% ISO with a very small drop 

in yellowness from 6.04% to 6.03% being measured. Increasing consistency to 5.0% 

decreased brightness to 65.0% while pulp yellowness increased to 6.10%. Therefore, 

3.0% pulp consistency was selected for dithionite bleaching experiments (Fig. 4.30). 

Low consistency is extremely crucial for bleaching with sodium dithionite, as it 

reduces air exposure; and also aids in the homogenous mixing of dithionite with pulp 

fiber
144

.  

 

 

 

 

 

 

 

 

Figure 4.30 Effect of pulp consistency on bleaching efficiency during optimization of 

sodium dithionite stage (Y)  
(� represents optimal condition) 

 

The effect of bleaching temperature on dithionite bleaching was investigated over the 

temperature range of 50°C to 90°C. A gradual increase in brightness up to 66.7% ISO 
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was measured when temperature was increased from 50°C to 70°C. Only 0.2 unit 

increase in brightness (66.9% ISO) was measured at 80°C while at 90°C a drop to 

62.1% ISO was observed. Similarly, the yellowness was found to be increased slightly 

from 5.07% to 6.0% as temperature increased from 50°C to 60°C.  No significant 

increase in yellowness was measured as the temperature increased to 80°C however at 

90°C yellowness increased to 8.5% (Fig. 4.31). Literature also reveals that temperature 

greater than 60°C is more effective to achieve high brightness,
160

 while temperatures 

above 80°C causes decomposition of dithionite and converts it into thiosulphate 

followed by sulphur precipitation which may lead to equipment corrosion
6
, 

144
.  

 

 

 

 

Figure 4.31 Effect of temperature on bleaching efficiency during optimization of 

sodium dithionite stage (Y)  
(� represents optimal condition) 

 

Similarly, the effects of reaction time on brightness and yellowness were investigated 

over 15 minutes to 60 minutes (Fig. 4.32).  

 

 

 

 

 

Figure 4.32 Effect of reaction time on bleaching efficiency during optimization of 

sodium dithionite stage (Y)  
(� represents optimal condition) 



 

With the increase of reaction time, both the brightness and yellowness increased as 

shown in Figure 4.32. Yellowness was found to increase as the bleaching time 

increased from 30 minutes to 60 minutes hence 30 minutes bleaching time was used 

for further experimentation. It is reported that at longer bleaching periods, thermal 

reactions dominate to cause pulp yellowing

After bleaching at optimized conditions for sodium dithionite stage (Y), the pulp was 

bleached with 3.0% hydrogen peroxide at optimized conditions described earlier with 

final pulp brightness 82.0% ISO. Incorporating a dithionite stage prior to hydrogen 

peroxide stage was found to be very effective not only in increasing the final pulp 

brightness but also in reducing the consumption of hydrogen peroxide in the later 

peroxide stage (Table 4.5).

samples bleached at varying doses of hydrogen peroxide with and without dithionite 

stage before and after P 

(Fig. 4.33). The sequences involved:

• AOOxY (0.2 % 

• AOOxP (3.0 % 

• AOOxP5 (5.0 % 

• AOOxYP (0.2 % 

• AOOxPY (3.0 % P on o.d.p., 0.2 % Y on o.d.p.)

 

 

 

 

 

Figure 4.33 Significance of incorporating dithionite stage (Y) prior to hydrogen 

In the present study, increasing 

able to produce a pulp of
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With the increase of reaction time, both the brightness and yellowness increased as 

n Figure 4.32. Yellowness was found to increase as the bleaching time 

increased from 30 minutes to 60 minutes hence 30 minutes bleaching time was used 

for further experimentation. It is reported that at longer bleaching periods, thermal 

to cause pulp yellowing
144

.  

After bleaching at optimized conditions for sodium dithionite stage (Y), the pulp was 

bleached with 3.0% hydrogen peroxide at optimized conditions described earlier with 

final pulp brightness 82.0% ISO. Incorporating a dithionite stage prior to hydrogen 

roxide stage was found to be very effective not only in increasing the final pulp 

brightness but also in reducing the consumption of hydrogen peroxide in the later 

(Table 4.5). A comparison between brightness gain in different pulp 

leached at varying doses of hydrogen peroxide with and without dithionite 

stage before and after P - stage during various sequences showed promising results 

(Fig. 4.33). The sequences involved: 

(0.2 % Y on o.d.p.)    YI 

(3.0 % P on o.d.p.)    YII 

(5.0 % P on o.d.p.)    YIII 

0.2 % Y on o.d.p., 3.0 % P on o.d.p.) YIV 

(3.0 % P on o.d.p., 0.2 % Y on o.d.p.) YV 

Significance of incorporating dithionite stage (Y) prior to hydrogen 

peroxide bleaching 

 

ncreasing hydrogen peroxide from 3.0% - 5.0% on o.d.p. was not 

able to produce a pulp of 80% ISO brightness.  Employing a Y-stage after AOOx 

81 

With the increase of reaction time, both the brightness and yellowness increased as 

n Figure 4.32. Yellowness was found to increase as the bleaching time 

increased from 30 minutes to 60 minutes hence 30 minutes bleaching time was used 

for further experimentation. It is reported that at longer bleaching periods, thermal 

After bleaching at optimized conditions for sodium dithionite stage (Y), the pulp was 

bleached with 3.0% hydrogen peroxide at optimized conditions described earlier with 

final pulp brightness 82.0% ISO. Incorporating a dithionite stage prior to hydrogen 

roxide stage was found to be very effective not only in increasing the final pulp 

brightness but also in reducing the consumption of hydrogen peroxide in the later 

A comparison between brightness gain in different pulp 

leached at varying doses of hydrogen peroxide with and without dithionite 

stage during various sequences showed promising results 

 

 

Significance of incorporating dithionite stage (Y) prior to hydrogen 

% on o.d.p. was not 

stage after AOOx 
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(64.5% ISO) sequence resulted in a small gain in brightness (66.8% ISO) but a 

successive hydrogen peroxide stage did yield 82.0% ISO brightness in a AOOxYP 

sequence with 3.0% P charge on o.d.p. Employing Y-stage after P-stage in AOOxP 

sequence (Fig 4.33, YV) did not help in significant increase of pulp brightness. 

Literature reported comparable bleaching efficiency by employing either Y-stage 

before P-stage or P-stage before Y-stage. However, there are some studies that favor 

our findings of incorporating Y-stage before P-stage, as the addition of oxidative 

bleaching stage at the end of a bleach sequence are known to make the finally 

bleached pulp less prone to pulp yellowing
161

.  

 

Table 4.5 Consumption of hydrogen peroxide (%) on pulp system in TCF bleaching 

sequences 

TCF Bleaching 

sequence 

Hydrogen peroxide consumption on 

pulp system (%) Bleach brightness 

(% ISO) P 

(3.0% P on o.d.p.) 

P* 

(2.0% P on o.d.p.) 

AOOxPP* 91.51 94.68 81.6 

AOOxYP 94.81 --- 82.0 

 

 

Many studies also reported the necessity of dithionite reductive stage to remove color 

from pulp
162, 163

. It is generally considered that the bleaching effect of the dithionite 

with chromophoric groups of residual lignin (Scheme 4.4) is mostly due to the 

following reactions on pulp system
65

: 

• Reduction of alpha carbonyl groups 

• Reduction of quinodic groups of residual lignin into hydroquinone 

• Reduction of coniferyl aldehydic group to non-chromophoric derivatives 

 

  

Scheme 4.4 Reaction of dithionite (sulphur dioxide radical anion, active bleaching 

species in sodium dithionite) with pulp chromophores
164
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Sodium dithionite is easy to handle in aqueous form which makes it not only feasible 

for effective and homogenous mixing on pulp system but also stable for longer periods 

when stored < 10°C
144

. Hence, it can be conveniently employed to improve the 

brightness.  

4.7 Alkaline Extraction Stage (E) 

Like a separate dithionite stage, a separate alkaline extraction stage is also important. 

In this study of AOOx bleached AS/AQ wheat straw pulp, extraction conditions were 

optimized by taking both brightness and acid insoluble lignin (%) into consideration. 

Typical alkaline extraction employs temperatures of 55°C - 90°C, extraction times of 

60 minutes – 120 minutes at 10% - 15% pulp consistency
165

. An alkaline stage is 

employed to neutralize and wash away the depolymerized fragments of residual lignin 

which are retained on pulp after water wash of the previous stage
165

.  

Increasing the alkali dose from 1.0% to 5.0% of NaOH increased the pulp brightness 

and reduced the acid soluble lignin content (Fig. 4.34). The % reduction of acid 

soluble lignin was less over the 3.0% - 5.0% NaOH on o.d.p range as compared to % 

reduction that occurred when the NaOH dose varied from 1.0% - 3.0%. Hence, 3.0% 

NaOH on o.d.p. was selected for further extraction trials at varying conditions. 

 

 

 

 

 

 

 

 

Figure 4.34 Effect of alkali dose on bleaching efficiency during optimization of 

alkaline extraction stage (E)  
(� represents optimal condition) 

 

With the pulp consistency increased from 5.0% to 15.0% an increase in the brightness 

and reduction of acid insoluble lignin is evident (Fig. 4.35). A greater increase in 
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brightness was observed when the pulp consistency was changed from 5.0% to 10.0% 

compared to changing it from 10-15%, therefore, 10.0% was chosen for further trials. 

 

 

 

 

 

 

 

 

Figure 4.35 Effect of pulp consistency on bleaching efficiency during optimization of 

alkaline extraction stage (E)  
(� represents optimal condition) 

 

Temperature increase from 50°C - 70°C increased the pulp brightness from 66.2% to 

67.2% with a reduction in acid insoluble lignin from 2.89% – 1.78% respectively (Fig. 

4.36). Further increases in temperature up to 90°C increased the brightness by only 0.2 

units with acid insoluble lignin reduced by 0.19% only. A reaction temperature of 

70°C was, therefore, selected for further trials.  

 

 

 

 

 

 

Figure 4.36 Effect of temperature on bleaching efficiency during optimization of 

alkaline extraction stage (E)  
(� represents optimal condition) 

 

The results of the study on the effect of the alkaline extraction reaction time showed 

that increasing the duration of the extraction from 30 minutes to 120 minutes gradually 
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increased the pulp brightness and reduced the acid insoluble lignin.  When extraction 

was carried out for 180 minutes, no significant brightness gain or reduction in acid 

insoluble lignin content of the pulp occurred (Fig. 4.37). Therefore, for alkaline 

extraction stage, 3.0% NaOH on o.d.p. at 10.0% pulp fiber consistency, 70°C and 120 

minutes reaction time was selected to be optimal for the next bleaching stage. The 

condition optimized for AOOx bleached AS/AQ wheat straw pulp falls in good 

agreement with conventional ranges of extraction conditions mentioned earlier
165

.    

\ 

 

 

 

 

 

Figure 4.37 Effect of reaction time on bleaching efficiency during optimization of 

alkaline extraction stage (E)  
(� represents optimal condition) 

 

 

4.8 Designing Optimal Bleach Sequences 

Different TCF bleaching stages were successfully optimized without compromise on 

pulp characteristics of commercial importance. After optimizing the reaction 

conditions of various stages, the sequences of these stages were now investigated to 

design an optimum bleaching process. The above optimization trials yielded the 

following three sequences (Scheme 4.5): 

• AOOxPP� • AOOxYP  • AOOxEP 

With the aim to reduce the number of stages from the developed bleaching sequences 

and to gain 80 % ISO brightness, other sequences [AOYPP, AO(EOxP), AOY(EOxP)] 

were also investigated but were found not to be as selective and effective as the three 

optimized sequences mentioned above, hence, they were not investigated for further 

trials during this study (Scheme 4.5).  
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4.8.1 Shortening Bleach Sequences/Stages Reduction 

After successful development of the TCF bleaching sequences: AOOxPP�, AOOxYP 

and AOOxEP; the study was extended further in an attempt to reduce the number of 

stages in the developed sequences.   

Studies of oxygen delignification for AS/AQ wheat straw pulp, at 100 psi gauge 

pressure oxygen (O′), showed comparable or better properties than at 75 psi except for 

tensile index (Table 4.4). Therefore, 75 psi gauge pressure was chosen for 

optimization of the O stage as mentioned earlier (Fig. 4.11). Although the tensile index 

dropped to 39.7 Nm.g
-1

, at 100 psi, the value still falls within comparable limits for 

oxygen delignified CEHH bleached wheat straw pulp’s tensile strength
2
. Hence, in 

order to develop a bleaching sequence with a reduced number of stages, acid washed 

pulp was delignified with oxygen at 100 psi pressure and then bleached with oxone.  It 

is well illustrated in literature that treatment of pulp with an alkaline-oxone stage helps 

to regain pulp strength by further improving the selectivity of residual lignin
7, 166

. As 

100 psi oxygen gauge pressure was selected for further bleaching trials, optimization 

of oxone was repeated at 100 psi. 

4.8.2 Oxone Optimization for Shortening Bleach Sequences (Ox′′′′) 

Similar to the previous oxone optimization trials of this study, oxone dose was varied 

from 3.0% to 10.0% on o.d.p. (Fig. 4.38).  

 

 

 

 

Figure 4.38 Effect of oxone charge on bleaching efficiency during optimization of 

modified oxone stage (Ox′)  
(� represents optimal condition) 

 

The results showed that a greater increase in brightness (62.3% ISO) was measured 

when the oxone charge was increased from 5.0% to 7.0% on o.d.p. which was 
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different from the previous optimization trials as described earlier under oxone 

bleaching (Ox). The difference in optimized doses of the oxone trials i.e., Ox and Ox' 

is due to the fact that, at increased pressure, pulp delignification improved along with 

other pulp properties, thus further bleaching stages responded differently in 

brightening the pulp.  

A similar trend was observed when optimizing the alkali dose with 0.5% NaOH on 

o.d.p. yielding 68.8% ISO brightness (Fig. 4.39). Up to 69.1% ISO brightness was 

observed at 15% consistency which was then selected for further trials (Fig. 4.40).  

 

 

 

 

 

 

 

 

 

 

Figure 4.39 Effect of alkali charge on bleaching efficiency during optimization of 

modified oxone stage (Ox′)  
(� represents optimal condition) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.40 Effect of pulp consistency on bleaching efficiency during optimization of 

modified oxone stage (Ox′)  
(� represents optimal condition) 

 

It was interesting to find that the effects of different temperature and reaction times 

were also found to be in accordance with the oxone bleaching stage optimized earlier. 

A reaction temperature of 65°C and 30.0 minutes reaction time were selected to be 

optimal for the modified oxone bleaching stage (Ox′) with 69.5% ISO brightness (Fig. 

4.41 and 4.42).  
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Figure 4.41 Effect of temperature on bleaching efficiency during optimization of 

modified oxone stage (Ox′)  
(� represents optimal condition) 

 

 

 

 

 

Figure 4.42 Effect of reaction time on bleaching efficiency during optimization of 

modified oxone stage (Ox′)  
(� represents optimal condition) 

 

4.8.3 Optimization of Hydrogen Peroxide (P′′′′) 

Similar to the previous optimal dose in the P stage (Fig. 4.22), 3.0% hydrogen 

peroxide dose was also selected to be optimal for modified P′′′′ stage (74.1% ISO 

brightness) as very little gain in brightness was observed beyond this level (Fig. 4.43).  

 

 

 

 

Figure 4.43 Effect of hydrogen peroxide doses on bleaching efficiency during 

optimization of modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 
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Instead of 1.5% NaOH dose on o.d.p. with 70.4% ISO brightness (Fig. 4.23), 3.0% E 

was found to considerably increase the brightness to 74.05% ISO. Increasing the dose 

to 7.0% NaOH resulted in only a small gain in brightness up to 75.9% ISO. Hence, 

3.0% was selected for further trials (Fig. 4.44).  

 

 

 

Figure 4.44 Effect of alkali charge on bleaching efficiency during optimization of 

modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 

 

As stabilizer U is an indigenous product (Pakistan) and these optimization trials for 

modified P′ stage were carried out in UTAS, Australia, DTPA was used as the chelant 

for the peroxide stage. As no significant change was found at 0.5% DTPA dose, 0.2% 

DTPA on o.d.p. was selected to be optimal for further trials (Fig. 4.45).  

 

 

 

 

 

 

 

Figure 4.45 Effect of alkali charge on bleaching efficiency during optimization of 

modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 

 

The effect of pulp consistency on brightness gain was investigated during P′′′′  stage at 

5.0% to 20% consistencies. Consistency ≥ 10% was found to gain good pulp 

brightness. At 20.0% consistency, highly efficient homogenous mixing is required 

which was a limitation in laboratory scale trials, hence, 15.0% pulp consistency with 

75.23% ISO brightness was selected for further bleaching optimization trials (Fig. 

4.46).   
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Figure 4.46 Effect of pulp consistency on bleaching efficiency during optimization of 

modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 

 

Temperature studies revealed similar trends as were found during previous bleaching 

optimization trials, therefore, the temperature range 90°C to 95°C was observed to be 

optimal for further trials with brightness gain of > 75% ISO (Fig. 4.47). 

 

 

 

 

 

Figure 4.47 Effect of temperature on bleaching efficiency during optimization of 

modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 

 

As stated earlier with reference to the optimization trials during peroxide bleaching 

stage (P), it was observed that there was not a considerable gain in brightness in 

increasing reaction time from 60 minutes to 120 minutes. Instead of the findings 

mentioned in figure 4.27, bleaching period was extended up to 240 minutes which was 

found to be very effective mode to increase the brightness > 80%. The 180 minutes 

bleaching period showed maximum brightness (81.29% ISO), therefore, it was 

selected as the optimal period for P′′′′ - stage bleaching (Fig. 4.48). 

The results of the study revealed that using slightly modified conditions helped to 

reduce one stage from AOOxPP�, AOOxYP and AOOxEP bleaching sequences and 

another bleaching sequence AO′Ox′P′ was developed for AS/AQ wheat straw pulp to 

gain brightness > 80.0% ISO.  
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Figure 4.48 Effect of reaction period on bleaching efficiency during optimization of 

modified hydrogen peroxide stage (P′)  
(� represents optimal condition) 

 

4.8.4 Elimination of O′- and Ox′- Stages from AO′Ox′P′′′′ Bleaching Sequence 

Bleaching sequences involving fewer stages and yielding good brightness are 

preferable in mill scale processes. In an attempt to further reduce a bleaching stage in 

AO′Ox′P′′′′ sequence, oxone was eliminated from the sequence and AO′ treated pulp 

was bleached with 3.0%, 5.0% and 7.0% of hydrogen peroxide on o.d.p. at the 

conditions optimized for P′′′′ stage. The results showed the achieving the brightness i.e., 

80.02% ISO with 7.0 % hydrogen peroxide (P′′ stage) in AO′P′′ sequence (Fig. 4.49). 

 

 

 

 

 

 

 

 

 

Figure 4.49 Effect of hydrogen peroxide dose on pulp brightness in peroxide stage of 

AO′P′′ bleach sequence 

 

Similarly, elimination of both O′ and Ox′ stages was attempted with the acid washed 

pulp (A) being treated directly with hydrogen peroxide at varying doses from 3.0% to 

10.0% on o.d.p. at condition optimized during the P′ stage. Figure 4.50 shows that at 
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10.0% peroxide, a maximum brightness gain is 76.9% ISO in AP���� sequence. As the 

prime objective was to achieve brightness greater than 80% ISO, AP���� sequence 

bleached pulp was not investigated further for other pulp properties.  

 

 

 

 

 

 

Figure 4.50 Effect of hydrogen peroxide on pulp brightness bleached with AP���� 

sequence 

 

4.9 Deciding Optimal Bleach Sequences 

Employing multistage bleaching sequence carries many advantages: 

• Improved brightness 

• Preserved pulp degree of polymerization and fiber strength  

• Improved delignifying selectivity 

• Lower consumption of bleach chemicals ultimately reducing chemical cost and 

effluent load  

In spite of all, it is a fact that short bleaching sequences are of commercial importance 

and the best approach is to develop a bleach sequence with fewer process stages that 

produces pulp with good fiber characteristics at low cost. Though pulp bleached 

brightness is of prime importance for the optimization of the bleaching stage and 

ultimately to design a sequence, there are factors which are necessary to consider 

before one can decide on an optimum sequence. It is evident from the results that 

brightness of pulp bleached with all the developed sequences is greater than 80% ISO 

which was set as the primary target to achieve (Table 4.6). Opacity (%) of pulps was 
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measured to be decreased with bleaching sequences involving fewer process stages. 

As a general rule, improved bleaching to increase the pulp brightness reduces opacity. 

More precisely, it is the reaction conditions which most significantly affect the fiber 

characteristics during pulping and bleaching processes. As AO'Ox'P' and AO'P'' 

sequences used comparatively drastic reaction conditions especially for oxygen 

delignification stage, it is assumed from the present findings that along with residual 

lignin, some pulp components were also dissolved out, resulting in the collapse of 

fiber lumen to some extent. This may have increased the contact area between the 

bleached fibers; ultimately reducing the light scattering coefficient of hand sheet with 

reduced opacity
14

. Whereas in other TCF bleaching sequences such as AOOxPP*, 

AOOxYP and AOOxEP where mild conditions achieved brightness greater than 80% 

ISO, opacity was also found to remain high.  

Strength properties showed variation in results. Except for AO′P′′ bleached pulp, burst 

and tear index of all the other pulps were found to be improved with reference to 

unbleached AS/AQ wheat straw pulp (Table 4.3). Although all bleaching sequences 

except AO′P′′ have good tensile strength, the AOOxPP� sequence produced the best 

tensile index. A small drop in viscosity was observed in all the TCF sequences with 

reference to the unbleached pulp sample (13.10 cP) except for AO′P′′ bleached pulp 

where viscosity drop is highly significant (7.91cP). Viscosity results are indicative of 

degree of polymerization. It is well known that pulp cellulosic contents will be greater 

at greater degree of polymerization and therefore the pulp shows good pulp viscosity 

and strength as evidenced from the results of present findings (Table 4.6). 

Kappa number results showed that most of the residual lignin has already been 

removed during successive stages of bleaching except in AO′P′′ sequence where kappa 

number was determined to be 6.12. This indicated the presence of considerable 

amount of residual lignin on pulp structure. This was most likely responsible for 

higher values of brightness reversion (2.87%) as compared to pulp bleached with other 

sequences. Hence, AO′P′′ was not considered as optimal sequence for AS/AQ wheat 

straw pulp. The % composition of α-cellulose constituted greater than 77% while acid 

insoluble lignin dropped to less than 2% in all the bleaching sequences except AO′P′′, 

whereas these constituted 76.6% and 7.6% of unbleached pulps’ respectively.  
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Table 4.6 Various pulp and paper properties of bleached AS/AQ wheat straw pulp 

after five different bleaching sequences 

Parameters AOOxPP���� AOOxYP AOOxEP AO′′′′Ox′′′′P′′′′ AO′′′′P′′′′′′′′ 

Brightness (% ISO) 81.6 82.0 82.5 81.3 80.0 

Opacity (%) 79.7 80.2 80.7 72.3 69.2 

Burst Index (KPa.m
2
/g) 4.1 2.8 3.2 2.9 1.6 

Tear (mN.m
2
/g) 5.1 6.8 6.8 4.0 3.4 

Tensile index (Nm/g) 71.2 41.3 43.8 49.6 29.1 

Kappa Number ND ND ND 1.01 6.12 

CED viscosity (cP) 11.9 10.6 11.93 10.13 7.91 

Acid Insoluble Lignin (%) 1.02 1.12 0.7 1.99 5.43 

Alpha cellulose (%) 79.5 77.5 81.2 76.5 69.9 

Brightness Reversion % 0.086 0.098 0.079 0.184* 2.87* 

*Student t-test (Paired) showed statistically significant difference at 95 % confidence level in mean 

values of % ISO brightness before and after accelerated ageing at 105°C for 72 hrs. ± 10 min (ND 

represents that kappa number is very low that is not detectable by the method used in this thesis)  

 

All the above mentioned pulp and handsheet characteristics especially kappa number, 

viscosity, brightness, fiber strength and pulp induced ageing results showed that 

incorporation of oxone, dithionite, and alkaline extraction stages are essential to 

selectively depolymerize lignin, to preserve pulp viscosity and brightness and to 

improve pulp fiber strength. Similar findings have been reported by Springer
167

 where 

the potential use of the active component of oxone (peroxymonosulphate) is 

emphasized. It is evident from the literature review that on the basis of reactivity of 

oxidative chemicals used on the pulp system, bleaching reactions can be classified into 

three types as presented in table 4.7:  

Table 4.7 Reactivity of oxidative bleaching chemicals
114, 168, 169

 

Compounds Reactivity 

Mechanism 

Target group on lignin 

structure/chromophoric structure 

Others 

Oxygen Radical Phenolic  -- 

Peroxyacids Electrophilic 
Non-phenolic 

(mostly all unsaturated structures) 

HexA 

Extractives 

Peroxides  Nucleophilic Carbonyl -- 

 

It is frequently reported that lignin is highly susceptible to oxidation reaction even at 

mild experimental conditions. Oxidative chemicals breakdown the lignin structure into 

benzoic acid and protocatechuic acids. These fragmented products could then be 

removed in a subsequent alkaline-aqueous wash 
170

. Oxygen has extremely low 
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oxidation reduction potential. The reaction proceeds through radical chain mechanism 

(Scheme 4.1) at high pressure and temperature. The pulp system is activated by alkali 

addition and magnesium salts are added as protectors to carbohydrate structure. The 

main reaction occurring during O-stage bleaching can be illustrated as (Scheme 4.6)
171

 

 

 

 

 

 

Scheme 4.6 Main reaction of lignin structure during O-stage 

 

 

Peroxyacids (oxone) oxidizes lignin into alkali soluble fragments at mild experimental 

conditions (Scheme 4.7). Peroxymonosulphuric acid is highly efficient delignifying 

bleaching agent with low reactivity towards pulp carbohydrates. The presence of 

numerous alcoholic –OH groups in pulp polysaccharides do not provide suitable 

reaction sites for electrophilic attack of peroxyacids, hence, most of the pulp cellulosic 

structures remains preserved during Ox-stage
10, 171. 

 

Scheme 4.7 Basic reaction mechanism of peroxyacids with lignin unsaturated 

structure  
(X
δ+

 - Y
δ-

 represents active component of oxone [HO
 δ+

 – 
δ-

OSO3] where X is an electrophilic part 

and Y is the leaving group)
  

 

The perhydroxyl ion generated during P-stage being a strong nucleophile converts α-, 

β- unsaturated aldehydic and ketonic or carbonyl groups (electron rich chromophoric 

groups) of lignin structure into their non-chromophoric counterparts
169, 172

.  The 

reaction involves two basic steps (Scheme 4.8): 

Lignin

OCH3

OH

COOMe

COOH

O2
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• Addition of nucleophile 

• Cleavage of leaving group (which is SO4
-
 & HO

-
 for oxone and hydrogen 

peroxide respectively) 

Scheme 4.8 Nucleophilic reaction perhydroxyl ion with conjugated carbonyl group 

 

The above reaction schemes (4.4, 4.6 to 4.8) show that a combination of various 

agents in the suggested TCF sequences provides good reactivity to attack at numerous 

specific sites of residual lignin during different bleaching stages, making the proposed 

sequences highly appropriate for a selective and efficient delignifying bleaching 

process. 

4.10 Ageing of TCF Bleached Pulp  

Brightness stability is of key importance which needs to be preserved as long as 

possible with environmental exposure. There are a number of possible factors which 

induce yellowing of fiber during different storage and processing stages (Fig. 4.51). 

Suess et al
173

 highlighted some potential reasons of ageing or brightness reversion of 

pulp during the processing stage which included: 

• Poor pulp washing after delignification or bleaching stages 

• Incomplete depolymerization of lignin content 

• Formation of new chromophoric groups on heating or other environmental 

exposures 
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Figure 4.51 Some possible factors for pulp or paper yellowing from raw fiber to final 

product 

 

During lignin preserving bleaching, bleaching chemicals brighten the pulp while most 

of the lignin remains intact on pulp structure. As seen in the case of the AO′P′′ 

bleaching sequence, kappa number 6.12 indicated the presence of significant amount 

of pulp residual lignin. Although the oxygen treatment had considerably reduced 

kappa number to 6.6, extended delignification was required for maximum removal of 

pulp residual lignin. Successive peroxide bleaching only brightened the pulp without 

causing any lignin degradation, which yielded a pulp more vulnerable to ageing with a 

2.87% brightness reversion (Table 4.6).  
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The graphical results presented in figure 4.52 show the brightness of pulp samples 

bleached using various developed sequences and of aged samples subjected to dry heat 

at 105°C. Very small differences were observed in the brightness before and after 

accelerated aging of AOOxPP�, AOOxYP, AOOxEP and AO′Ox′P′ bleached pulps 

(Fig. 4.52). It was also found during the study that oxygen and oxone acted as 

delignifying bleaching agents, in successive stages of these sequences, that not only 

selectively degraded the lignin polymers but also brightened the pulp, therefore, the 

percentage of reversion process was also measured to be statistically insignificant and 

less than 0.1% (Table 4.6).  

 

 

 

 

 

 

 

Figure 4.52 Effect of accelerated ageing on brightness of pulp prepared at various 

bleaching sequences  
(Each bar represents an average of three independent measurements)  

 

Analysis of the data revealed that statistically significant differences were found in 

brightness of the pulp bleached with the AO′P′′ sequence on heat exposure. On the 

basis of ageing results and other pulp fiber properties, it is concluded that AO′P′′ 

sequence was found not to be suitable for commercial use. Some reported literature 

also indicated the increased chance of ageing during lignin retaining bleaching stage 

involving hydrogen peroxide
174, 175

. Brightness reversion percentage only provides 

information about changes in brightness (% ISO) before and after ageing for a 

particular time period. To understand more in terms of change during accelerated heat 
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induced ageing, color stripping index (CSI) and post color (PC) number were also 

calculated for the developed sequences. 

4.10.1 Color Stripping Index of Aged Pulps  

Color stripping index (CSI) is a quantitative way to represent the amount of color 

removed during the process. During the present study, CSI was used to evaluate the 

amount of color removed in TCF sequences as compared to unbleached AS/AQ wheat 

straw pulp and then to analyze the effect of ageing on each sample. Although CSI does 

not provide information on the direction of the color shift on three color coordinates, it 

was found to be a more comprehensive way to evaluate the total post aged 

effectiveness of a bleaching sequence.  

 

 

 

 

 

 

 

 

 

 

Figure 4.53 Effect of chemical treatment and thermal induced aging on color stripping 

index 

 

Figure 4.53 shows the color stripping index after pulp bleaching with developed TCF 

sequences (CSI1) and aging of same samples (CSI2) with reference to unbleached 

sample (Un). CSI1 shows that greater than 85% of color was removed during 

bleaching operations with reference to unbleached pulp which had a bleached stripping 
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index as zero. When the effect of accelerated ageing on chemically bleached pulps was 

studied with reference to unbleached pulp, the results showed CSI2 shift towards 

negative side of graph showing an evident darkening effect being induced with ageing. 

The darkening effect is read with reference to zero value on CSI scale. The darkening 

effect is more pronounced in unbleached (Un) and AO′Ox′P′ samples as compared to 

other TCF sequences which indicate the increased chances of ageing in these pulps.  

∆CSI is the combined effect of bleaching treatment and ageing that shows little 

darkening effect on pulp fiber was observed in AOOxPP*, AOOxEP and AOOxYP 

bleach sequences (Fig. 4.53). A very small kappa number 1.01 in AO′Ox′P′ bleached 

pulp (Table 4.6) is indicative of a minute amount of residual lignin. It is likely that this 

residual lignin may undergo autocatalysis, rearrangement or transformation in to low 

molecular chromophoric products on thermal treatment. Hence, inducing darkening on 

ageing of AO′Ox′P′ bleached pulp. 

4.10.2 Post Color Number of Aged Pulps 

Post color number (PC) is the comparison of colored constituents in a quantitative way 

which showed the trend of chemical treatment and ageing on bleaching and darkening 

of pulps. During the present studies, PC number was also calculated to analyze the 

effect of thermal treatment for different time intervals and to study the trend of change 

in pulps' bleached stability. 

Unbleached and TCF bleached pulp samples were subjected to thermal treatment at 

105° C for 72 hrs ± 10min, 144 hrs ± 10min and 216 hrs ± 10min. The results in figure 

4.54 shows that there is an increasing but very slow trend towards darkening or bleach 

instability of all pulps. The post color number showed the following trend in the 

bleaching stability for the different pulps: 

Post aged-Bleaching Stability  AOOxEP > AOOxPP* > AOOxYP > AO′Ox′P′ 

Acid insoluble lignin         0.7   1.02           1.12       1.99 

 

The results of brightness stability correlate with the amount of residual insoluble 

lignin. The less the residual lignin, the higher the post aged bleaching stability was 

determined. Thus, indicating residual lignin to be the main culprit of generating 
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chromophoric groups during induced thermal ageing. It is encouraging to note that, as 

well as other characteristics, TCF sequences developed during the study also 

demonstrate successful bleaching in terms of brightness stability on environmental 

exposures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.54 Post aged bleaching instability: Effect of thermal treatment period on post 

color number 

 

4.11 Bleached Pulp Hemicelluloses  

Hemicelluloses are non-cellulosic polysaccharide and are referred to as impurities for 

alpha cellulose. It is revealed from the literature that hydrolysis of pulp hemicelluloses 

yielded hexoses and pentoses. The presence of these fractions in pulp reduces the 

handsheet quality
170

. AS/AQ wheat straw pulp bleached with developed bleaching 

sequences i.e., AOOxPP�, AOOxYP, AOOxEP and AO'Ox'P' were analyzed for 

hemicelluloses by GC method
125

. Seven different hexose and pentose sugars i.e., 

arabinose, xylose, galactose, galactouronic acid, glucose, glucouronic acid and 
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mannose were investigated for their presence and quantification in pulps and then 

comparison was made with unbleached AS/AQ wheat straw pulp (Un).  

The results in the figure 4.55 showed that glucose and xylose contributed ~ 25% and ~ 

50% respectively of the total hemicellulosic fractions of wheat straw pulp (Fig. 4.55). 

In the bleached samples glucose contributed 19 - 20% while xylose contributed 38 - 

40% of total fractions. Galactose and mannose were determined to be in very small 

fraction in all the samples. Literature shows that different hemicellulosic fractions are 

the main sugar component. Sun et al found xylose to be a major sugar. Contrary to 

this, glucose and arabinose were reported to be the smallest fractions of alkaline 

peroxide wheat straw pulp hemicelluloses
176

. Another study by the same author 

reported glucose as the major component of the cellulosic fraction extracted from acid 

treated straw pulp
177

. Such variations in results indicate that various types of pulping 

and bleaching operations are possibly responsible to modify or decompose the pulp 

constituents differently.  

Increased fractions of hemicelluloses have been found to effect the paper quality but 

complete removal of hemicelluloses from pulp is never appreciable
170

. Four of the 

bleaching sequences studied in the present work resulted in overall reduction of 

hemicelluloses (75%) in the pulp (Fig. 4.55). This indicates that a small amount of 

hemicelluloses remained intact within the bleached pulp which is very important in 

pulp fiber preparation and its bonding. The presence of hydrophilic glucouronic acid 

and galactouronic acid were also reported to increase the pulp beatability and hence 

improve fiber strength
170

.  

Greater amount of hemicelluloses can cause brightness instability with environmental 

stimulation such as heat and dirt etc.
170

. In this study, a correlation was established 

between total hemicelluloses (%) and brightness reversion of samples prepared at 

various stages and sequences (Fig. 4.56). R
2 

value 0.923 showed a strong correlation 

which indicates that with the decrease in pulp hemicelluloses (%), chances of 

brightness reversion also reduces and the brightness of finally bleached pulp would be 

stable for longer times.   
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Figure 4.56 Correlation of total hemicelluloses (%) with brightness reversion (%) at 

various stages of bleaching and in fully bleached pulps  

 

4.12 Hydrolyzing Hexenuronic Acid during TCF bleaching 

During alkaline pulping, 4-O-methylglucouronic acid groups of xylan are converted in 

to 4-deoxy-4-hexenuronic acid groups (HexA) as presented in scheme 4.9.  

 

 

 

 

Scheme 4.9 Generation of HexA during pulping process
178

 

 

Like hemicelluloses and acid insoluble lignin, the presence of HexA in pulps reduces 

fiber strength, pulp brightness and brightness stability. AS/AQ wheat straw pulp fully 

bleached with the developed TCF sequences was studied for their HexA contents and 

a comparison was made with reference to unbleached pulp. The results in figure 4.57 

showed that every developed bleaching sequence was highly efficient in reducing 

HexA amounts in pulp. Figure 4.57 shows that a direct correlation exists between 

HexA and brightness stability as the chances of brightness reversion decreased with 

decreasing HexA in pulp samples.  
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Figure 4.57 Variations in HexA and brightness of pulp fully bleached with different 

multistage sequences 

 

In order to understand its fate, HexA was determined after different stages of TCF 

bleaching sequence. The results showed (Fig. 4.58) that acid and oxone are the two 

important stages which helped to selectively remove pulp HexA content whereas 

oxygen delignification and hydrogen peroxide stages were not found to be effective to 

reduce HexA content in appreciable amounts.  

 

 

 

 

 

 

Figure 4.58 Variations in HexA content during various stages of TCF bleaching 

 

Vuorinen et al has reported the reactivity of HexA towards electrophilic bleaching 

chemicals comparable to that of lignin
9
. However, the selective reaction efficiency 

may be dependent on many process variables e.g., temperature, reaction period etc. 

Acid hydrolysis is very important to reduce the HexA content into furoic acid and 5- 

carboxy-2-furaldehyde (Scheme 4.10).  
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Scheme 4.10 Acid hydrolysis of hexenuronic acid groups
179

 

 

Besides other reaction parameters, the removal efficiency of HexA is greatly 

dependent on temperature. High temperature favors greater reduction but pulp 

cellulose degradation has also been reported
179

.  Hence, to avoid cellulose degradation, 

the acidification for the present study was carried out at room temperature, where 

HexA reduction was determined to be ~ 19% with reference to unbleached AS/AQ 

wheat straw pulp. Loss of HexA during oxone stage was determined to be > 82% with 

reference to unbleached sample indicating oxone (potassium peroxymonosulphate) as 

a selective agent to remove HexA from pulp system at moderate reaction 

conditions
178

.  

4.13 Study of Effluent Load/Environmental Feasibilities of TCF 

Sequences 

During multistage bleaching, every stage contributes to the bleach plant effluent. Grab 

and composite effluent samples collected from the source points (Fig. 3.2) were 

analyzed to find the effluent load. 

4.13.1 Color of Effluent 

Effluent color is a coarse indication of the amount and type of matter present. The 

brown color of pulp and paper mill is mainly due to the dissolved and suspended 

depolymerized lignin fragments and other solublized extractives. The denser the color, 

the higher the concentration of chromophoric constituents in the effluent sample. In 
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the present work, ‘True color’ (color of a filtered sample – non-turbid) of the effluent 

was monitored. Based on the trichromatic coefficients (x, y), dominant wavelength 

and purity of color and corresponding hue were determined by referring to the 

chromaticity diagram respectively (Appendix II and III)
128

. The results of effluent 

color are shown in table 4.8. 

Table 4.8 Color of composite bleach plant effluent from different source points 

Effluent Source 

Point 

pH Dominant 

Wavelength (nm) 

Hue Purity  

(%) 

AOOxPP* 8.9 582 Yellowish Orange 79 

AOOxEP 9.5 587 Yellowish Orange 75 

AOOxYP 9.1 583 Yellowish Orange 73 

AO'Ox'P' 9.1 585 Yellowish Orange 68 

H 10.3 599 Orange Red 55 

4.13.2 Effluent Load Comparison 

Pulp and paper mills are one of the main culprits of discharging huge effluent loads 

into water streams. Discharge of organic extractives and other depolymerized and 

dissolved constituents mainly from pulping and bleaching plants results in the 

generation of high levels of COD, BOD, TSS, TDS and odor. Effluents from 

bleaching plants where elemental chlorine is used for pulp bleaching produce high 

level of AOX in the discharged effluent resulting in the release of carcinogenic 

organochlorines in to the environment including dioxin, an extreme eco-poison. 

Therefore, ECF and TCF bleaching technologies are the main focus to be developed 

for various particular pulp varieties.  

In the present study, TCF bleaching sequences developed were further evaluated for 

their effluent load. Scheme 4.11 presents the BOD and COD of effluent sample 

collected during different individual stages of a multi stage sequence.  The highest 

levels of BOD and COD were measured during the O stage of (AO) bleached pulp 

(Scheme 4.11). Oxygen delignification is a highly reactive stage where most of 

organic residues e.g., lignin and some cellulosic fraction, are solublized.  These 

soluble residues are then discharged into the effluent, hence increasing the BOD and 

COD. A gradual decrease in both BOD and COD levels were determined after 

subsequent stages. As an example, bleaching with hydrogen peroxide has 
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comparatively small effect on pulp content (lignin and carbohydrates) solubilization. 

Also the discharge of residual peroxide (%) in the effluent at the end of peroxide stage 

automatically fulfilled some of effluents’ BOD and COD demand resulting in their 

very low level
115

.   

For the comparative study, composite samples of different TCF bleach sequences were 

monitored and a comparison was made with sodium hypochlorite (H) bleach effluent 

and the National Environmental Quality Standards (NEQS) specified for industrial 

effluents. Although BOD and COD levels of TCF bleach plant effluent were higher 

than the specified NEQS
180

, a 73-78% and 83-86% reduction in BOD and COD levels 

respectively were found in all developed TCF sequences as compared to chlorinated 

(H) bleach plant effluent. This demonstrated the advantage of TCF over hypochlorite 

bleaching.  

Similar findings were recorded for the total suspended solids of the bleach plant 

effluents. The TSS of the developed bleaching sequences were measurted to be 72-

77% less than the hypochlorite bleach plant effluent. Total dissolved solids from 

AOOxPP*, AOOxEP and AOOxYP bleaching processes were found to be within or 

near the permissible limits of NEQS. AO′Ox′P′ process discharged effluent with TDS 

only ~ 7% higher in concentration than specified by the NEQS. Compared to the 

chlorinated bleach plant effluent, TDS discharge was 35-42% less from all the 

developed TCF processes’ effluent (Fig. 4.59 c & d). 

The analysis of the composite samples was done under strict laboratory conditions. 

The information obtained from the result of the analysis can be used only as a guide to 

the expected trends. Equal volumes of effluent were collected from each bleaching 

stage of a multistage sequence to constitute a virtual composite sample in laboratory, 

thus the results may vary accordingly, as in actual bleaching practices, the continuous 

receiving volume from different stages may vary according to the process washing 

requirements. Thus the percentage composition of the effluents’ constituent may also 

vary accordingly, as may the effluent characteristics. In spite of all these experimental 

errors, this study is highly important in estimating and understanding the contributions 

of different stages and composite load of the TCF bleaching process effluent.   
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Scheme 4.11 Grab sample effluent load during various stages of TCF bleaching 

sequences ( represents the stage discharging effluent) 

 



 

Figure 4.59 Effluent Load: BOD (a), COD (b), TSS (c) and TD

during various bleaching process developed during the study

(b) 

(d) 

Effluent Load: BOD (a), COD (b), TSS (c) and TDS (d) 

during various bleaching process developed during the study

111 

 

 

 

 

 discharged 

during various bleaching process developed during the study 



 

As none of the developed TCF bleaching processes involved any halogenated 

bleaching, no AOX were 

whereas up to 79 mg/L of AOX was determined in the hypochlorite bleach plant 

effluent (Fig. 4.60).  

Figure 4.60 AOX levels of different bleaching processes’ effluents

Elevated levels of BOD in water bod

water oxygen, causing suffocation or breathing difficultly for aquatic organisms which 

lead to their death. TCF bleaching processes generate effluent with less toxicity or 

reduced pollution load which can b

much more ease and reduced cost as compared to elemental chlorine bleach plant 

effluents before final discharge in to water streams. As no AOX level is generated, the 

effluent discharged from the developed T

environment compared to chlorinated bleach plant effluent. Therefore, it is concluded 

that besides other fiber characteristics, TCF bleaching as an alternative to hypochlorite 

process is also beneficial in terms of gene

4.13.3 Effluent Toxicity Evaluation

In order to determine the load of effluent on receiving waters, 

BOD etc. provides an indication on effluent quality only

parameters cannot be used to 

during the mill processes. Therefore, in the present study, toxicity was monitored by 

As none of the developed TCF bleaching processes involved any halogenated 

bleaching, no AOX were found in the composite bleach effluents of TCF processes 

whereas up to 79 mg/L of AOX was determined in the hypochlorite bleach plant 

AOX levels of different bleaching processes’ effluents

Elevated levels of BOD in water bodies are highly toxic as the effluent depletes the 

water oxygen, causing suffocation or breathing difficultly for aquatic organisms which 

lead to their death. TCF bleaching processes generate effluent with less toxicity or 

reduced pollution load which can be treated up to or under permissible limits with 

much more ease and reduced cost as compared to elemental chlorine bleach plant 

effluents before final discharge in to water streams. As no AOX level is generated, the 

effluent discharged from the developed TCF process was far less toxic to the 

environment compared to chlorinated bleach plant effluent. Therefore, it is concluded 

that besides other fiber characteristics, TCF bleaching as an alternative to hypochlorite 

process is also beneficial in terms of generating very low effluent load.  

Effluent Toxicity Evaluation 

order to determine the load of effluent on receiving waters, TSS, TDS, COD and 

BOD etc. provides an indication on effluent quality only
133

. However, these 

rameters cannot be used to directly evaluate the toxicity of effluents discharged 

during the mill processes. Therefore, in the present study, toxicity was monitored by 
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that besides other fiber characteristics, TCF bleaching as an alternative to hypochlorite 

TSS, TDS, COD and 

However, these 

evaluate the toxicity of effluents discharged 

during the mill processes. Therefore, in the present study, toxicity was monitored by 
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using the WET test, wherein Daphnia (water flea) were employed as a sensitive 

indicator of the effluents’ toxicity.  

Toxicity refers to the damaging effect on biotic life. It is an important parameter to 

describe the quality of effluent as it provides the complete response of indicator 

species to all the components of a discharge. The toxic effects are dependent on the 

dose percentage of toxicant in an effluent sample. To assess the effluents’ acute 

toxicity, daphnids’ neonates of age less than 24 hours were exposed to bleach effluent 

of the following bleaching processes for 24 hours: 

• AOOxPP* 

• AOOxEP 

• AOOxYP 

• AO′Ox′P′ 

• H 

For each concentration dose (%) of bleach effluent from the above mentioned 

processes, 20 daphnids’ neonates were subjected to exposure and average mortality % 

was then calculated (Table 4.9)  

Table 4.9 Mortality percentage of different bleach effluent samples 

Effluent 

Concentration 

(%) 

◊
Mortality (%) 

AOOxPP* AOOxEP AOOxYP AO′Ox′P′ H 
Control 

100 68.35 70.00 73.35 71.65 100.0 -- 

80 51.65 60.00 56.65 53.3 100.0 -- 

60 45.00 48.35 50.00 46.65 100.0 -- 

40 33.35 43.35 43.35 38.3 100.0 -- 

20 23.35 28.35 28.35 25.00 100.0 -- 

5 16.65 21.65 16.65 20.00 98.35 -- 

0 -- -- -- -- -- 0 
◊
Each value is an average of three independent measurements 

The mortality rate shows that hypo-bleach effluents are extremely toxic to daphnids, 

as greater than 98% death or immobilization occurred. As reported in the literature 

daphnids are highly responsive to halides, therefore, the presence of chlorinated 

compounds in the effluents discharged during hypochlorite bleaching in the present 

study were believed to cause immobilizion/death of daphnids. Whereas in all the TCF 
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bleach effluents, at 100% dose level the toxicity response is less than 75%. TCF means 

that there was no chlorine used during the bleaching process and hence, no AOX were 

found to be present in the effluents. This fact indicates that there are some other 

effluent constituents in its composition which might induce death to the test dephnids 

during the present study.  Literature revealed that besides halides, there are number of 

metal ions such as sodium, magnesium, copper, zinc etc. which at varying 

concentration may induce death to the daphnids
133

. As reported earlier while 

discussing metal removal and acidification, metal ions such as Fe, Mn and Cu etc. 

were solublized and wash away in effluents during acidification of AS/AQ wheat 

straw pulp.  

It is also well documented that daphnia are extremely responsive to Cu even at very 

low concentrations; therefore, it is assumed that presence of Cu ions in the TCF bleach 

effluent could be one of the reasons of daphnids’ death. Secondly, alkaline extraction 

with NaOH during different stages of the developed bleaching sequences may 

discharge effluent with sodium ions at a sufficiently high concentration to cause 

immobilization of daphnia. However, the pH studies diverted to somewhat different 

assumption. It is known that the optimal pH for daphnids culture is 7.2 – 8.5, but they 

can survive within pH changes from 6.5 – 9.5
133

. In the present work, the pH of all the 

bleach effluents range from 7.1 – 9.1 which indicated that pH changes or mild alkaline 

conditions were not a threat to daphnids’ survival, rather the toxicity of the chemicals 

induced from chlorinated effluents were the real hazard. As the bleach effluent was 

collected before any addition of wash water, therefore, the final bleach effluent would 

be many folds less toxic to the organisms as indicated by the mortality (%) at different 

dilution levels (Table 4.9).  

As with daphnids, it is difficult to estimate that either the organism is dead or reached 

an inactive stage in response to toxicant, hence, precise measurements are difficult to 

quote. Similarly, mortality is not a gradual process; it can be more accurately 

expressed as ‘occurred’ or ‘not occurred’. Probit analysis is, therefore, the most 

valuable assay to assess bio-toxicity with binary response variable (death or 

immobilization)
141

. Also LC50 can be more accurately and easily calculated by probit 

regression as compared to simple statistical regression. Therefore, in the present study, 



 

the mortality (%) was transformed into probit

and to calculate the confidence limit of toxicity testing at 95% level. 

The results in figure 4.61 evidently show that even 0.0048% concentration of hypo

bleach effluent was toxic enough to kill 50% daphnids. Whereas for T

processes > 50% dilution is required to reduce the daphnids’ mortality below 50%. 

TCF bleaching at mild doses of oxygen, oxone, dithionite and hydrogen peroxide was 

also an important factor to generate effluents with less toxicological respons

the study revealed that not only a considerable reduction of the effluent load is 

possible but the toxicity level can also be minimized by using a TCF bleaching 

process.  

 

the mortality (%) was transformed into probit
134

 (Appendix IV) for further analysis 

and to calculate the confidence limit of toxicity testing at 95% level.  

The results in figure 4.61 evidently show that even 0.0048% concentration of hypo

bleach effluent was toxic enough to kill 50% daphnids. Whereas for T

processes > 50% dilution is required to reduce the daphnids’ mortality below 50%. 

TCF bleaching at mild doses of oxygen, oxone, dithionite and hydrogen peroxide was 

also an important factor to generate effluents with less toxicological respons

the study revealed that not only a considerable reduction of the effluent load is 

possible but the toxicity level can also be minimized by using a TCF bleaching 

 

(a) 

Hypo bleach effluent: 

LC16 0.000205% 

LC50 0.004839% 

LC84 0.091312% 

LC50 at 95% CL 0.0073% - 0.03213% 

 

 

 

(b) 

AOOxPP* bleach effluent: 

LC16 4.253274% 

LC50 69.2407% 

LC84 570.6673% 

LC50 at 95% CL: 36.7379% -

 

 

 

(c) 

AOOxYP bleach effluent: 

LC16 5.958502% 

LC50 48.88931% 

LC84 401.1357% 

LC50 at 95% CL: 28.7128% -
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ppendix IV) for further analysis 

The results in figure 4.61 evidently show that even 0.0048% concentration of hypo-

bleach effluent was toxic enough to kill 50% daphnids. Whereas for TCF bleaching 

processes > 50% dilution is required to reduce the daphnids’ mortality below 50%. 

TCF bleaching at mild doses of oxygen, oxone, dithionite and hydrogen peroxide was 

also an important factor to generate effluents with less toxicological responses. Hence, 

the study revealed that not only a considerable reduction of the effluent load is 

possible but the toxicity level can also be minimized by using a TCF bleaching 

0.03213%  

- 130.499%  

- 83.2439%  



 

 

Figure 4.61
Results were deduced from corresponding probit regression equation mentioned in each graph and 

95 % confidence limit (CL) was calculated by referring to eq. 3.15 

4.14 Economic Feasibility of TCF Seque

Economic feasibility analysis is one the most commonly used methods to evaluate the 

effectiveness of a process. It defines the opportunities and threats of a technology prior 

to its implementation at commercial scale. In the present work, this study o

developed TCF bleaching sequences is very important to understand their basic 

economic feasibility.  It will also help to identify the gaps and if further modifications 

or design of TCF bleaching processes are required.  

4.14.1 Estimation of Bleachi

Cost was calculated in US $ to present a generalized picture of costing. Results 

revealed that estimated bleaching chemical cost of all the developed TCF sequences is 

~15% - 36% higher than hypochlorite bleaching (Table 4.1

shows that the operational cost of the TCF sequences is more than double the running 

cost of hypo-bleaching, as only a single H

 

(d) 

AOOxEP bleach effluent: 

LC16 6.860336% 

LC50 49.26667% 

LC84 698.8396% 

LC50 at 95% CL: 27.0665% - 

 

 

 

(e) 

AO′Ox′P′ bleach effluent: 

LC16 5.315597% 

LC50 59.85174% 

LC84 673.9093% 

LC50 at 95% CL: 32.4476% - 

 

 

Figure 4.61 Probit Analysis for bleach effluent toxicity 
Results were deduced from corresponding probit regression equation mentioned in each graph and 

95 % confidence limit (CL) was calculated by referring to eq. 3.15 - 3.19.

 

 

Economic Feasibility of TCF Sequences 

Economic feasibility analysis is one the most commonly used methods to evaluate the 

effectiveness of a process. It defines the opportunities and threats of a technology prior 

to its implementation at commercial scale. In the present work, this study o

developed TCF bleaching sequences is very important to understand their basic 

economic feasibility.  It will also help to identify the gaps and if further modifications 

or design of TCF bleaching processes are required.   

Estimation of Bleaching Chemical and Operational Cost 

Cost was calculated in US $ to present a generalized picture of costing. Results 

revealed that estimated bleaching chemical cost of all the developed TCF sequences is 

36% higher than hypochlorite bleaching (Table 4.10).  The data in table 4.11 

shows that the operational cost of the TCF sequences is more than double the running 

bleaching, as only a single H-stage is required to bleach the process. 
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 89.6758%  

 110.4004%  

Results were deduced from corresponding probit regression equation mentioned in each graph and 

3.19. 

Economic feasibility analysis is one the most commonly used methods to evaluate the 

effectiveness of a process. It defines the opportunities and threats of a technology prior 

to its implementation at commercial scale. In the present work, this study of the 

developed TCF bleaching sequences is very important to understand their basic 

economic feasibility.  It will also help to identify the gaps and if further modifications 

Cost was calculated in US $ to present a generalized picture of costing. Results 

revealed that estimated bleaching chemical cost of all the developed TCF sequences is 

he data in table 4.11 

shows that the operational cost of the TCF sequences is more than double the running 

stage is required to bleach the process. 
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Hence, it is generalized that more the stages involved in a bleach process, the greater is 

the energy requirements of a process that lead to increased operational cost.  

Table 4.10 Chemical costing of different bleaching processes 

Bleaching 

Stage 

% of Chemical on 

o.d.p. 

Chemical Cost 

USD/lb of o.d.p. 

Chemical Cost of Bleaching 

Sequence (USD/lb of o.d.p.) 

AOOxPP* Bleaching Cost 

A 2.0 % A  0.800 

5.114 

O 

11.74 % O2  

0.3 % MgCO3 

2.0 % NaOH 

0.176 

0.067 

0.200 

Ox 
5.0 % Ox 

0.5 % NaOH 

1.769 

0.050 

P 

3.0 % P 

1.5 % NaOH 

0.1 % Stabilizer U 

0.988 

0.150 

0.053 

P* 

2.0 % P 

1.5 % NaOH 

0.1 % Stabilizer U 

0.658 

0.150 

0.053 

AOOxEP Bleaching Cost 

A 2.0 % A  0.800 

4.554 

O 

11.74 % O2  

0.3 % MgCO3 

2.0 % NaOH 

0.176 

0.067 

0.200 

Ox 
5.0 % Ox 

0.5 % NaOH 

1.769 

0.050 

E 3.0 % NaOH  0.301 

P 

3.0 % P 

1.5 % NaOH 

0.1 % Stabilizer U 

0.988 

0.150 

0.053 

AOOxYP Bleaching Cost 

A 2.0 % A  0.800 

4.318 

O 

11.74 % O2  

0.3 % MgCO3 

2.0 % NaOH 

0.176 

0.067 

0.200 

Ox 
5.0 % Ox 

0.5 % NaOH 

1.769 

0.050 

Y 0.2 % P 0.065 

P 

3.0 % P 

1.5 % NaOH 

0.1 % Stabilizer U 

0.988 

0.150 

0.053 

AO′′′′Ox′′′′P′′′′ Bleaching Cost 

A 2.0 % A  0.800 

5.705 

O′ 

15.65 % O2  

0.3 % MgCO3 

2.0 % NaOH 

0.235 

0.067 

0.200 

Ox′ 
7.0 % Ox 

0.5 % NaOH 

2.477 

0.050 

P′ 

3.0 % P 

3.0 % NaOH 

0.2 % DTPA 

0.988 

0.300 

0.588 

Hypochlorite Bleaching Cost 

H 7.0 % H 3.65 3.65 
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Table 4.11 Operational costing of different bleaching processes 

 

4.14.2 Chemical Cost of Brightness 

 

Brightness of pulp and paper is the prime factor that determines the success of a 

bleaching process. The chemical cost per unit gain in brightness in the AOOxYP 

bleaching process is less as compared to the other developed TCF processes (Fig. 

4.62). Compared to hypo bleaching, TCF bleaching had a higher cost for every gain in 

brightness unit. 

 

 

 

 

 

 

 

 

 

 

Figure 4.62 Bleaching chemical cost (USD) per unit gain in pulp brightness (% ISO) 

Bleaching 

Stage 

Experimental Run 

Time (hrs.) 

Operational Cost 

(USD/run time) 

Running Cost of Bleaching 

Sequence (USD) 

AOOxPP* Bleaching Cost 

A 0.17 --- 

2.072 

O 1.0 0.987 

Ox 0.5 0.217 

P 1.0 0.434 

P* 1.0 0.434 

AOOxEP Bleaching Cost 

A 0.17 --- 

2.506 

O 1.0 0.987 

Ox 0.5 0.217 

E 2.0 0.868 

P 1.0 0.434 

AOOxYP Bleaching Cost 

A 0.17 --- 

1.855 

O 1.0 0.987 

Ox 0.5 0.217 

Y 0.5 0.217 

P 1.0 0.434 

AO′′′′Ox′′′′P′′′′ Bleaching Cost 

A 0.17 --- 

2.506 
O′ 1.0 0.987 

Ox′ 0.5 0.217 

P′ 3.0 1.302 

Hypochlorite Bleaching Cost 

H 2.0 0.868 0.868 
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4.14.3 Saving on Environmental Load 

The conversion of raw material from the forest industry to final product involves many 

steps with possibilities of economic-environmental savings. The first saving is on the 

raw material. As a general trend, wheat straw is either disposed off or burnt after 

harvest in order to eliminate pests’ embryo being retained on the leafy stalks. This 

activity not only adds to air pollution, it also reduces soil fertility and biological 

activity, essential for the next crop. Cutting down forests reduces nature’s cleanser. 

Utilizing wheat straw as a raw material for paper making reduces the load on forest 

cutting and wood purchase which is a saving of prime importance both in terms of a 

healthy environment and mill economics. Utilization of non-wood pulp also offers 

saving during the pulping process. Compared to wood, less energy (chemical and 

operational cost) is required to pulp wheat straw
13

. 

The results of the study (Fig. 4.59 & 4.60) showed that compared to chlorine 

bleaching processes the effluent discharged during developed TCF bleaching 

processes had much lower environmental load in terms of BOD, COD, TSS, TDS and 

AOX levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.63 Cost saving estimation on effluent load treatment 
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The combined load of composite effluent from all TCF processes AOOxPP*, 

AOOxYP, AOOxEP, AO′Ox′P′ was calculated by adding up the load of all the 

parameters. The total load percentage was then determined with reference to 

hypochlorite bleach effluent which was set at 100%. Because the comparison is 

relative to the H process, the percentage cost reduction for the effluent treatment 

process was estimated by simply subtracting the load percentage value from 100%. 

Figure 4.63 showed that > 70 % less cost is required to treat the TCF bleach effluents 

as compared to hypochlorite bleach plant effluents. The economic analysis showed 

that although TCF bleaching processes require more expenditure to yield the targeted 

brightness (> 80 % ISO), savings are possible during effluent treatment to meet levels 

specified by NEQS
180

.  

Chlorinated bleaching process of pulp and paper industry is one of the major culprits 

to destroy the environment. The process intensifies the pollution load in the main 

streams by its direct discharge which inevitably is detrimental to ecosystem. The 

process of pollution is synergistic in the waste stream due to the presence of possible 

discharges from other industrial units. Their combined adverse effects on ecosystem in 

terms of polluted aquifers, tremendous waste load and poor environmental health in 

whole would be many folds to expectations. In actual, the earth ecosystem is paying 

heavily for our “develop now and clean up later” policy which will steadily leave 

nothing for future generations except a barren ecosystem. Thus, the situation demands 

the processes and technologies which are safer and eco-friendly rather generating the 

pollution and then looking to devise a treatment process. Although such processes will 

certainly entail costs but nothing is more worthy than a healthy environment.  
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CONCLUSION 

The present study particularly focused on the development of novel TCF sequences for 

bleaching indigenous AS/AQ wheat straw pulp without compromising on important 

fibre characteristics. This would overcome the gap of TCF technology between 

environmental safety and bleached pulp quality to a large extent. For selective and 

effective delignifying bleaching of alkaline sulphite-anthraquinone wheat straw pulp 

different TCF multistage sequences i.e., AOOxPP*, AOOxEP, AOOxYP and 

AO′Ox′P′ were successfully designed:  

• A high level of Fe was determined in the indigenous AS/AQ wheat straw pulp.  

Iron being the most harmful transition metal to bleaching process needs to be 

removed prior to bleaching. Chelation of iron was found not as effective as other 

transition metals; hence, preference of acidification over chelation to remove high 

Fe concentration was an important step of this work.  

• Mg ions in the pulp system deactivate the catalytic activity of the residual 

transition metals on pulp carbohydrates. Selectivity increases towards 

delignification process. Selection of MgCO3 over MgSO4 was another important 

step during O-stage for acidified AS/AQ wheat straw pulp. Although both salts 

(carbohydrate protecting agent) showed comparable reaction selectivity and good 

fibre characteristics. Tensile index improved greatly when delignification was 

carried out using MgCO3 leaving stronger pulp fibers.  

• The TCF sequences developed presented in this thesis are the combination of 

oxidative and reductive bleaching stages. Each bleaching chemical is specific for 

its attack on chromophoric groups of pulp lignin that leave the finally bleached 

pulp brighter and stronger. Oxygen stage occurs under slightly harsh conditions 

that can degrade both carbohydrate and lignin. Use of magnesium salt as 

carbohydrate protector and optimized reaction condition minimizes the detrimental 

impact on pulp quality. Oxone, because of its use under milder conditions, is 

shown to be more selective to lignin with lower degradation of carbohydrate. 

Dithionite attacks the quinodic groups of lignin to convert it into hydroquinone 

(non chromophoric group). Use of hydrogen peroxide further improved the 

brightness. Different oxidative and reductive bleaching chemicals attack different 
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parts of lignin during various stages and so work together to achieve better 

degradation of lignin without loss of carbohydrate.  

• The bleached brightness for the sequences developed during the study was found 

to be greater than 80% ISO. All the sequences yielded pulp with α-cellulose as 

their major constituent indicating the selectivity of bleaching actions. Acid 

insoluble lignin, hemicelluloses and HexA content decreases as the pulp undergoes 

successive stages. Selectivity of the oxone in preservation of cellulosic content and 

complete removal of HexA during bleaching of pulp help retards brightness 

reversion. It also helped to improve the tensile and burst index of pulp by 

selectively reducing pulp residual lignin and hemicelluloses. Hence compared to 

chlorinated bleaching sequences, the developed TCF bleaching sequences proved 

to be selective processes to remove lignin and improve brightness.  

• Effluent load monitoring provides evidence for the developed TCF process to be 

environmentally friendlier as no AOX level were created in effluents due to 

employment of non-chlorinated bleaching chemicals. BOD, COD, TSS and TDS 

levels were also found to be very low as compared to hypochlorite bleach plant 

effluent. Acute toxicity tests showed a remarkable reduction with reference to 

hypo-effluents which, ultimately, may lead to huge savings on effluent treatment.   

• Reducing the number of stages in the developed TCF bleaching sequences 

(AOOxPP*, AOOxEP, AOOxYP) yielded AO′Ox′P′ sequence.  AO′Ox′P′ bleach 

sequence uses slightly harsh conditions to fully bleach the pulp with comparable 

pulp and effluent characteristics but its chemical cost per unit gain in brightness 

was estimated to be higher than AOOxPP*, AOOxEP, AOOxYP sequences.  

• Costing was done in the last part of thesis. Although the cost of bleaching for the 

developed sequences for per unit increase in brightness is ~ 18% – 53% higher 

when compared to hypochlorite bleaching. However, the cost of treating the 

effluent from the TCF bleaching sequences was estimated to be ~ 70% cheaper 

than for hypochlorite bleaching due to lower effluent treatment costs. Although 

TCF technology is much developed yet huge efforts to bridge the gap between 

environment and TCF bleaching economics is a recommendation for future 

studies.   
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Appendix I 

 

Measurement of Residual Peroxide 

20.0 mL of AS/AQ wheat straw pulp bleached with hydrogen peroxide was diluted with 50.0 

mL of distilled water followed by the addition of 5.0 mL of 20.0% H2SO4, 5.0 mL of 10.0% 

KI and 2-3 mL of 10.0% ammonium molybdate solution in a conical flask. The content of the 

flask were then titrated with 0.1 N sodium thiosulphate solution using starch/vitex as an 

indicator. End point is colorless. Residual peroxide was then calculated as follows: 

Residual peroxide (mg/mL) = Volume of thiosulphate solution (mL) x 85.05 

 

 

 

Appendix II 

 

Chromaticity Diagram 

 

 

  

 

 

 

 

 

 

 

 

 

 

(Reproduced from Color (2120)/ Spectrophotometric Method)
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Appendix III 

 

Color hue for dominant wavelength range
128 

Wavelength Range  

(nm) 

Hue 

400-465 Violet 

465-482 Blue 

482-497 Blue green 

497-530 Green 

530-575 Greenish yellow 

575-580 Yellow 

580-587 Yellowish orange 

587-598 Orange 

598-620 Orange-red 

620-700 Red 

 

 

 

Appendix IV 

 

Transformation of mortality percentages to probits
134 

% 0 1 2 3 4 5 6 7 8 9 

0 --- 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66 

10 3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12 

20 4.16 4.19 4.23 4.26 4.29 4.33 4.36 4.39 4.42 4.45 

30 4.48 4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72 

40 4.75 4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97 

50 5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 5.23 

60 5.25 5.28 5.31 5.33 5.36 5.30 5.41 5.44 5.47 5.50 

70 5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81 

80 5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23 

90 6.28 6.34 0.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33 

--- 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09 
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Appendix V 

Chemicals’ Manufacturer/Suppliers  

 

S. No. Chemicals Manufacturers/Suppliers  

1. Anthraquinone BDH 

2. Arabinose Sigma 

3. Cu (II) ethylene diamine Solution (1M) Across organic 

4. Cu Standard solution (1000 ppm) Aldrich (Traceable Certified AAS grade) 

5. D-Glactouronic acid Fluka 

6. D-Glucouronic acid Sigma 

7. Diethylene triamine pentaacetic acid Merck 

8. D-Sorbitol Aldrich 

9. Ethylene diamine tetraacetic acid Merck 

10. Fe Standard solution (1000 ppm) Aldrich (Traceable Certified AAS grade) 

11. Ferroin Indicator Sigma 

12. Ferrous ammonium sulphate Sigma 

13. Galactose Sigma 

14. Glucose Aldrich 

15. Hydrochloric acid BDH & AJAX Chemicals Ltd.  

16. Hydrogen peroxide BDH & AJAX Chemicals Ltd. 

17. Magnesium carbonate Merck 

18. Magnesium sulphate BDH 

19. Mannose Sigma 

20. Mercuric chloride Aldrich 

21. Mercuric sulphate Sigma 

22. Methanol Aldrich 

23. Mn Standard solution (1000 ppm) Aldrich (Traceable Certified AAS grade) 

24. N, O-Bis(trimethylsilyl)acetamide Aldrich 

25. Oxygen BOC, Pak 

26. Potassium iodide Griffin & George Ltd.  

27. Potassium permanganate BDH 

28. Potassium peroxymonosulphate (Oxone) DUPONT, Belgium & Aldrich  

29. Pyridine Aldrich 

30. Sodium acetate Aldrich 

31. Sodium bicarbonate AJAX Chemicals Ltd. 

32. Sodium dithionite Merck 

33. Sodium hydroxide BDH & AJAX Chemicals Ltd. 

34. Sodium sulphite Sigma 

35. Sodium thiosulphate BDH 

36. Stabilizer U (Code No. 9036) Universal Chemical Industries Ltd. Pak. 

37. Sulphuric acid BDH & AJAX Chemicals Ltd. 

38. Surfactant Pak. 

39. Toluene Sigma 

40. Xylose Uni Lab, AJAX Chemicals Ltd. 

Where ever the name of two suppliers are provided for a chemical, the first one refers to the chemical 

used in the Laboratories of Packages Ltd, Pakistan, and the second one refers to the chemical provided 

to work in the laboratories of UTAS, Australia    
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Appendix VI 

 

Equipments’ Model & Make  

(Used in this Thesis) 

 

S. No. Equipment Model & Make  

1 Atomic Absorption Spectrometer Thermo Scientific, 3300 

2 Gas Chromatograph Varian CP-3800 with FID 

3 pH meter WTW-315i, Germany 

4 Sample Evaporator Reacti-Vap
TM

,  PIERCE 18780, Australia 

5 Hot air oven  IRMECO, USA 

6 Brightness Tester ELREPHO 2000, Germany 

7 Disintegrator (90 mm propeller 

Diameter and 1.6 mm thickness) 

Wenberg, AB Stockholm 

8 Pulp Strainer Weverk 49025, Germany 

9 Handsheet Former “TAPPI Type” FTH-1,San Diego 

10 Tearing Tester TMI, USA & Lorentz & Wettre, Sweden  

11 Burst Tester PERKINS, USA & AB Lorentz & Wettre, 

Sweden  

12 Tensile Strength Tester MT 100, USA & Lorentz & Wettre, 

Sweden  

Where ever the name of two Model & Make are provided for a single equipment, the first one refers to 

the equipment used in the Laboratories of Packages Ltd, Pakistan, and the second one refers to the 

equipment provided to work in the laboratories of School of Chemistry, UTAS and Norske Skog, 

Australia    
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