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» COVER CREDIT:  To determine how bleached pulp production is affected by wood quality, researchers 
Jardim et al. studied two hybrid clones of Eucalyptus urophylla x Eucalyptus grandis—one tolerant to
disturbance and one sensitive—from sites where disturbance was present and absent. This photo of 
Eucalyptus urophylla x Eucalyptus grandis is courtesy of Roosevelt De Paula Almado, Development and 
Technology Manager at ArcelorMittal BioFlorestas in Belo Horizonte, Brazil. It was taken at a planting in 
the municipality of Juiz de Fora in Minas Gerais, Brazil.
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A s we wrap up our final issue of TAPPI Journal 
(TJ) for the year, it’s interesting to look at the  

research topics that were covered in 2018. 

Once again, pulping-related topics dominat-

ed, with about one-third of the content. Members of the TJ 
editorial board organized diverse special issues on coating,  

lignocellulosics, pulping, and papermaking, which are dis-

cussed in the following sections.

Coating and Lignocellulosics
TAPPI Journal editorial board mem-

bers Steve Ottone, Randy Branston, 

and Jim Niemiec organized special 

coating content for the January 2018 

issue, with assistance from guest ed-

itor Gregory Welsh. Topics included 

slot die coating of nanocellulose on 

paperboard, prediction of coating 

failure, barrier coating, and print 

quality of flexographic printed paperboard.

For February, editorial board 

member Art Ragauskas and guest 

editor Yunqiao Pu put together a 

special issue examining some of 

the challenges in lignocellulosics 

and highlighting new pathways 

available for research in the field. 

This issue covered lignin products, 

moisture sorption, hydrogels from 

lignocellulose, and functionaliza-

tion of cellulose with nanomaterials.

Research from South China University of Technology
The March 2018 special issue featured content from South 

China University of Technology and the State Key Laboratory 

of Pulp and Paper Engineering in Guangzhou, China. 

Organized by J.Y. Zhu of the TJ editorial board and guest 

editor Fachuang Lu, the issue 

covered topics ranging from lignin 

products and nanocellulose to 

emissions and wastewater 

treatment.

Pulping, Bleaching and the 
Recovery Cycle 
Much of the pulping-related cover-

age this year was coordinated by TJ 
editor-in-chief Brian Brogdon and 

assistant editor Peter Hart, with 

help from Lucian Lucia, who also 

serves on the editorial board. Brian 

and Peter organized special peer-

reviewed content from the 2017 

TAPPI PEERS Conference for the 

May 2018 issue, which covered cor-

rosion and emissions in addition to pulping research.

Some of the pulping-related topics covered during the 

year were online measurement of bleached chemither-

momechanical pulp properties, delignification, and kappa 

number as a questionable measure of lignin content in 

nonwood pulps. Recovery cycle content examined ring 

formation in lime kilns, vent stack temperature as a feed-

forward variable for total titratable alkali control, green 

liquor scale formation, and more. Bleaching topics includ-

ed a risk/reward assessment of using 50% vs. 10% strength 

peroxide, multistage models for evaluating pulp washing 

impacts, and decreased water use in ECF bleaching. 

Papermaking and Paper Physics
For September 2018, editor ial board members  

Scott Rosencrance and Gerry Ring, with help from guest 

editor Frank Sutman, handled the peer review process for 

papers from PaperCon 2018 to create a special issue. Cover-

age included rewet in wet pressing of paper, boosting the 
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elongation potential of paper, paper 

testing, microfibrillated cellulose, 

and sustainability. For paper phys-

ics content, Gerry was assisted by 

the newest member of the TJ edito-

rial board, Doug Coffin, who will 

also handle corrugated topics mov-

ing forward. In addition, Marc 

Foulger and John Neun handled a 

range of papermaking topics.

Other areas of research coverage
Recycling peer review was guided by Mahendra Doshi and  

Carl Houtman, while Dave Carlson offered expertise on corru-

gated topics. Paul Wiegand coordinated peer reviews for environ-

mental and wastewater treatment coverage and  

Gaurav Pranami provided guidance on nonwovens and coatings. 

A special thank you
TAPPI and the TJ staff would like to thank the editorial board 

for their tremendous help in providing expertise and handling 

the peer review process so TJ can provide readers with the 

most cutting-edge research in the forest products and related 

industries. We’d also like to thank all of the authors and peer 

reviewers who participate in this important process. 

In 2019, TJ readers can expect to see more special 

content organized by our editorial board on foam forming, 

coating, nano-lignocellulose, pulping, and more. Stay tuned 

for exciting new developments coming for TAPPI Journal 
next year! TJ

For information on publishing in TAPPI Journal, contact 
tjournal@tappi.org, mshaw@tappi.org, or an editorial 
board member in your field of expertise. You can  
submit your papers to our online peer review system  
at http://www.editorialmanager.com/tappi/.
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Hydrogen peroxide has been used in the bleaching 
of both chemical and mechanical pulps for several 

decades. It is widely recognized as an environmentally 
friendly bleaching chemical with breakdown products 
of water and oxygen. Mechanical pulp mills typically use 
peroxide to obtain higher brightness pulps, with peroxide 
charges up to 4% on ovendry (o.d.) pulp used in some 
mills [1,2]. Chemical pulp mills typically employ smaller 
charges of peroxide (from 0.15%–1.0% on o.d. pulp), often 
as an oxidative reinforcement in the extraction stage to 
either reduce the amount of chlorine dioxide required in 
the first bleaching stage or to raise the brightness of the 
pulp entering the chlorine dioxide stage that follows [1,3].

Hydrogen peroxide can be and has been used safely for 
many years, but, like any strong oxidant, it must be handled 
with caution. Runaway decomposition of hydrogen peroxide 
has resulted in catastrophic events in pulp mills over the last 
few years. Several North American chemical pulp bleach 
plants have experienced catastrophic sudden pressure releas-
es associated with the decomposition of 50 wt% peroxide, 
resulting in pieces of equipment, such as pump housings, 
being fragmented and propelled through bleaching towers, 
building walls, pipes, etc. [4-6]. Although plant personnel 
were badly injured in at least two of these instances, with the 
extent of damages, these mills were fortunate to have avoided 
fatalities in these accidents. Both bleach plants that had per-
sonnel injuries experienced a peroxide-induced pressure 
burst when peroxide and caustic were added to a medium 
consistency pump in which no pulp was flowing because of 

undetected operating problems. If pulp had been moving 
through the process, these explosions would not have oc-
curred, as peroxide would not have been able to pool in the 
pump or line and decompose in this autocatalytic exothermic 
reaction. Other incidents, one in Europe and one in North 
America, resulted from rapid decomposition within a storage 
tank when an organic chelant was mistakenly mixed with 
hydrogen peroxide [6-8]. In these cases, the explosion was 
likely a combination of alkaline-catalyzed decomposition and 
rapid oxidation of an organic chemical.

Several people have told the authors that other peroxide 
decomposition incidents have occurred throughout Europe 
and southeast Asia, but have not been sufficiently document-
ed in the literature to be cited here. Other industries also have 
experienced problems with rapid peroxide decomposition 
when using higher concentration applications. For instance, 
a well-known wine maker using 35% alkaline peroxide to ster-
ilize corks also experienced a rapid decomposition that re-
sulted in an unacceptable work hazard, but there were fortu-
nately no recorded injuries. The Russian submarine Kursh 
sunk when the 70% peroxide used in the propulsion system 
of its torpedoes decomposed, with an explosion consequent-
ly rupturing the hull [8].

HAZARDS ASSOCIATED WITH THE USE  
OF HIGH CONCENTRATION PEROXIDE

Hydrogen peroxide is delivered to mills via either tank truck 
or railcar. Truck deliveries are near 50% concentration [8]. 
Railcar deliveries may be either at 50% or 70% concentration. 
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BLEACHINGPEER-REVIEWED

ABSTRACT: The use of 50% concentration and 10% concentration hydrogen peroxide were evaluated for chemi-
cal and mechanical pulp bleach plants at storage and at point of use. Several dangerous occurrences have been doc-
umented when the supply of 50% peroxide going into the pulping process was not stopped during a process failure. 
Startup conditions and leaking block valves during maintenance outages have also contributed to explosions. 
Although hazardous events have occurred, 50% peroxide can be stored safely with proper precautions and engineer-
ing controls.  For point of use in a chemical bleach plant, it is recommended to dilute the peroxide to 10% prior to 
application, because risk does not outweigh the benefit. For point of use in a mechanical bleach plant, it is recom-
mended to use 50% peroxide going into a bleach liquor mixing system that includes the other chemicals used to 
maintain the brightening reaction rate. When 50% peroxide is used, it is critical that proper engineering controls are 
used to mitigate any risks.

 Application: By understanding the risk/reward benefit, chemical pulp mills should realize there is no justifica-
tion for using 50% peroxide in an extraction stage. If they lower the concentration of peroxide to 10%, their operation 
will be much safer. 
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If a mill receives hydrogen peroxide deliveries at 70% concen-
tration, it is routinely diluted to 50% concentration as it is un-
loaded into storage. This is done to avoid the rigorous process 
safety management procedures required for 70% peroxide 
storage. Under proper storage conditions, hydrogen peroxide 
decomposes at a rate of about 1% per year [9-14]. Traces of 
transition metal ions (e.g., iron, copper, and manganese) in-
crease the rate of hydrogen peroxide decomposition [15], and 
suppliers add stabilizers to sequester these metal ions. Physi-
cal contact with 50% concentration hydrogen peroxide solu-
tions poses major safety hazards (e.g., skin burns, eye injuries). 
It also has the potential for rapid pressurization within tanks, 
pipes, pumps, and storage vessels. There is a potential for fire 
due to the formation of oxygen during the highly exothermic 
decomposition of hydrogen peroxide [9,16]. Despite these 
potential problems, a 50% peroxide bulk storage tank may be 
safely managed if proper engineering and administrative con-
trols are employed to prevent contamination and the tank is 
routinely monitored for temperature rise. Note, however, that 
two of the serious explosions pulp mills have experienced 
were storage tanks and directly due to the failure to maintain 
proper vigilance in handling this chemical.

Chemical pulp bleach plants have routinely handled 50% 
peroxide without incident, but there is an inherent hazard at 
this concentration that makes it difficult to eliminate all risks 
of explosions and fires. If one accepts the “what can go wrong 
will go wrong” philosophy and that operations managers must 
eliminate risks to personnel and facilities from a worst-case 
scenario, it is hard to justify use of the chemical at 50% 
strength. Startup or shutdown failures, pump failures, blocked 
lines, or ruptured pipes or seals that could result in a small 
pool of 50% peroxide present potentially catastrophic condi-
tions. Even when diluted to 10% strength, there is potential 
for personal injury from leaking pumps and piping. Although 
it cannot completely eliminate the risk of injuries, dilution of 
50% peroxide to 10% significantly reduces the reaction rate, 
providing critical time to address exposure in the event of a 
spray from a leaking gasket or seal [9], and this will usually 
decrease the severity of injuries significantly

Storage tank hazards
A common hazard associated with 50% peroxide solutions is 
vessel rupture caused by peroxide decomposition. Vessel rup-
ture occurs when the gas generation rate exceeds the venting 
capacity of the storage tank [9]. Catalytic decomposition of 
peroxide results in the liberation of oxygen and heat. One liter 
of 50% hydrogen peroxide can yield approximately 200 L of 
oxygen, in addition to steam. Under typical circumstances, 
hydrogen peroxide is stored at 50% concentration. This pro-
vides sufficient water to absorb any heat evolved due to nor-
mal slow (unaccelerated) peroxide disproportionation. The 
thermal mass also provides time to take actions to prevent 
catastrophic outcomes if the tank becomes contaminated and 
decomposition accelerates. In high concentrations, a catalytic 
decomposition can become self-accelerating because the rate 

of heat evolution exceeds the rate of heat loss to the surround-
ings [10]. Vaporization of water results in further concentra-
tion of the hydrogen peroxide solution, which results in faster 
decomposition. Vessel ruptures have occurred in both Europe 
and North American when an organic chelant was mistak-
enly unloaded into hydrogen peroxide storage tanks [6-8]. In 
these cases, the explosion was likely a combination of alka-
line-catalyzed decomposition and rapid oxidation of an or-
ganic chemical.

Hydrogen peroxide is typically stored at around 50% con-
centration in a mill. If it is shipped into the mill site via rail, it 
is possible to have it arrive at the mill at a higher concentra-
tion. The peroxide is diluted to about 50% at the point of un-
loading as it is being sent to storage. Mills generally store per-
oxide at 50% concentration to reduce capital costs, as 
considerably larger storage tanks would be needed to store 
peroxide at lower concentrations. Also, by storing at 50% con-
centration, the mill does not have to designate the storage 
tank and associated process piping as a process safety man-
agement (PSM) covered process. Fifty percent peroxide can 
be stored safely with proper precautions and engineering con-
trols. Hydrogen peroxide storage tank temperature should be 
monitored. The decomposition process is typically slow at 
first and may take days or weeks to become “critical”. A tem-
perature increase of D1°C per hour, at 30°C–35°C, is indicative 
of a decomposition event. Decomposition reactions in storage 
can be quenched by external cooling or dilution.

Pressure burst hazards
Another failure mode for alkaline peroxide is a pressure burst 
occurring within processing equipment. At least two mill ex-
plosions have resulted from pressure bursts within the last 
several years [9]. Extensive kinetic modeling has been per-
formed to predict pressure bursts from first principles models 
[10,11]. The initial modeling work used kinetic data for dilute 
peroxide developed by Makkonen [12] under laboratory con-
ditions. A limitation of this work was that process model ki-
netics were extrapolated well beyond the experimental range 
of temperatures and concentrations from which the model 
was developed. Such large extrapolations have the potential 
to introduce substantial errors into the model predictions. To 
improve the kinetic modelling, additional experiments were 
conducted with chemicals, concentrations, and temperatures 
similar to bleach plant operating or startup conditions, and 
these results were used to reduce the extrapolation error [13].

DISCUSSION
The kinetics of decomposition were experimentally measured 
for mixtures of hydrogen peroxide and sodium hydroxide 
based on commercial diaphragm grade, membrane grade, and 
mercury cell grade sodium hydroxide and commercially avail-
able 50% hydrogen peroxide [13]. These results were used in 
a model to develop the three-component triangle diagram 
shown in Fig. 1. Decomposition rates when using membrane 
grade caustic were used to develop this diagram. The contour 
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1. Reaction model results for membrane grade caustic soda. For a mixture starting at 50°C, the contours represent the time required 
to reach 100°C. The blue line represents the operating line for typical mill operation with 50% peroxide. The pink line is the 
proposed safer operating line when 12% peroxide is employed.

lines in the triangle diagram represent the time required for 
the reaction mixture to reach 100°C and enter a potentially 
explosive condition. Typical high concentration bleaching 
chemicals are 25 wt% caustic and 50 wt% peroxide. All mix-
tures of 25 wt% caustic soda and 50 wt% hydrogen peroxide 
will be somewhere on the thick line on the triangle diagram. 
This line represents the operating line when there is no pulp 
flowing in the system. Notably, the operating line enters the 
dangerous concentration range (arbitrarily chosen as 1 h), 
which suggests that an auto-accelerating reaction could occur 
in a mill using 50% peroxide if the stock flow that dilutes the 
chemicals were to be interrupted. Inspection of Fig. 1 shows 
that there is a region of inherent safety using hydrogen per-
oxide with a concentration below 12% (see the dotted fuchsia 
colored line representing 12% peroxide and 25% caustic). In 
order to account for process control fluctuations and provide 
a small safety factor, the authors are suggesting 10% concen-
tration as the “relatively safe” concentration of peroxide for 
bleach plant application.

  
Startup condition modeling for chemical  
and mechanical pulps

The alkali catalyzed peroxide decomposition reaction occurs 
when caustic is mixed with peroxide. This is a parasitic reac-
tion that is always present in pulp bleaching but is typically a 
minor loss of reagent when bleaching proceeds normally. 
Without pulp present, alkaline catalyzed decomposition will 
consume the peroxide and generate considerable heat in the 

process. Catastrophic events appear to require a partially con-
tained pool or supply of peroxide that can maintain the reac-
tion long enough for the temperature and reaction rate to rise 
beyond the vent capacity of the system to release the steam 
and oxygen gas. Typically, this scenario—a pre-existing pool 
of peroxide—only occurs during non-standard operating con-
ditions such as shutdowns, startups, or equipment failures.  

Modeling was used to evaluate typical startup scenarios for 
both chemical and mechanical pulp bleaching processes. 
Chemical pulp mills usually employ direct injection of perox-
ide and caustic into a flowing pulp stream at the inlet of a 
pump; evaluation of this mixing system showed that one par-
ticular failure mode leads to an incredibly unstable situation. 
If caustic is added to a pre-existing pool of high concentration 
(50%) hydrogen peroxide—the autocatalytic reaction—can 
exceed the vent capacity of typical mixers and pumps causing 
the pressure to rise above atmospheric pressure. The kinetic 
model shows this as a runaway condition, and the predicted 
pressure buildup is quite sudden, very substantial and can ex-
ceed the ability of piping and pumps to contain the reaction. 
This model mimics at least one of the known explosions ex-
ceptionally well. When 10% peroxide is used, the water ab-
sorbs all the heat that is generated by the decomposition, and 
without the steam generation, the reaction does not build as 
much pressure and does not exceed the large vents of the suc-
tion and discharge of pumps or mixers [10,11,13].

High consistency peroxide bleaching in mechanical pulp 
mills has been used for nearly five decades. The key process 



items are a press that can deliver a very high consistency pulp 
and a mixing system that works well at high consistency. Tra-
ditionally, this was a refiner or pulp fluffer that was mounted 
near the top of the tower and conveyed the pulp into the 
tower (with some air entrained with the pulp feed), and a 
chemical make-up system such as a cascade mixing tank sys-
tem (Fig. 2). Water and Epsom salts were mixed in the first 
tank, which cascaded into a second tank where the sodium 
hydroxide was added. A third tank was used to add sodium 
silicate, and the final tank in the series was used to mix in the 
peroxide. The result was nominally a 10% peroxide solution 
that contained the other ingredients of the chemical cocktail 
to provide stability and the alkali to drive the bleaching reac-
tions. These solutions are sufficiently stable that mills often 
include brief storage capacity (e.g., day tank), enough for sev-
eral hours of operation. More modern installations pump 
these chemicals directly into the inlet of a pump using a se-
ries of inline mixers in the chemical addition line for the 
various chemicals; a typical in-line peroxide addition system 
used in mechanical pulp bleach plants is shown in Fig. 3. 
Hydrogen peroxide is typically added to the bleach liquor 
feed line just prior to the process application to reduce the 
loss of peroxide because of decomposition. The peroxide 
flow is typically interlocked to both pulp flow and bleach li-

quor flow, which provides a redundant control process so 
pools of undiluted peroxide should not accumulate within 
the process. As a comparison, a typical peroxide dilution sys-
tem used to bring peroxide from nominally 50% concentra-
tion to about 10% concentration for chemical pulp bleaching 
systems is shown in Fig. 4.

For the startup scenarios evaluated for the cascade type 
mixing systems used to prepare mechanical pulp bleaching 
solutions, failure of one part of the mixing process or supply 
system is predicted by the kinetic model to result in stable 
solutions or slow decomposition rates that can be readily 
managed even when 50% peroxide is being mixed with the 
other chemicals used in the bleaching system. Even when 
water flow fails, models of the addition of 50% peroxide to 
sodium hydroxide do not predict a significant pressure rise, 
partially because the gas is released in a steady stream as per-
oxide is added.

DIFFERENCES BETWEEN MECHANICAL AND 
CHEMICAL PEROXIDE BLEACHING

One of the main driving forces of medium consistency (MC) 
chemical pulp bleaching is the current ability to mix chemi-
cals into pulp at 10%–15% pulp consistency. This is a desirable 
outcome of improved mixing technology because several 
bleaching chemicals, including hydrogen peroxide, have fast-
er reaction rates at higher solution concentrations. One of the 
main tenets of MC bleaching is to keep as much water as pos-
sible out of the bleach plant by using stronger bleaching chem-
icals. Hence, some bleach plant suppliers now quote 50% 
peroxide as the required strength for their bleaching systems. 
Typical operating scenarios for both chemical pulp mills op-
erating at MC conditions and mechanical pulp bleach plants 
operating at higher consistency have been evaluated to deter-
mine the impact of peroxide strength on the initial bleach 
tower peroxide concentration.

There are fundamental differences in peroxide bleaching 
for mechanical pulps and chemical pulps. Peroxide has lim-
ited effectiveness as a bleaching agent when used as an oxida-
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2. Addition of hydrogen peroxide prior to the bleach liquor 
tank [9]. Water and caustic, sometimes with Epsom salts, are 
combined. The resulting solution is blended with silicate. 
Peroxide is added to this stabilizing mixture and either sent to a 
day tank or pumped directly into the pulp being bleached.  

4. Typical dilution system to supply 10% peroxide from a 50% 
storage tank to a chemical pulp bleach tower

3. In-line dilution of the hydrogen peroxide bleach liquor [9].
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5.  Impact of pulp consistency on peroxide in chemical pulp bleaching solution for various strengths of hydrogen peroxide reagent at 
a 1% charge of peroxide on o.d. pulp.

tive reinforcement of the extraction stage in chemical pulp 
bleaching and tends to be limited to about 1 wt% charge on 
o.d. pulp or less. Since most trace transition metal ions are re-
moved in the first bleaching stage, peroxide stabilization is 
not typically a problem. When peroxide stabilization is re-
quired, it is usually accomplished with a chelating chemical 
(EDTA or DTPA) and sometimes with magnesium sulfate 
(Epsom salt). An increase in the concentration of the peroxide 
feed affects the concentration of the peroxide in the pulp, as 
shown in Fig. 5, as a function of the starting pulp consisten-
cy for a 1% peroxide charge on pulp. Note that peroxide con-
centration in the bleach tower is directly related to the reac-
tion rate, and higher peroxide concentrations are best 
achieved with higher pulp consistency.

As is readily seen, at 1% charge on pulp, there is almost no 
increase in the solution concentration of peroxide during 
bleaching due to increases in peroxide concentration, even at 
very high peroxide concentrations of 50%. In comparison, 

raising pulp consistency before mixing is far more effective 
at increasing the peroxide concentration and reaction rates, 
but typical chemical pulp processing with MC pumps and 
towers limit the pulp consistency to 20% or less. At 20% pulp 
consistency before mixing, the impact of the as-delivered per-
oxide concentration is negligible, 0.072 moles/Kg for 50% 
strength peroxide compared to 0.071 moles/Kg at 10% perox-
ide strength. That represents about a 1.5% increase in solution 
concentration and reaction rate when using 50% peroxide 
compared to 10% peroxide. The safety concerns associated 
with the use of 50% peroxide far outweigh the value of the 
minimal enhancement in peroxide efficiency resulting from 
the use of 50% peroxide.  

Peroxide stabilization is a challenge with mechanical 
pulps, which contain significant trace levels of manganese 
and iron. Stabilization usually starts with addition of a chelat-
ing chemical, followed by pressing to remove as much of the 
trace transition metal ions as possible; pressing results in a 

6.  Impact of pulp consistency on peroxide in mechanical pulp bleaching solution for various strengths of hydrogen peroxide reagent 
at a 4% charge of peroxide on o.d. pulp.
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pulp consistency of 25%–35%. A peroxide cocktail or bleach 
liquor that contains sodium silicate, magnesium sulfate, so-
dium hydroxide, and peroxide is then mixed with the pulp. 
The combination of chemicals required to stabilize the per-
oxide makes the use of peroxide for bleaching mechanical 
pulps more expensive. A typical peroxide charge under these 
conditions is 3 wt% or 4 wt% on o.d. pulp. The impacts of both 
the starting pulp consistency and peroxide strength when 
using a 4% peroxide charge on pulp are shown in Fig. 6.  

As seen previously with the chemical pulp bleaching sce-
nario, the starting pulp consistency in mechanical pulp 
bleaching has the larger impact on the peroxide concentra-
tion, relative to peroxide reagent concentration; hence, pulp 
consistency has the larger impact upon the peroxide bleach-
ing reaction rate. At the high peroxide charge and high pulp 
consistency, the peroxide concentration can offer a marginal 
increase in concentration (and thus reaction rate). At 40% con-
sistency for the pressed pulp (about the maximum that can be 
achieved with a twin wire press), the 10% peroxide strength 
provides a solution concentration of 0.606 moles/Kg, while the 
50% peroxide solution increases this to 0.726 moles/Kg. There-
fore, using 50% peroxide solution will result in about a 20% 
increase in reaction rate versus using a 10% strength peroxide 
solution.  

CONCLUSIONS
An evaluation of the advantages and risks associated with stor-
age and point of application of high versus low concentration 
hydrogen peroxide was performed. The major safety prob-

lems related to concentrated hydrogen peroxide use are the 
potential for rapid pressurization from catalyzed decomposi-
tion, fire due to oxygen formed in decomposition, and perox-
ide/organic vapor phase explosions. As peroxide is a strong 
oxidizing agent, 50% peroxide can cause severe burns when 
it contacts skin. Lowering the concentration of peroxide in 
storage will result in excessively sized storage tanks resulting 
in substantial increases in capital costs. Table I lists a series 
of recommendations for safer practices that balance capital 
costs, personnel and equipment risks, and bleaching perfor-
mance.

Fundamental differences exist between mechanical pulp 
bleaching with peroxide and chemical pulp bleaching with 
peroxide. In general, mechanical pulp bleaching uses consid-
erably higher charges of peroxide on o.d. pulp than chemical 
pulps and often uses higher consistencies than can be ob-
tained with traditional chemical pulp washers, pumps, and 
mixers. The current work quantifies the benefit of using 50% 
peroxide in both bleaching processes compared to 10% per-
oxide. This work also reviewed the safety hazards associated 
with peroxide and how they differ for storage strength 50% 
versus diluted-strength 10% concentrations. In general, the 
use of 50% peroxide in mechanical pulp bleach liquors is con-
siderably safer and provides a larger benefit than the use of 
50% peroxide in chemical pulp mills.

For chemical pulp bleach plants, the benefit of operating 
with 50% peroxide instead of using the inherently safer 10% 
peroxide solution is very marginal. The boost in the reaction 
rate from the higher concentration is estimated at just 1.5%. 

Process Recommendation Justification

Storage Tank

Store at about 50% concentration
Capital cost is too high vs. minimal risk as long as good 
controls are in place and followed

Engineering controls – Temperature 
monitoring

Early warning of decomposition with enough lead time to 
mitigate issues

Engineering Controls – Vents
Allow slow decomposition products to escape tank instead 
of gradually building pressure

Administrative Controls – Unloading 
protocols

Signoff procedure as last line of defense from allowing 
wrong material to be unloaded into peroxide tank

Mechanical Pulp 
Bleaching

Use a mechanical device to make down a 
stabilized bleach liquor

Prevents rapid decomposition by stabilizing peroxide and 
dilutes high concentration peroxide to considerably lower 
concentrations

Use 50% peroxide to free bleach liquor 
makedown system

Improves bleaching reaction by about 20% compared to 
using 10% peroxide. Bleach liquor is substantially diluted 
and stabilized prior to entering the pulp stream

Chemical Pulp 
Bleaching

Use 10% concentration peroxide
Very limited kinetic benefit as compared to using 50% 
peroxide. Enough water is present to prevent explosive 
decomposition reactions from occurring

I.  Suggested conditions for balanced operation.



BLEACHING

NOVEMBER 2018 | VOL. 17 NO. 11 | TAPPI JOURNAL  607

For mechanical pulp bleaching at 40% pulp consistency and 
4% applied peroxide on pulp, the use of 50% peroxide result-
ed in about a 20% increase in reaction rate compared to the 
use of 10% peroxide. Mechanical pulp mills do not have the 
history of peroxide-based explosions that have occurred in 
chemical pulp peroxide bleach plants. This is due to a combi-
nation of differences in the processes: the use of a cocktail of 
chemicals needed to stabilize peroxide in mechanical pulp 
bleaching provides dilution and stabilization, and the use of 
high consistency refiner-like mixers that do not provide vol-
ume where a pool of peroxide is able to collect in during a 
process upset. TJ
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ABOUT THE AUTHORS
Vendors have been promot-
ing the use of 50% peroxide 
in medium consistency (MC) 
bleach plants for many years 
due to the increase in reac-
tion rate associated with 
higher concentration chemi-
cals. It has been well docu-
mented that risk potential in-
creases as the concentration 
of certain chemicals is in-
creased. We decided to see 
what the actual risk/reward 
proposition was to determine 
if the use of 50% peroxide 
was truly justified.

Past research has looked 
at modeling the peroxide re-
action and determining the 
conditions that result in an 
explosion. The impact of var-
ious industrial chemicals and 
operating conditions was 
also evaluated. This is the 
first study that determined the benefits of using 
the higher concentration peroxide and compared 
it with the associated elevated risk.

Deciding how to treat the differences between 
chemical and mechanical pulp bleaching was the 
most difficult aspect of this research. We re-
viewed and modified our approach a couple of 
times to make the paper concise and still convey 
the differences.

The impact of pulp consistency was surprising. 
Increasing the pulp consistency far overwhelmed 
the impact of chemical concentration.

By understanding the risk/reward benefit, 
chemical pulp mills should realize there is no jus-
tification for using 50% peroxide in an extraction 
stage. If they lower the concentration of peroxide 
to 10%, their operation will be much safer.

We have modeled the decomposition reaction 
using both ideal and industrial conditions.  We 
also determined areas of safer operating 
conditions and described the differences between 
chemical and mechanical bleaching conditions. 
With this work, we developed the risk/reward 
associated with using 50% vs. 10% peroxide and 
have basically completely this line of research.
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Lignin analysis of unbleached pulps is essential in the 
modern pulp mill for estimating the degree of deligni-

fication that occurs during pulping and subsequently the 
charge of bleaching chemicals needed to bleach the pulp. 
Pulp mills most often will use the kappa test to estimate 
lignin content, as the method is significantly faster than 
the Klason lignin test (a method that cannot be employed 
in an online measurement) (TAPPI Standard Test Method T 
236-om85 “Kappa number of pulp”) [1-5]. Both tests have a 
long history in the wood pulping industry; however, limi-
tations and interferences have been identified with both 
tests when measuring lignin content.

Due to its complex structure, lignin has historically been 
a challenging polymer to quantify [6-9]. Lignin is a heteroge-
neous polymer primarily composed of three different hy-
droxycinnamyl alcohols (also referred to as monolignols or 
phenylpropane units) in varying proportions and linked by 
various covalent linkages [7-9]. Wood chemists have devel-
oped a relatively good understanding of the differences be-
tween hardwood and softwood lignin. For example, soft-
wood lignin contains predominantly coniferyl alcohol 
monolignols (single methoxyl group) that allow for extensive 
crosslinking in the biopolymer matrix and are part of the 
reason softwoods require the most energy to pulp [7,8]. In 
addition to containing less overall lignin in the wood, hard-
woods have significantly more sinapyl alcohol groups, which 
limit the number of potential bonding sites on the aromatic 
portion of phenylpropane unit. Higher amounts of sinapyl 

alcohol groups decrease the amount of carbon-to-carbon link-
ages between the aromatic rings of hardwood lignin (e.g., 
5–5’) versus softwood lignin; such linkages are one of the 
most recalcitrant to cleave during alkaline pulping [9]. Lignin 
in grasses and other nonwood species are different from 
wood-based lignins because they contain significant quanti-
ties of a third monolignol, p-coumaryl alcohol (Fig. 1) [10].  
This change in lignin precursors is why lignin in grasses has 
the highest content of free phenolic groups [11], which, in 
combination with prevalent lignin carbohydrate ester link-
ages, allow nonwood lignins to dissolve readily in alkali [12]. 
Ferulates and p-coumarates also can contribute up to 10% of 
the overall lignin content in nonwoods [13,14], representing 
significant structural difference from wood lignin. These 
phenylpropane components are part of the structural bond-
ing of lignin to polysaccharides [10], and most researchers 
consider this to be part of the lignin, which cannot be sepa-
rated in a Klason analysis. 

During a typical alkaline pulping process, the lignin with-
in the biomass undergoes a series of chemical reactions, 
which break liable ester and ether bonds and fragment the 
native lignin into smaller pieces [15,16]. For wood-based lig-
nin, delignification in alkaline pulping conditions primarily 
happens through cleavage of α- and β-aryl ether bonds. Other 
reactions occur concurrently, such as the cleavage of diben-
zodioxocin structures and the recondensation of lignin frag-
ments; however, the extent to which these reactions occur 
depends on the pulping conditions, which includes whether 

Does the kappa number method 
accurately reflect lignin content  

in nonwood pulps?
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NONWOOD PULPINGPEER-REVIEWED

ABSTRACT: The traditional kappa number method was developed in 1960 as a way to more quickly determine 
the level of lignin remaining in a completed or in-progress pulp. A significantly faster approach than the Klason lig-
nin procedure, the kappa number method is based on the reaction of a strong oxidizing agent (KMnO4) with lignin 
and small amounts of other organic functional groups present in the pulp, such as hexenuronic acid. While the use-
fulness of the kappa number for providing information about bleaching requirements and pulp properties has argu-
ably transformed the pulp and paper industry, it has been mostly developed for kraft, sulfite, and soda wood pulps.

Nonwood species have a different chemical makeup than hardwood or softwood sources. These chemical differ-
ences can influence kappa and Klason measurements on the pulp and lead to wide ranges of error. Both original 
data from Sustainable Fiber Technologies’ sulfur and chlorine-free pulping process and kappa and Klason data from 
various nonwood pulp literature sources will be presented to challenge the assumption that the kappa number accu-
rately represents lignin content in nonwood pulps.

 Application: The information provided in this study closely examines typical results of the analysis of lignin in 
nonwood pulps and encourages researchers in this area to measure both kappa number and Klason lignin separate-
ly to determine if a consistent correlation can be applied.
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1. Primary monolignols/phenylpropane units in lignocellulosic biomass: (a) p-coumaryl alcohol, (b) coniferyl alcohol, and (c) sinapyl 
alcohol.

a kraft or soda pulping process was used [15]. For nonwood 
lignin, these reactions are less understood. Differences in 
monolignol content and resulting linkages increased hydroxy-
cinnamic acid content, and changes in pulping conditions 
used by both newly developed and established commercial 
processes on grass and nonwood biomass can lead to very dif-
ferent results [17,18]. That being said, the analysis of the re-
maining lignin in the pulp is usually completed by the follow-
ing methods: Klason lignin and kappa number.

The most readily used and direct method for measuring 
lignin content was initially developed in the early twentieth 
century by Peter Johan Klason [19]. The method employs con-
centrated sulfuric acid solution (72%) hydrolysis of the sample 
at room temperature, which is followed by dilute acid hydro-
lysis (~3%) under boiling reflux to solubilize the carbohy-
drates and to precipitate the insoluble lignin that is separated, 
dried and weighed (TAPPI T 222 “Acid-insoluble lignin in 
wood and pulp”). A small portion of the lignin becomes solu-
ble during this analysis and can be measured using UV absorp-
tion of the diluted acid hydrolysate (TAPPI UM 250 “Acid-sol-
uble lignin in wood and pulp”). While the Klason lignin 
method can have interferences from extractives and other 
compounds [6,20], the method has been shown to be robust 
on many different types of biomass samples. The TAPPI T 222 
Test Method has been modified by the National Renewable 
Energy Laboratory in their proposed Laboratory Analytical 
Procedures (LAPs) [21]. The NREL LAP incorporated modified 
extraction methods to accurately quantify the lignin in agri-
cultural residues and other nonwood biomass [21]. The need 
for the use of different solvents arose because nonwood bio-
masses often contain different types of extractives and pro-
teins than wood biomasses (TAPPI T 204 cm-07 “Solvent ex-
tractives of wood and pulp”) [5,21]. Without the use of the 
appropriate solvents on the extractives contained in the bio-
mass, these extractives would remain on the filter and be 
measured as “lignin” [22]. During pulping, most of the extrac-
tives become solubilized and are removed in the pulping li-
quor; however, some waxes present in woods and nonwoods 

may remain in the pulp after alkaline pulping. Ethanol-ben-
zene (TAPPI 204 cm-07) or other organic solvents are typi-
cally used to extract high yield pulps before conducting the 
acid hydrolysis procedure for this reason [5]. The main draw-
back of the Klason method of determining lignin content is it 
is a very time-consuming procedure with the solvent extrac-
tion to remove extractives and with the complete acid hydro-
lysis of carbohydrates of the sample. 

Indirect lignin analytical techniques were developed in 
parallel to the Klason method. The use of oxidation to measure 
lignin dates to as early as the 1850s [19].  While oxidative meth-
ods have struggled with selectiveness [6], by the 1950s the 
kappa number method had evolved to become a reliable indi-
cator of lignin in wood-derived pulps [1-5]. In hardwood and 
softwood kraft pulps, there are relatively consistent linear cor-
relations between kappa number and Klason lignin content. 
The TAPPI method (T 236 cm-85) and the majority of the lit-
erature will report the correlation as Klason lignin = 0.15*kappa 
[4,5,23-25]. However, as reported in the literature, the correla-
tions do change as the pulp undergoes bleaching. Brogdon [24] 
reported that as the amount of oxidized lignin structures in 
the bleached residual lignin increases, namely quinones that 
consume less permanganate, then the Klason lignin-to-kappa 
correlation will shift from 0.15 to 0.18. The kappa number 
method is also prone to interferences from hexenuronic acids 
(HexA) and other oxidizable structures in the pulp [25]. The 
presence of these structures will contribute to the measured 
kappa number and will contribute to overall bleach consump-
tion (e.g., chlorine dioxide). Hexenuronic acids are formed 
during alkaline pulping from the 4-O-methylglucuronic acid 
groups, which are attached to xylans of the hemicelluloses. 
Hexenuronic acids are typically found in significant amounts 
in alkaline hardwood pulps. The precursors to HexA are also 
found in the xylans of nonwoods [26].

The information provided in this literature review has led 
the author to the following question: when using methods 
designed for wood-based pulps, can we assume these meth-
ods will have the same level of sensitivity and reliability on a 
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material with notably different initial chemical makeup? This 
paper examines the literature data of both the Klason lignin 
and kappa number on nonwood pulps at a wide range of re-
sidual lignin levels and across a variety of species. Results have 
been compiled from both the literature [27-36] and execution 
of the standard TAPPI test methods on a pulp from a propri-
etary pulping process (i.e., Phoenix Process) [37]. The varied 
pulp samples compared in this paper are all derived from non-
woods and produced via alkaline pulping processes. 

RESULTS AND DISCUSSION
In the nonwoods alkaline pulping literature, most investiga-
tors do not report both acid insoluble lignin and kappa num-
ber of the pulp. Many authors report the kappa number and 
state their expectation is that the lignin will follow a linear 
correlation (i.e., 0.15*kappa [1,5,6]). What literature that is 
available that reports both kappa number and Klason lignin 
data indicates different proportionality constants, or in some 
cases, lack of correlation. Figure 2 graphs the soda pulping 

data of barley straw from the Vargas et al. study [27]. There is 
a good linear correlation between kappa number and Klason 
lignin content, with a proportionality factor of 0.16.

Data from Lopez et al. [28], where the authors pulped ta-
gasaste residues at varying soda and soda-AQ conditions, were 
also analyzed (Fig. 3). The correlation is not as high (R2 value 
of 0.8); however, the proportionality constant of kappa num-
ber to Klason lignin content for the nonwood tagasaste seems 
higher than that reported in the literature for wood-based 
species. For the alkaline pulp made from tagasate, the data 
suggest that Klason lignin would be equal to 0.19*kappa.

Data from the Andres et al. [29] study was analyzed in  
Fig. 4. These authors examined the pulping of a succulent 
nonwood (from the aloe family) using soda-AQ at varied tem-
peratures, alkalinity, and time. Analysis of this data indicated 
a poor correlation (R2 of 0.46) between kappa number and 
lignin content with a proportionality factor of 0.29.

Analysis of various literature data for nonwood chemical 
pulps [27-36] indicated some interesting results (Fig. 5). 

2. Barley straw soda pulp (data from [27]).

3. Tagasaste soda pulp (data from [28]). 
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These pulps were made from a variety of nonwood species 
that ranged from bagasse [33,35] to barley and wheat straws 
[27,30,31], to bamboo [32], to Arundo donax  (giant reed) 
[34], and to other species [28,29,36]. All were produced via 
some derivative of an alkaline pulping process, such as kraft, 
soda, or soda-AQ. Including all of the data, the correlation be-

tween kappa and Klason is relatively low (R2 of 0.55 for Klason 
lignin = 0.185 x kappa no.). This is not completely unexpect-
ed, as variability is expected across different labs, species, and 
pulping types. Lemon grass, sofi, and succulent pulps appear 
to particularly have a higher proportionality constant. In gen-
eral, nonwood pulps appear to have a higher range of vari-

4. Succulent soda-anthraquinone (AQ) pulp (data from [29]).

5. Plot of Klason lignin versus kappa number for various nonwood chemical pulps produced by alkaline pulping processes (data 
from various research reports [27-36]).
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ability in comparison to wood. For example a softwood kraft 
pulp with 5.2% lignin should have a kappa number of 34.7 
when using a 0.15 proportionality factor; however, the non-
wood pulp data exhibit a wide range of kappa numbers, from 
18 to 38, at ~5.2% Klason lignin content.

As noted in the review, the kappa number test is an indirect 
measurement method for lignin; it relies on the selective oxi-
dation of the unsaturated carbon-carbon bonds in lignin and 
the consistent permanganate consumption by the unbleached 
residual lignin [24,25]. If these two parameters are not met 
and/or there are interfering non-lignin substances unaccount-
ed (e.g., HexA [25]), then an accurate proportionality constant 
between kappa number and Klason lignin will not be possible. 

Figure 6 plots the unpublished data from nonwood pulp-
ing studies performed by Sustainable Fiber Technologies (SFT; 
Renton, WA, USA) utilizing a proprietary process (i.e., Phoenix 
process) [37]. The pulps contained 4%–16% Klason lignin and 
were made from nonwood species, such as wheat straw, ba-
gasse, miscanthus, and others. The chart also includes linear 
plots of kappa to Klason proportionality factors of 0.15 and 
0.18. Using the data points available for all species, the R2 of 
the linear correlation is around 0.7. The proportionality factor 
is about 0.25. The most intriguing part of this graph is what 
happens to Klason-kappa relationship when the Klason lignin 
in the pulp is above 10%; the kappa numbers of these pulps 
from the proprietary pulping process were between 40 and 
60, even when the Klason lignin content was between 10% 
and 16%. Below about 10% or 12% lignin, the data are signifi-
cantly more linear (Fig. 7). The kappa-lignin proportionality 
factor was higher (i.e., 0.21) than that of kraft pulps of wood 
species and other alkaline pulps from nonwood species.

Typically, wood-based pulps also have a larger range of 
error in the kappa number measurement at lignin contents 
above 12% (~90 kappa) [5]. The difference is that with wood-

derived chemical pulps the kappa number method typically 
is reliable in the range needed for controlling pulp mill unit 
operations (e.g., pulping to target kappa number to gage 
bleach plant chemical demand). In SFT’s process, the linear 
correlation appears to deteriorate above lignin contents of 
10%–12%, and many of the species used will unfortunately 
fall above this range during processing. Therefore, the kappa 
test is not a practical or accurate tool to be used for process 
control of the proprietary pulping process when targeting an 
actual lignin content level.

To account for more variables and for a more accurate mea-
sure of kappa and lignin content, HexA and acid soluble lignin 
(ASL) were also measured on the unbleached pulp samples 
made by the proprietary pulping process. The HexA content 
of the pulps varied from 0 to 16.5 μmol/g pulp, which contrib-
uted 0 to 1.4 kappa units to the measured kappa number [25]. 
After accounting for these values in the data shown in Fig. 6, 
the impact was negligible on the R2 and proportionality factor 
(not shown). ASL levels ranged from 1%–1.8% for the un-
bleached pulp samples, which is the typical range for wood 
pulps; these values were not included in the lignin values 
shown in Figs. 5 and 6. The Klason-to-kappa ratio used in the 
TAPPI method (TAPPI T 236) [4,5] and published widely does 
not include acid soluble lignin, as this can change the ratio. 
While a helpful characteristic to measure, the acid soluble 
lignin method can be affected by hydrolyzed carbohydrate 
compounds, such as 5-hydroxymethylfurfural, furfural, 2-fu-
roic and 5-formyl-2-furoic acid products [5,38]. These com-
pounds have moderate to strong UV/Vis absorbencies around 
200 to 205 nm range, which is where the ASL is measured in 
solution. Any acid-soluble component that absorbs in this 
range and is not lignin can cause interferences and therefore 
ASL is infrequently included when comparing kappa number 
to Klason lignin content for this reason [49].

6.  Kappa numbers at measured %Klason lignin values for pulps produced by proprietary pulping process (data from [37]).
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One other component known to affect measured Klason 
lignin values is ash. The literature sources used in this study 
are both unknown and known to both contain and be absent 
of ash in their Klason acid insoluble lignin. As an example of 
this, the barley straw data reported in Fig. 2 would have a pro-
portionality factor of 0.18 as opposed to 0.16 if ash had not 
been corrected [27]. That said, the regression was still very 
linear (R2 of 0.96). The SFT process pulps examined in this 
study, while extracted prior to acid hydrolysis, were not cor-
rected for inorganic ash, as this has a negligible influence on 
wood-derived pulps and was not conducted at the testing 
laboratory that performed this test. Not correcting for ash for 
the nonwood pulps may account for part of the higher pro-
portionality constant and for some of the variability seen in 
the literature data; however, it would not account for all of the 
differences entirely. Ash contents in nonwood-derived pulps 
should routinely be measured and corrected in the Klason 
lignin measurements since ash levels are appreciably higher 
in nonwood biomasses when compared to wood species.

CONCLUSION
The kappa number and Klason lignin tests, while well estab-
lished in the pulping industry, were developed for pulps pro-
duced from wood species. While species, laboratories, and 
pulping conditions all have notable effects on the measured 
values obtained by these methods, it has been shown that the 
typical kappa-to-Klason lignin conversion factor of 0.15 is an 
unlikely fit for nonwood pulps. Relying on the kappa number 
method proportionality constant to predict Klason lignin in 
nonwood pulps can lead to inaccurate assumptions. As re-
ported in this work, proportionality factors for converting 

kappa-to-Klason lignin can range from about 0.16 to 0.30, if a 
strong correlation can be measured. It is strongly encouraged 
that future researchers and commercial operations using non-
woods for chemical pulps separately test both Klason lignin 
and kappa to determine if a consistent proportionality factor 
exists and is reliable. If a linear regression can be fitted to the 
nonwood pulp data, then the proportionality factor will like-
ly need to be tailored for each individual process, and poten-
tially across different species, to have a reliable method to 
convert from kappa numbers to Klason lignin content. TJ
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ABOUT THE AUTHORS
With Columbia Pulp in Washington State and other 
mills using the Phoenix Process coming online in the 
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During kraft pulp bleaching, an appreciable level 
of dissolved organics and spent chemicals may be 

carried over from one stage into the next stage, which 
negatively affects overall bleach sequence performance 
[1-3]. Hence, interstage washing is a vital component of a 
bleaching stage that assures low-cost and consistent pulp 
bleaching. Elemental chlorine-free (ECF) technology is 
the dominant method used for bleached pulp production, 
mainly due to its ability to selectively brighten while pre-
serving fiber strength and minimizing pulp yield losses. 
Several PAPTAC surveys [4-8] have been conducted to 
benchmark and to track best practices for ECF bleaching 
of softwood kraft pulps, some of which have specifically 
examined interstage pulp washing.

Among the interstage washing operations used in the 
bleach plant, it has been reported by PAPTAC surveys [7,8] 
that the majority of Canadian mills utilize vacuum drum units. 
Such washers are commonly employed in North American 
bleach plants, and operate with various countercurrent filtrate 
schemes as shower water. It is not uncommon for washer 
shower water to be partially supplemented with fresh hot 
water or white water. Drum washers often operate at 10% to 
70% over their original design capacity [7]. These washing 
units typically remove 70% to 85% of the dissolved materials 
contained in the spent liquor leaving the bleaching stage [1].

Examination of the surveys revealed that the mills that had 
high relative bleach consumption tended to use higher D1 
multiple charges than their counterparts with relatively low 
bleach consumption (about 0.35% vs. 0.22% chlorine dioxide 
(ClO2)/post-extraction kappa no.) [5]. Generally, D1 brighten-
ing becomes less efficient when the D1 multiple is higher than 
~0.25 [4-6,8-10]. The analysis also noted that the high bleach 
usage mills added acid to the extracted pulp to control pH in 
the D1 stage. A follow-up survey [8] revealed that extraction 
stage washers operated with a wash ratio (defined as the 
amount of washer shower water applied divided by the water 
in the discharged pulp mat) of 0.5 to 1.5. Almost two-thirds of 
the respondents use a wash ratio below 1.2. These observa-
tions suggest that there is appreciable carryover from extrac-
tion entering the D1 stage, which is partially contributing to 
the elevated bleach consumption at the high bleach usage 
mills [8].  

The bleaching literature contains numerous reports [11-18] 
on how interstage washing affects overall bleaching opera-
tions of chlorine-based bleach sequences. These earlier stud-
ies from the 1970s and 1980s focused on how to reduce the 
amount of fresh water consumed, waste effluent discharged, 
and energy consumed. However, there have been relatively 
few investigations that specifically examine how interstage 
washing affects bleach consumption for ECF sequences 

Using multistage models to evaluate  
how pulp washing after the first extraction 
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bleach demand
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ABSTRACT: Steady-state models were constructed to predict the response of a southern U.S. softwood brown-
stock to three- and five-stage elemental chlorine-free (ECF) bleach sequences. The models provided insight into how 
typical (EO) washing efficiencies from a vacuum drum unit affected pulp brightening and total chlorine dioxide con-
sumption. When (EO) carryover was between 15% and 30%, the chlorine dioxide needed to reach target brightness 
increased by 8% to 15% for the D0(EO)D1(EP)D2 sequence (89% ISO) and by 15% to 23% for the D0(EO)D1 sequence 
(86% ISO) versus perfect washing. Use of (EO) filtrate as D0 shower water, such as in split-flow countercurrent wash-
ing, caused the bleach uptake to increase by 1.5 to 3.0 kg chlorine dioxide (ClO2)/ton pulp when compared to using 
cleaner D0 shower water sources. The ClO2 consumed by 15% to 30% (EO) washer carryover is comparable to that 
consumed by typical carryover levels from brownstock washing (~10 kg Na2SO4/ton pulp). High (EO) carryover made 
ECF bleaching to higher brightness targets more difficult.

 Application: Multistage models are employed to estimate how typical levels of extraction washer carryover, as 
well as how extraction washer filtrate reuse in countercurrent washing, affects chlorine dioxide consumption and 
brightness development of a softwood kraft pulp when bleached with ECF sequences. These models could be adapt-
ed to simulate mill data, used to optimize bleaching operations, and used in process control strategies.
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[19,20]. It is generally assumed by the industry that the con-
clusions drawn from the earlier literature with chlorine-based 
bleach sequences are directly applicable to today’s ECF bleach-
ing technology.

Yankowski [11] examined how interstage washing efficien-
cies affected the CE1D1E2D2 bleaching of a softwood pulp. The 
study calculated washing efficiencies based on dissolved sol-
ids measurements. It was observed that poor or no pulp wash-
ing after the D1 stage and/or the E2 stage had a minor effect 
on the overall bleach performance. When the E1 washing de-
creased from 90% to 75%, the author observed that the D1 
brightness decreased by 3 points for a fixed D1 bleach charge. 
MacDonald [12] quantified how E1 carryover affected hypo-
chlorite consumption in the (CD)E1H portion of the (CD)
E1HD1E2D2 sequence. The washed E1 pulp entering the H stage 
contained 1.5 to 4.4 kg dissolved lignin/ton pulp when the 
lignin was expressed as equivalent sodium. When the E1 car-
ryover was reduced from the high to the low value, the 
amount of hypochlorite needed decreased by 8.2 kg NaOCl/
ton pulp.  

Histed and co-workers [1,2,13-17] published numerous 
studies in the 1970s examining how direct countercurrent 
recycling of washer filtrates affected the bleaching of Cana-
dian softwood kraft pulps. In one study [13], a 30-kappa 
brownstock was bleached to 92% Elrephro (about 89.5% ISO) 
using the (D+C)E1D1E2D2 sequence that employed 70% chlo-
rine dioxide substitution. It was noted that the D1 brightness 
decreased by almost 8 points and that the D2 brightness de-
creased by 2 points when compared to no filtrate recycle. This 
loss was recovered when the D1 charge was increased from 
1.45% to 1.75% ClO2. In a similar study [15], a 24-kappa brown-
stock was bleached with the same sequence. When filtrate 
recycle was employed, it was necessary to increase the (D+C) 
kappa factor from 0.21 to 0.24 and boost the D1 charge from 
1.42% to 1.52% ClO2 to reach the brightness target. In a third 
study [17], Histed and co-workers examined how different 
interstage wash ratio values affected bleach consumption of 
the (C+D)E1HD1E2D2 sequence. There was little impact on 
hypochlorite or chlorine dioxide consumption when the 
wash ratios at H, D1, and E2 washers were decreased from 1.3 
to 0.5. Lowering the wash ratio at the E1 washer from 1.3 to 
1.0 considerably increased the hypochlorite uptake in the H 
stage by ~10.6 kg NaOCl/ton pulp.  

Waritovaara [18] explored how different filtrate recycle 
schemes affected the bleach consumption of a 28-kappa pine 
kraft pulp with the (D/C)E1D1E2D2 sequence. A 30% chlorine 
dioxide substitution level was used in the (D/C) while a wash 
ratio of ~1.55 was applied to each washer. The washed pulp 
was discharged at ~15% consistency. Direct countercurrent 
washing required 11% more bleach to reach 89% ISO bright-
ness vs. not washing the pulp with recycled filtrates. Other 
countercurrent washing schemes, such as jump-stage coun-
tercurrent or split-flow countercurrent, had similar bleach 
consumptions as open interstage washing. The high wash 
ratio and discharge consistency ensured that there was low 

E1 carryover. The higher oxidant chemical usage with direct 
countercurrent washing was attributed to E1 filtrate breaking 
through the pulp mat at the (D/C) washer, which mixed with 
(D/C) seal tank filtrate and carried backwards to the brown-
stock dilution water of the (D/C) stage [1-3,16]. The E1 dis-
solved organics consume a portion of the oxidants applied in 
(D/C) stage similar to black liquor carryover.  

Some contemporary studies [19,20] examined direct coun-
tercurrent washing with the D0(EOP)D1 sequence. These re-
searchers observed an increase in chlorine dioxide demand 
from 0% to 0.3% (on pulp) when using (EOP) filtrate to wash 
the D0 pulp versus using D1 filtrate.  In another recent report, 
Frigieri et al. [21] examined different interstage wash ratios of 
1 to 0 with a jump-stage countercurrent recycle with the 
D0(EP)D1P sequence. The authors disclosed that final bright-
ness of the oxygen-delignified eucalypt pulp declined from 
92% ISO to 88% ISO when the wash ratio decreased from 1 to 
0.3 while the oxidant charges in each stage were invariant. 

It is apparent that first extraction stage carryover, apart 
from black liquor or post-oxygen carryover, can appreciably 
contribute to the oxidant bleach load when using chlorine-
based bleach sequences, and, in particular, when extraction 
filtrate is reused as the shower water in the preceding washer.  
Nevertheless, relatively few publications have re-examined 
how the first extraction washer efficiency affects total bleach 
usage with ECF-based bleach sequence. Furthermore, most 
mills do not monitor interstage carryover [7,9,10,22]. It is dif-
ficult to quantify bleach washer efficiency using a simple and 
quick test method such as is done with brownstock washing 
[22]. Recently, efforts in this area [8-10,23] have related extrac-
tion carryover into the D1 stage by using the kappa number 
test. The kappa number contributions from well-washed ex-
tracted pulps and their dissolved organic carryover can be 
correlated to the brightening response in the D1 stage [23].

The current investigation reports the findings obtained 
from the spreadsheet modeling of ECF bleach sequences to 
determine how first extraction stage washing efficiency and 
filtrate reuse affects total chlorine dioxide consumption for 
ECF sequences. The models can predict the bleaching re-
sponse after D0(EO), D1 and D2, and have been previously dis-
cussed [23-25]. The D0(EO) and D1 units have the capacity to 
consider washer carryover entering that stage. The inputs and 
outputs for each unit (e.g., kappa number and/or brightness of 
the pulp) are coupled to each other using an analogous ap-
proach that has been reported by earlier investigators [26,27].  

METHODOLOGY
Steady-state simulations of D0(EO)D1(EP)D2 and D0(EO)D1 
sequences were conducted using a hypothetical southern 
U.S. softwood brownstock that had a kappa number of 24 and 
a brightness of 23% ISO. Data from the Basta and co-workers 
study [28], as well as data analysis from another investigation 
[29], were used to calibrate the equation parameters for 
D0(EO) delignification, and D1 brightening and D2 brighten-
ing models. General conditions examined are presented in 
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Table I. The conditions from the laboratory study [29] are 
relatively consistent with current bleaching practices with 
North American bleach plants [4-6].

The empirical expressions for each of the bleach stages 
(Eqs. 1 to 9) are listed in Table II. Several relationships, such 
as Eqs. 1, 3 and 7, are derived from laboratory data [28]. It is 
presumed that the asymptotic brightness for the softwood 
kraft brownstock is around 92% ISO, which is based on the 
limiting light absorption and light scattering coefficients [25]. 
Unless otherwise specified, simulations were run assuming 

that there was negligible brownstock washer carryover into 
D0 (CBSW ≈ 0 kg Na2SO4/ton pulp).  The D0(EO)D1(EP)D2 se-
quence utilized a milder (EO) stage at 70°C, whereas the 
D0(EO)D1 sequence used an aggressive (EO) stage at 90°C to 
attain 85% to 89% ISO more easily with fewer bleaching stages.

Extraction carryover was expressed in terms of kappa 
units on pulp [23]. This quantity is represented as the differ-
ence between the kappa number of the discharged pulp from 
the (EO) washer, which included its filtrate, and the kappa 
number of the well-washed (EO) pulp without filtrate [8,9,23]. 

Stage Conditions D0 (EO) D1 (EP) D2

Consistency, % 3.5 10 10 10 10

Temperature, °C 50 70 or 90 70 70 70

Time, min 30 – 60 60 variable 60 variable

ClO2, % on pulp 1.00 – 3.10 
(0.11 to 0.34 KF) – 0.30 – 1.75 – 0.25

O2, % on pulp – 0.50 (at 0.22 MPa) – – –

H2O2, % on pulp – – – 0.20 –

NaOH, % on pulp – 0.4∙(KF)∙(Kappa no.) variable 0.50 variable

H2SO4, % on pulp 0.6% – variable – variable

End pH ~3 ~10.5 to 11.0 ~3 ~11 ~4

ClO2 = chlorine dioxide; O2 = oxygen; H2O2 = hydrogen peroxide; NaOH = sodium hydroxide; H2SO4 = sulfuric acid; and KF = kappa factor.

I.  Conditions used in the model simulations of three- and five-stage elemental chlorine-free (ECF) bleach sequences for a 24-kappa 
softwood brownstock to reach 84% to 89% ISO and 85% to 90% ISO, respectively.

II. Steady-state equations for the individual stages of the ECF sequences for bleaching 24-kappa brownstock. 

Stage Equation No. Comments

D0 D0 Kappa =20.6-5.14∙x0 (1)
Based on Basta et al. data [28];

x0 is % ClO2 on pulp in D0

(EO)

 (EO) Kappa =

(EO) Brightness = BEO

                                       =63.6-3.28∙((EO) Kappa)    

(2)

(3)

CBSW is brownstock washer carryover 
(kg Na2SO4/ton pulp); 
A = 0.820 (70°C) or 0.588 (90°C)

Based on Basta et al. data [28]

D1

D1 Brightness = BD1 = 92-  

β1 = 4.54∙(Washed Kappa)-7.43  
Washed  Kappa = (EO) Pulp Kappa + (EO) 
Carryover Kappa

(4)

(5)

(6)

x1 is % ClO2 on pulp in D1; 

(EO) Carryover Kappa is expressed as 
kappa units (on pulp) [23]

(EP) (EP) Brightness = BEP = 0.765∙BD1 +21.8 (7)
Based on Basta et al. data [28] for a 
fixed 0.20% peroxide charge 

D2

D2 Brightness = BD2= 92- 

β2 =0.250∙BEP + 23.0

(8)

(9)

x2 is % ClO2 on pulp in D2; 

Based on D2 model [25] tuned to Basta 
et al. data [28]
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1.  General water and pulp stream flows of the D0 washer, (EO) stage, and (EO) washer.

2.  Effect of (EO) washer efficiency and D0 kappa factor charge on washed (EO) kappa number for the bleaching delignification: 
(A) D0(EO)D1(EP)D2 with 70°C (EO), and (B) D0(EO)D1 with 90°C (EO).  Case 1 refers to D0 washer using shower water from cleaner 
sources, and Case 2 refers to (EO) filtrate being at the top shower bars of D0 washer.  Well-washed (i.e., Control) refers to 100% 
washing efficiency.

Washing efficiencies of 85% to 70% with the (EO) washer 
were examined and compared to a well-washed pulp with no 
carryover (i.e., Control). These efficiency levels were chosen 
to be a representative range for vacuum drum washers  
[30-32], which correspond to 15% to 30% carryover, respec-
tively. Extraction carryover was calculated from the total 
amount of dissolved (EO) material, expressed as kappa units 
(on pulp), exiting the stage but prior to washer vat dilution.  
The total is determined from what is generated in the (EO) 
stage (i.e., Eq. 1 minus Eq. 2), plus what is recycled back from 
the (EO) seal tank, if this filtrate is used as shower water at the 
D0 washer [3].  For the simulations where (EO) filtrate is used, 
only one-half of the total D0 shower water was supplemented 
by this source. In this split-flow arraignment, the (EO) filtrate 
was applied at the top D0 shower bars to ensure that none of 
it broke through the pulp mat and entered into the D0 seal 
tank [1-3,17]. It was assumed that any other recycled filtrates 
used as shower water, such as from D1, (EP) and D2 seal tanks, 

which might be used at D0 and (EO) washers, contained dis-
solved substances that do not contribute to ClO2 consumption 
(i.e., 0 kappa units) [1,11,17]. In addition, it was further pre-
sumed that nominal D0 washer carryover has an insignificant 
effect on the total ClO2 bleach load [33-35]. Simulations were 
performed using a 1.16 wash ratio, a 1.5% washer vat consis-
tency, and a 12% discharged mat consistency.

The equations listed in Table II were run from a spread-
sheet software program (Excel, version 2016; Microsoft Corp., 
Redmond, WA, USA), along with the material balances for the 
washers around the (EO) stage [3]. A solver routine in the 
software was used to minimize the total overall chlorine di-
oxide charge for a targeted brightness value and a given (EO) 
washer efficiency.  An iterative calculation mode was used to 
solve material balances, which had nested recycle loops that 
simulate partial countercurrent washing. Iterative calcula-
tions were executed by the spreadsheet program until differ-
ences between successive computations were less than 0.01%.
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RESULTS
Several scenarios have been examined to determine how (EO) 
carryover affects chlorine dioxide consumption for D0(EO)
D1(EP)D2 and D0(EO)D1 sequences. The well-washed pulp sce-
nario assumes that there is 0% washer carryover (i.e., 100% 
washing efficiency). Case 1 presumes that the D0 washer uses 
shower water that is relatively clean and that is free of (EO) 
dissolved solids (Fig. 1).  The bottom D0 showers may use hot 
water, white water, or D1 filtrate, whereas the top D0 showers 
may use D1 filtrate or (EP) filtrate (if available) [7]. The bottom 
(EO) showers may use hot water, (EP) filtrate (if available), or 
D1 filtrate; the top (EO) showers may use hot water or D1 filtrate 
[7,8]. Case 2 is similar to Case 1 with one difference. In Case 
2, (EO) filtrate is recycled to the top shower bars of D0 washer; 
one-half of the applied shower water is (EO) filtrate [1,2,7,8,36]. 
The amount of (EO) dissolved solids increases in the (EO) 
stage. In Case 1 and Case 2, the dissolved solids in the shower 
water sources (other than the (EO) filtrate) are assumed to 
have negligible chlorine dioxide bleach consumption in the 
subsequent stage. The results from the spreadsheet calcula-
tions based on these scenarios are presented.

Figure 2 illustrates how the washed kappa number of the 
D0(EO) pulp varies with the D0 kappa factor (KF) charge and 
(EO) washer efficiency for the two cases versus the Control. 
If the brightness target of the D0(EO)D1(EP)D2 sequence is 
89% ISO, then the extracted pulp needs to have a washed 
D0(EO) kappa that is between 3.8 and 4.6. This target shifts 
to 2.4 to 3.1 when bleaching to 86% ISO with the D0(EO)D1. 
The bleach necessary to attain these delignification targets 
corresponds to 0.23 to 0.27 KF (2.1% to 2.5% ClO2 on pulp) 
for the Control. Depending upon the washing efficiency and 
washing scheme employed (Case 1 or Case 2), the incremen-
tal increase in the D0 charge ranged from 0.04 to 0.09 KF (0.36 
to 1.00% ClO2 on pulp). The amount of carryover in the 
washed D0(EO) pulps ranged from 0.4 to 0.6 kappa units 
when bleaching with a D0(EO)D1(EP)D2 sequence to 89% ISO, 
and from 0.4 to 1.3 when bleaching with a D0(EO)D1 sequence 
to 86% ISO.

Figure 3 plots the total amount of ClO2 consumed vs. the 
D0 charge when bleaching to 89% ISO with the D0(EO)
D1(EP)D2 sequence and to 86% ISO with the D0(EO)D1 se-
quence. The minimized ClO2 demand for the Control was 
approximately 36.8 kg ClO2/ton for the five-stage sequence 
and approximately 30.0 kg ClO2/ton for the three-stage se-
quence. Table III presents how (EO) washing efficiency and 
(EO) filtrate reuse affected pulp brightness when the chlo-
rine dioxide charges are fixed at the Control levels. The D2 
brightness dropped by 0.7 to 1.4 points with the D0(EO)
D1(EP)D2 sequence as washing efficiency decreased with 
Case 1. These losses doubled when (EO) filtrate was used 
in a split-flow arrangement (Case 2). D1 brightness losses for 
the three- and five-stage sequences ranged from 1.6 to 7.2 
points. Table IV indicates how much chlorine dioxide 
bleach is needed in D1 to recover the brightness losses while 
the chlorine dioxide charges in D0 and D2 (if used) remained 
fixed. The increase in D1 bleach demand ranged from 3.5 to 
10.5 kg ClO2/ton to counteract the 0.7 to 1.6 kappa units of 
(EO) carryover.

Table V shows the minimized chlorine dioxide demand 
for D0(EO)D1(EP)D2 and D0(EO)D1 at different washing ef-
ficiencies for Case 1 and 2. Balancing the ClO2 used at D0 and 
D1 stages can afford some total bleach savings. For Case 1 
where the (EO) washer is operating at 85% efficiency, the 
total amount of bleach saved was small (0.4 to 1.1 kg ClO2/
ton). There was an advantage of rebalancing the ClO2 charg-
es at D0 and D1 when (EO) washer efficiency was lower than 
85% for Case 1, or when (EO) filtrate is recycled as D0 show-
er water (Case 2). In these circumstances, the amount of 
chlorine dioxide saved ranged from 1.4 to 3.5 kg /ton pulp 
when rebalancing the bleach charges.

Figure 4 illustrates how washing efficiency and (EO)  
filtrate usage affected total ClO2 needed to reach 85% to 90% 
ISO with the D0(EO)D1(EP)D2 sequence and 84% to 89% ISO 
brightness with the D0(EO)D1 sequence. Similar bleach con-
sumption trends were observed for these ranges as has been 
presented for 89% ISO and for 86% ISO scenarios.

3. Effect of (EO) washer efficiency and D0 kappa factor on the total chlorine dioxide bleach demand when bleaching with: (A) D0(EO)
D1(EP)D2 to 89% ISO, and (B) D0(EO)D1 to 86% ISO.  Designations for the various cases are the same as those listed in Fig. 2.
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D0(EO)D1(EP)D2

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover 
(Kappa units)

D1 Brightness  
(% ISO)

D2 Brightness
(% ISO)

Well-Washed (Control) No 4.2 0 83.9 89.0

85% Efficiency (Case 1) No 4.9 0.7 82.3 88.3

70% Efficiency (Case 1) No 5.6 1.4 80.3 87.6

85% Efficiency (Case 2) Yes 5.4 1.2 80.7 87.8

70% Efficiency (Case 2) Yes 6.3 2.1 78.5 86.9

D0(EO)D1

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover
(Kappa units)

D1 Brightness  
(% ISO)

Well-Washed (Control) No 2.7 0 86.0

85% Efficiency (Case 1) No 3.6 0.9 82.1

70% Efficiency (Case 1) No 4.5 1.8 78.8

85% Efficiency (Case 2) Yes 4.3 1.6 79.6

III. Influence of (EO) washer efficiency and (EO) filtrate reuse with D0(EO)D1(EP)D2 and D0(EO)D1 sequences. Chlorine dioxide charges 
used in the D-stages were fixed at the levels for the well-washed pulp (Control):  2.29% D0 (0.251 KF), 1.14% D1 and 0.25% D2 for 
D0(EO)D1(EP)D2 ; and 2.32% D0 (0.254 KF) and 0.68% D1 for D0(EO)D1.

D0(EO)D1(EP)D2

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover 
(Kappa units)

D1 ClO2 to 
Reach 83.9% 

ISO

Total ClO2 
Used

Well-Washed (Control) No 4.2 0 1.14% 3.68%

85% Efficiency (Case 1) No 4.9 0.7 1.49% 4.03%

70% Efficiency (Case 1) No 5.6 1.4 > 1.75% > 4.30%

85% Efficiency (Case 2) Yes 5.4 1.2 1.74% 4.28%

70% Efficiency (Case 2) Yes 6.3 2.1 > 1.75% > 4.30%

D0(EO)D1

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover 
(Kappa units)

D1 ClO2 to 
Reach 86.0% 

ISO

Total ClO2 
Used

Well-Washed (Control) No 2.7 0 0.67% 3.00%

85% Efficiency (Case 1) No 3.6 0.9 1.26% 3.59%

70% Efficiency (Case 1) No 4.5 1.8 > 1.75% > 4.08%

85% Efficiency (Case 2) Yes 4.3 1.6 1.72% 4.05%

IV. Influence of (EO) washer efficiency and (EO) filtrate reuse on chlorine dioxide (ClO2) usage at the D1 stage when bleaching to 
89% ISO with D0(EO)D1(EP)D2, and to 86% ISO with D0(EO)D1. Chlorine dioxide used in the D0 and D2 (if used) was fixed at the levels 
for the well-washed pulp (Table III).  Well-washed indicates no (EO) washer carryover (i.e., 100% washing efficiency).
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DISCUSSION
The results from the multistage modeling provided insights 
on how (EO) carryover and (EO) filtrate reuse affected ECF 
bleaching. Brightness losses observed from D2 stages (Table 
III) seemed to concur with earlier observations for chlorine-
based bleach sequences at typical interstage washing efficien-
cies [13-17]. Predicted D1 brightness losses with the simula-
tions ranged from 1.6 to 7 points when no adjustments were 
made for the (EO) carryover load. These predictions agree 

with earlier investigations [1,34,37], which generally reported 
a brightness drop of 0.5 to 8 points.

The washed (EO) pulps in Fig. 3 contained from 0.3 to 2.2 
kappa units of (EO) carryover, depending upon the D0 KF 
used, the temperature of (EO) stage, the efficiency of the (EO) 
drum washer, and the reuse of (EO) filtrate as shower water. 
Each kappa unit of (EO) carryover into the D1 stage resulted 
in an additional 4.7 kg ClO2/ton being consumed when bleach-
ing to 89% ISO with a D0(EO)D1(EP)D2 sequence, and an ad-

D0(EO)D1(EP)D2

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover 
(Kappa units)

D1 ClO2 Total ClO2 Used

Well-Washed (Control) No 3.8 to 4.6 0 0.98% to1.35% 3.68%

85% Efficiency (Case 1) No 3.5 to 4.4 0.4 to 0.6 0.89% to 1.23% 3.99%

70% Efficiency (Case 1) No 3.4 to 3.6 0.5 to 0.6 0.78% to 0.89% 4.14%

85% Efficiency (Case 2) Yes 3.3 to 3.7 0.5 to 0.6 0.75% to 0.95% 4.14%

70% Efficiency (Case 2) Yes 3.7 0.8 0.92% 4.27%

D0(EO)D1

(EO) Washing Efficiency
(EO) Filtrate 
Used at D0 

Washer

D0(EO) Washed 
Kappa No.

(EO) Carryover
(Kappa units)

D1 ClO2 Total ClO2 Used

Well-Washed (Control) No 2.4 to 3.1 0 0.47% to 0.93% 3.01%

85% Efficiency (Case 1) No 2.2 to 2.8 0.4 to 0.8 0.37% to 0.75% 3.48% 

70% Efficiency (Case 1) No 2.7 to 2.9 0.8 to 1.0 0.65% to 0.78% 3.77%

85% Efficiency (Case 2) Yes 2.6 to 2.7 0.7 to 0.8 0.58% to 0.69% 3.70%

V. Influence of (EO) washer efficiency and (EO) filtrate reuse on the total chlorine dioxide usage when bleaching to 89% ISO with 
D0(EO)D1(EP)D2, and to 86% ISO with D0(EO)D1. The amount of ClO2 used in the D0 and D1 were allowed to vary; 0.25% ClO2 was used 
in the D2 stage.

4. Effect of (EO) washer efficiency on the minimized chlorine dioxide demand needed to reach a given brightness target when 
bleaching with: (A) D0(EO)D1(EP)D2 and (B) D0(EO)D1.  Designations for the various cases are the same as those listed in Fig. 2.  
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ditional 6.6 kg ClO2/ton when bleaching to 86% ISO with a 
D0(EO)D1 sequence. In these two examples, the minimum 
ClO2 demand was typically observed when the D0(EO) pulp 
had a washed kappa number between 3.8 and 4.6 for the five-
stage sequence, and between 2.4 and 3.1 for the three-stage 
sequence. Using a higher D0 bleach charge lowers the amount 
of (EO) carryover entering the D1 for a given (EO) washer ef-
ficiency. This was due to more bleaching delignification oc-
curring at the D0 stage with the higher KF charges vs. the 
delignification occurring at the (EO) stage.

The model indicated that imperfect washing after the (EO) 
resulted in an additional 3 to 8 kg ClO2/ton being expended 
versus perfect washing (i.e., Control). This represented an 8% 
to 15% increase of the total bleach needed to bleach to 89% 
ISO with the D0(EO)D1(EP)D2 sequence and a 15% to 23% in-
crease to bleach to 86% ISO with the D0(EO)D1 sequence. The 
amount of ClO2 consumed by (EO) carryover is somewhat 
similar to the amount of bleach that is consumed by brown-
stock washing carryover (~10 kg Na2SO4/ton [4-6,24]) in the 
D0 stage, which is ~3 kg ClO2/ton. 

Countercurrent usage of (EO) filtrate caused the amount 
of dissolved organic substances in the (EO) stage, as ex-
pressed in kappa units, to rise (Fig. 2). In Case 2 where the 
efficiency at the (EO) washer is 85% (i.e., 15% carryover), the 
reuse of (EO) filtrate caused the total bleach demand to ap-
proach that of Case 1 where the washer is operating at 70% 
efficiency and uses cleaner D0 shower water sources. Case 2 
resulted in an increase in the chlorine dioxide demand of  
1.5 to 3.0 kg ClO2/ton versus Case 1.  Hence, recycling (EO) 
filtrate as shower water can result in appreciably higher chlo-
rine dioxide consumption unless washing efficiencies after 
the (EO) stage are sufficiently high (≥85%), especially for 
short ECF bleach sequences. Similar observations have been 
reported by Histed et al. [1] for chlorine-based bleach se-
quences. These authors suggested using two washing units 
in series after the extraction stage to achieve >95% washing 
efficiency when recycling extraction filtrates. Such a coun-
tercurrent washing arraignment has been used at a softwood 
mill bleaching with the D0(EOP)D1 sequence that results in 
very low (EOP) carryover [20].

The spreadsheet simulations also illustrated how washing 
efficiency and countercurrent filtrate usage affected bleach 
consumption for various brightness targets using three- and 
five-stage ECF bleach sequences (Fig. 4). The bleach uptakes 
from 15% and 30% (EO) carryover at other brightness targets 
were somewhat similar to the base cases examined in greater 
detail (Fig. 3). Lower (EO) washing efficiencies and reuse of 
(EO) filtrate made it technically more difficult to attain the 
upper brightness targets of >87% ISO with D0(EOP)D1 se-
quence and >89% with D0(EO)D1(EP)D2 sequence.

The spreadsheet models of ECF bleaching sequences, such 
as the one used in this study, have the potential to be used in 
conjunction with other computer models reported in the lit-
erature [1,36,38,39].  Combinations of such models could pro-
vide additional insights as to how various water reduction 

strategies in the bleach plant can affect interstage washing 
efficiencies, brightness targets and chemical usage, buildup 
of non-process elements and dissolved solids, potential scale 
formation, and discharged effluent properties.

CONCLUSIONS
Computer spreadsheet models were developed to forecast 
the response of a 24-kappa softwood kraft brownstock when 
subjected to D0(EO)D1 and D0(EO)D1(EP)D2 bleach sequenc-
es. The models examined how (EO) washing efficiencies and 
how (EO) filtrate reuse affected the ClO2 consumed to attain 
specific brightness targets. When the (EO) carryover was 
increased by 0.4 to 0.8 kappa units (on pulp), the chlorine 
dioxide demand of the D0(EO)D1(EP)D2 sequence increased 
by 3 to 6 kg ClO2/ton when bleaching to 89% ISO; when the 
(EO) carryover was increased by 0.4 to 1.0 kappa units, the 
chlorine dioxide demand of the D0(EO)D1 sequence in-
creased by 5 to 8 kg ClO2/ton when bleaching to 86% ISO. 
Bleach savings were observed when rebalancing the chlo-
rine dioxide charge between D0 and D1 when the (EO) wash-
ing efficiency was <85%, or when (EO) filtrate is re-used as 
D0 shower water. Employing split-flow washing with (EO) 
filtrate, in combination with 70% to 85% (EO) washing effi-
ciency, resulted in an extra chlorine dioxide uptake of 1.5 to 
3.0 kg/ton pulp versus when using cleaner shower water at 
the D0 washer. It was more difficult to bleach to >89% ISO 
with the D0(EO)D1(EP)D2 sequence and to >87% ISO with 
the D0(EO)D1 sequence when (EO) carryover was present 
at moderate levels (i.e., 15%).  Hence, the advantages of split-
flow countercurrent washing with (EO) filtrate, such as re-
duced steam and caustic usage at (EO) stage, needs to be 
balanced with the noted disadvantages when optimizing 
bleach plant operations. TJ
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Physical and chemical wood properties have a signifi-
cant impact on pulp manufacture as it impacts chemi-

cal demand and yield, which ultimately affects production 
cost and pulp quality [1]. It is well known that the process 
changes as a function of the wood raw material. Therefore, 
knowledge of the raw material is crucial for process ade-
quacy and optimization. 

Eucalyptus wood is the main raw material used to produce 
bleached pulp in Brazil. The plantations success depends on 
the genotype’s adaptability to edaphoclimatic conditions 
where they are cultivated. Among the main factors influenc-
ing eucalyptus growth, precipitation, temperature, and nutri-
tion stand out. When any of these variables behave unexpect-
edly or inappropriately, the plant may respond negatively, 
affecting its growth, usually in form of a physiological stress 
[2-3]. Therefore, it is necessary to know the effects of site 
changes upon each species, since favorable conditions are 
specific and cannot be generalized. 

Some eucalyptus plantations in South of Bahia State (Bra-
zil) are subject to water stress and a physiological response 
to this disturbance has been observed in the trees. During 
rainfall periods, it has been observed that excess water pro-
motes anaerobic conditions in the soil, causing root death, 
leading to increased ethylene and abscisic acid production 
and consequently increasing tree defoliation. Moreover, the 
high relative humidity in the air causes a reduction in the gas 
exchange between stomata and the atmosphere (due to the 
small difference in water potential between the air present 

in stomata and the atmosphere) and consequent reduction of 
photosynthetic rate. Furthermore, during intermittent peri-
ods of rainfall, the water deficit, high incident radiation, and 
low relative humidity in air can cause problems such as chlo-
rophylls photo-oxidation in the leaf cells, stomatal closure, 
and reduction of photosynthetic rate, also leading to tree de-
foliation [4]. 

The disturbance does not kill trees sensitive to it, but it 
does attenuate tree growth in the field, due to the reduction 
of leaf area index. So far there are no studies about the effects 
of the disturbance on chemical and physical wood proper-
ties, or about these impacts on pulping and bleaching pro-
cesses. Thus, the present work was aimed at determining the 
potential changes in wood quality caused by the disturbance 
and their consequences on pulping and bleaching perfor-
mance, as well as final pulp quality. 

EXPERIMENTAL
Two hybrids of Eucalyptus urophylla x Eucalyptus grandis 
(8 years old) from South of Bahia State were evaluated. One 
clone is tolerant to the disturbance (clone T) and the other is 
sensitive (clone S). These clones were sampled in sites where 
the disturbance is present (site A) and absent (site B) (Fig. 1). 

Wood characterization 
The wood samples were chemically and physically character-
ized. The analyses were performed in duplicate in accordance 
to standard laboratory methods (Table I). 
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ABSTRACT: The wood quality is a factor of extreme importance when the pulping process is targeting high yield, 
low cost, and high pulp quality. Thus, wood knowledge is crucial for process optimization. In some northeastern 
Brazilian eucalyptus plantations, a physiological disturbance caused by water stress has been observed. Up to now, 
there have been no studies concerning the effects of such disturbances on the wood quality or on the pulping and 
bleaching process performance. The present work is aimed at understanding the impact of the stress on the produc-
tion of bleached pulp. The wood quality of two clones (one tolerant to the disturbance and another sensitive), cultivated 
in sites where the disturbance is present and absent, was evaluated. Kraft pulps of kappa number 20 were produced 
and bleached by the sequence DHT(EP)D1 to a brightness of 90% ISO, which allowed for assessment of the wood pulpa-
bility and bleachability. It was concluded that the disturbance affects the wood quality, and overall it showed a negative 
impact on the production of bleached eucalyptus kraft pulp, with significant potential economical setbacks.

 Application: This research is a case study of how bleached pulp production is affected by wood quality. 
Eucalyptus woods affected by physiological disturbances were studied, as well as their performance during kraft 
pulping and elemental chlorine-free (ECF) bleaching. Mills could use this information to better understand the wood 
consumption, chemicals, and energy demands on the process when using those woods in the pulp manufacturing.
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1. Experimental design of the study intended to evaluate wood quality, kraft pulping response, and bleaching response of the two 
clones, disturbance tolerant (T) and sensitive (S), grown at two different sites (A and B). 

Kraft pulping
Kraft pulping was performed in a 7L M/K laboratory batch 
digester (M/K Systems; Elk Grove, IL, USA) using 300 g of 
ovendry chips. Pulping experiments were replicated four 
times. The general pulping conditions are shown in Table II.  

After cooking, the pulps were washed, disintegrated, 
screened, centrifuged, fluffed, and stored in polyethylene 
bags. The characterization of pulps and black liquors was 
done in duplicate in accordance to the analytical methods de-
scribed in the Table III. 

Oxygen delignification and bleaching
The pulps from the four replicated kraft cooks were blended and 
subjected to oxygen delignification in a Mark V reactor/mixer 

Parameter Standard Method

Basic wood density ABNT NBR 11941 (2003) “Wood—Determination of basic density”

Sampling and preparing wood 
for analysis

TAPPI T 257 om-02 “Sampling and preparing wood for analysis”

Extractives of wood and pulp TAPPI T 264 cm-97 “Solvent extractives of wood and pulp”

Insoluble lignin (Klason) Gomide and Demuner 1986 [5]

Soluble lignin Goldshimid 1971 [6]

Carbohydrates SCAN-CM 71:09 “Pulps—Carbohydrate composition”

Uronic acids Scott, 1979 [7]

Acetyl group Solar et al., 1987 [8]

Ash TAPPI T 211 om-93 “Ash in wood, pulp, paper and paperboard: combustion at 525°C”

S/G* ratio Chen 1992 [9]

* S/G = syringyl/guaiacyl.

I. Analytical methods used for wood characterization.

Parameter Condition

Liquor/Wood ratio 4/1

Effective alkali, % *

Sulfidity, % 35

Residual effective alkali, g/L 5-7

H-factor *

Kappa number target 20

* Varied in order to achieve kappa number of 20.

II.  Pulping conditions. 
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(Quantum Technologies Inc.; Akron, OH, USA) and then 
bleached with a DHT(EP)D1 sequence in order to reach a target 
brightness of 90% ISO. All of the bleaching conditions are 
shown in Table IV.

The analytical test methods performed to characterize the 
pulps and the resulting bleaching liquors are listed in Table V. 

RESULTS AND DISCUSSION
Wood characterization

Observed changes in the wood properties were caused by the 
physiological disturbance (Table VI). These changes, even 
though to a lesser extent, were also observed in the distur-
bance tolerant clone.

Figure 2 shows how much, in percentage, each of the 
main wood parameters changed as a result of the physiologi-

cal disturbance. The plotted results are a relation between the 
parameter measured at site A and B for each clone. An incre-
ment of 8.5% of extractives was observed for clone T at site A. 
A marked increase in extractives for clone S was also noticed 
(9.9%) for site A. The total amount of extractives in each spe-
cies depends on growing conditions [11], which corroborates 
that these increments may be explained by the growth site. 
An increase of lignin for samples grown at site A was also ob-
served. The total lignin content in clone T was increased by 
3.2% and by 5% in clone S. Lignin plays an important role in 
the adaptation of plants when subjected to water distress [12], 
which indicates that the lignin increment was in response to 
the physiological disturbance.

Plants exposed to different environmental stresses may 
change lignin content and composition. In hardwood, lignin 

Parameter Standard Method

Kappa number TAPPI T 236 cm-85 “Kappa number of pulp”

Viscosity SCAN-CM 15:99 “Viscosity in cupriethylenediamine solution”

Brightness TAPPI T 452 “Brightness of pulp, paper, and paperboard (directional reflectance at 457 nm)”

Hexenuronic acids TAPPI T 282 pm-07 “Hexenuronic acid content of chemical pulp”

Carbohydrates SCAN-CM 71:09 “Pulps—Carbohydrate composition”

Residual effective alkali SCAN-N 33:94 “Black liquor—Residual alkali (hydroxide ion content)”

Screened yield Gravimetric measurement

Rejects yield Gravimetric measurement

III.  Analytical methods used for brown pulp and black liquor characterization. 

Conditions 
Bleaching Stages 

O DHT (EP) D1 

Consistency, % 11.5 11.0 11.0 11.0 

Time, min 60 120 75 90 

Temperature, °C 100 90 85 80 

Pressure, kPa 750 - - - 

H2SO4, kg/o.d. ton - * - - 

NaOH, kg/o.d. ton 20.0 - 8.9 * 

O2, kg/o.d. ton 16.6 - - - 

Kappa factor - 0.21 - - 

ClO2, kg/o.d. ton - - - ** 

H2O2
-, kg/o.d. ton - - 4.9 - 

Final pH  - 4.0 - 5.0 

H2SO4 = sulfuric acid; NaOH = sodium hydroxide; O2 = oxygen; ClO2 = chlorine dioxide; H2O2
- = hydrogen peroxide.

* H2SO4 or NaOH to pH adjustment.  
** Charge was variated to reach brightness of 90% ISO.

IV. Conditions of oxygen delignification and DHT(EP)D1 bleaching.
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is composed of syringyl (S) and guaiacyl (G) units in varying 
ratios [13]. The tolerant and sensitive clones had increases in 
their S/G ratio by 13.3% and 6.4%, respectively, under the ef-
fect of the environmental disturbance. Moreover, the amount 
of holocellulose (i.e., cellulose and hemicelluloses) decreased. 
The greater or lower availability of growth resources can af-
fect lignin synthesis, enlargement and thickening of the cell 
walls, and the ratio of lignin-to-holocellulose in the wood [14]. 

The basic wood density was another parameter affected 
by the physiological disturbance. Samples from site A showed 
lower wood densities. The reduction was of 6.7% for the clone 
sensitive and 4.8% for the clone tolerant. A drop in density of 
a hybrid of Eucalyptus urophylla x E. grandis by abiotic dis-
tress has been reported in the literature [15]. 

Wood chemical composition interferes with the pulping 
process with regards to process efficiency, yield, reagent con-

sumption, and black liquor solids generated [16]. Therefore, 
the changes caused by the physiological disturbance suggest 
that samples from site A and B may behave differently during 
kraft pulping.

Kraft pulping
The different H-factors applied led to a difference in pulping 
yield (Table VII); the lower the H-factor the higher the 
screened yield. Samples from site A required harsher pulping 
conditions to reach a kappa number of 20. This may be ex-
plained by the higher extractives and lignin content of sam-
ples caused by the physiological disturbance. In general, the 
evaluated clones presented unusually high extractive con-
tents, as previously reported [17]. Usually, the total extractives 
content in eucalyptus is around 1.9%–4.9% [18]. These com-
ponents have a great importance in the pulping process as 

Parameter Standard Method

Kappa number TAPPI T 236 cm-85 “Kappa number of pulp”

Viscosity SCAN-CM 15:99 “Viscosity in cupriethylenediamine solution”

Brightness
ISO 2470 “Paper, board and pulps — Measurement of diffuse blue reflectance factor — 
Part 1: Indoor daylight conditions (ISO brightness)”

Brightness reversion TAPPI UM 200 “Brightness loss of bleached pulp”

Hexenuronic acids TAPPI T 282 pm-07 “Hexenuronic acid content of chemical pulp”

ClO2 and H2O2 residuals Seymour and Lavigne [10]

ClO2 = chlorine dioxide; H2O2 = hydrogen peroxide.

V. Analytical methods used for bleached pulps and bleaching effluents characterization.

Parameter TA TB SA  SB 

Extractives, % 6.0 ± 0.0 5.5 ± 0.0 6.3 ± 0.1 5.7 ± 0.1 

Ash, % 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

Insoluble lignin, % 25.8 ± 0.2 25.0 ± 0.2 26.0 ± 0.0 24.8 ± 0.3 

Soluble lignin, % 3.4 ± 0.0 3.3 ± 0.0 3.7 ± 0.1 3.5 ± 0.0 

Arabinans, % 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

Galactans, % 0.8 ± 0.0 1.0 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 

Glucans, % 44.6 ± 0.2 45.9 ± 0.2 42.3 ± 0.0 44.2 ± 0.2 

Xylans, % 10.4 ± 0.1 10.2 ± 0.0 11.6 ± 0.0 11.7 ± 0.1 

Mannans, % 0.7 ± 0.0 0.5 ± 0.0 0.8 ± 0.0 0.6 ± 0.0 

Acetyl groups, % 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 

Uronic acid groups, % 3.3 ± 0.0 3.6 ± 0.0 3.4 ± 0.0 3.5 ± 0.0 

S/G ratio 1.9 ± 0.0 1.7 ± 0.0 1.9 ± 0.0 1.8 ± 0.0 

Basic density, kg/m³ 492 ± 1 517 ± 5 503 ± 1 537 ± 6 

*Means are followed by standard deviation  

VI. Wood characterization (dried wood basis) for the four samples studied (T = disturbance tolerant clone; S = sensitive clone; A  
and B = sites studied).
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2. Percentage of changes in wood caused by the physiological disturbance (S/G = syringyl/guaiacyl).

they can hinder liquor impregnation, consume reagents, and 
reduce yield [19], all of which have been observed in the pres-
ent work. 

Overall, the lower the lignin content, the better the perfor-
mance during the pulping process; wood having a higher lig-
nin S/G ratio should be easier to cook because S units are more 
reactive in kraft pulping than G units. Many researchers have 
reported that the S/G ratio correlates negatively with effective 
alkali demand and positively with pulping yield [20]. The 
physiological disturbance caused an increase in total lignin 
content and S/G ratio. It can be speculated that the increase 
in S/G ratio may have somewhat minimized the strong nega-
tive effect of the environmental disturbance that increased 
the lignin content in the wood. 

Typically, higher wood densities require a higher concen-
tration of effective alkali to achieve the same delignification 
degree at the same time and temperature, but in this case, the 

higher density was counterbalanced by lower lignin and ex-
tractives contents. Among the factors that influence pulp man-
ufacturing costs, specific wood consumption (SWC) stands 
out [21,22]. SWC is usually expressed in volume (m3) of solid 
wood required to produce one ton of pulp. This parameter is 
calculated taking into account the basic density of the raw 
material and pulping yield. Due to the loss of density caused 
by the physiological disturbance, an increase in SWC for sam-
ples from site A was observed. This increment has a negative 
impact since it results in higher wood demand, which is the 
most relevant cost to pulp manufacturing. 

Viscosity of pulp is associated with the degree of polymer-
ization for cellulose and hemicelluloses, which indirectly es-
timates the degradation of these carbohydrates. As can be 
seen in the Fig. 3A, the intrinsic viscosity of unbleached 
pulps was not significantly affected by the physiological dis-
turbance.

Sample H Factor
EA,  

%

Yield**,  

% SWC**, 
m3/o.d. ton

Black Liquor

Screened Rejects Total REA, g/L pH

TA 811 18.5 49.9 a 0.3 b 50.1 a 4.1 a 5.4 12.7

TB 751 18.5 50.1 a 0.4 a 50.6 a 3.9 b 5.6 12.6

SA 871 20 47.3 b 0.3 b 47.8 b 4.2 a 5.5 12.7

SB 871 19.5 47.7 b 0.3 b 48.0 b 3.9 b 5.6 12.5

SWC = specific wood consumption; EA = effective alkali; REA = residual effective alkali; T = disturbance tolerant clone; S = sensitive clone;  
A and B = sites studied.
* Results of pulping to reach kappa number of 20.
** Means followed by the same letters in a column do not differ significantly by the Tukey pairwise comparison test (i.e., p < 0.05).

VII. Pulping results* for the four samples studied.



BLEACHING

638  TAPPI JOURNAL | VOL. 17 NO. 11 | NOVEMBER 2018

During kraft pulping, the structure of hemicelluloses is 
extensively modified (Fig. 3). The main detected modification 
is the conversion of the 4-O-methyl-glucuronic group, present 
on the sides of the xylan chains, to hexenuronic acid (HexA), 
via β-elimination of the methoxyl group [23].  The formation 
and degradation of HexA is influenced by pulping time, tem-
perature, and effective alkali charge, as well as the interac-
tions among these variables [24]. 

The higher H-factor applied during the pulping of sample 
TA (clone T, site A), and the higher effective alkali charge for 
sample SA (clone S, site A) generated lower amounts of HexA 
when compared with TB (clone T, site B) and SB (clone S,  
site B). These results are in agreement with the hypothesis 
that the formation and the degradation of HexAs are influ-
enced by kraft pulping conditions [25]. 

Carbohydrate content in the brownstocks was investi-
gated. Arabinans are highly degraded during the kraft pulp-
ing process, and hence, could not be detected (Table 
VIII). The hemicelluloses reacted with hydroxyl ions  
during pulping and dissolved into the black liquor along 
with lignin [26]. Besides arabinans, which were completely 

removed, galactans and mannans were removed at more 
than 80%. This significant hemicellulose loss was due to 
factors inherent to their chemical structure, such as their 
low molecular weight, low crystallinity, branching, and low 
stability to alkali attack [27].  

Kappa number is directly related to lignin content in pulp; 
hence, it indirectly affects the pulping yield. In addition to 
lignin, HexA can also be oxidized by potassium permanganate 
during kappa number measurement [28]. In this sense, this 
study evaluated the screened yield of the pulps, and the lignin-
HexA free screened yield (i.e., screened yield without lignin 
and HexA). Also, the contributions of hemicelluloses and cel-
lulose to the lignin-HexA free screened yield were evaluated 
(Fig. 4). 

Although samples TA and TB, as well as SA and SB, did not 
show a statistical difference in screened yield (Table VII), it 
was observed that the contributions of cellulose to lignin-
HexA free screened yield of TB and SB were greater than TA 
and SA. Thus, the pulps from site B exhibited higher quality 
since they have more cellulose in their composition, which is 
the polymer of greatest interest in the pulping process.

3. Pulping results for the four samples studied: (A) viscosity (dm³/kg), and (B) hexenuronic acids (mmol/kg).

Sample Arabinans Galactans Glucans Xylans Mannans 

TA n.d. 0.2 ± 0.0 80.6 ± 0.0 13.0 ±0.0 0.2 ±0.0 

TB n.d. 0.2 ± 0.0 81.1 ± 0.0 12.6 ±0.0 0.2 ±0.0 

SA n.d. 0.1 ± 0.0 78.6 ± 0.0 15.0 ±0.0 0.2 ±0.0 

SB n.d. 0.1 ± 0.0 79.4 ± 0.0 14.2 ±0.0 0.2 ±0.0 

T = disturbance tolerant clone; S = sensitive clone; A and B = sites studied; n.d. = not detected.
*Means are followed by standard deviation.

VIII. Pulp characterization for the four samples studied* .
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Oxygen delignification
The unbleached pulps were subjected to oxygen delignifica-
tion.The amount of oxygen delignification (Table VIII), as 
measured by the kappa number drop, was higher for TA and 
SA than for TB and SB. This can be explained by the lignin and 
HexA content. TA and SA have a more reactive lignin (higher 
S/G ratio), which means they are easier to remove. It has been 
reported that eucalyptus woods with higher S/G ratios afford 
kraft pulps that are easier to bleach at a given kappa number 
[29]. HexA negatively affects the calculated amount of delig-
nification since HexAs do not react with oxygen and are mea-
sured in the kappa number test [30].  Hence, the lower HexA 
contents of TA and SA pulps led to a higher levels of oxygen 
delignification (Table IX). 

Unbleached pulps with high intrinsic viscosity typically 
lose more intrinsic viscosity during delignification with oxy-
gen [31]; this was observed in the present study. As well as the 
degree of delignification, the oxygen delignification selectiv-
ity with samples TA and SA was higher than with TB and SB. 

Elemental chlorine-free bleaching
After oxygen delignification, the pulps were subjected to an 
elemental chlorine-free (ECF) sequence DHT(EP)D1. All 
bleached pulps reached a brightness of 90% ISO and a 
bleached kappa number lower than 1. Bleached pulps meet-
ing market pulp brightness levels (88%–92% ISO) may also 
contain small amounts of leucochromophores substances, i.e., 
substances that may generate chromophoric structures (such 

as HexA) that lead to brightness reversion [32]. It has been 
reported that residual HexA structures reduce the brightness 
stability of the bleached pulp (Fig. 5A).

Viscosity is a quality parameter, and bleached pulp with 
intrinsic viscosity of 750 dm³/kg or higher is considered good 
for the market pulp grades. Almost all the pulps produced in 
this study met or exceeded this pulp quality target. Bleached 
pulps from site A showed slightly lower viscosity than pulps 
from site B (Fig.5 B). 

Total active chlorine (TAC) represents the sum of chlorine 
dioxide and hydrogen peroxide needed to bleach the oxygen-
delignified pulps to the target brightness. Thus, the lower the 
TAC the better, since it leads to lower bleached pulp cost. The 
results show that the bleaching of pulps from site A required 
slightly more bleaching chemicals to brighten (Fig. 6A). 

Bleachability, which is defined as how easy or how hard a 

4. Screened yields, lignin-hexA free screened yield, and contribution of hemicelluloses and cellulose to yield for the four samples 
studied. 

IX. Results of oxygen delignification for the four pulps studied. 

Parameter TA TB SA SB 

Delignification, % 44.5 43.1 45.5 45.1 

Viscosity, dm³/kg   908 910 922 931 

Selectivity 0.034 0.031 0.039 0.036 

T = disturbance tolerant clone; S = sensitive clone; A and B = sites 
studied.

http://www.etappijournal.com/tappijournal/november_2018/TrackLink.action?pageName=639&exitLink=http%3A%2F%2Ftion.Th
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chemical pulp is to be bleached, depends on the wood’s chem-
ical composition, the extent of delignification, the conditions 
used during pulping, the bleaching sequence used, and the 
operating conditions employed [33]. Bleachability is calcu-
lated by taking into account the kappa number drop from 
oxygen delignification to the D1 stage and dividing this quan-
tity by TAC consumed during bleaching. This calculated pa-
rameter was not affected by the physiological disturbance 
(Fig. 6B).

CONCLUSIONS
It was determined that the physiological disturbance nega-
tively affected wood quality by decreasing wood density and 
carbohydrate content and by increasing wood’s lignin content 

and S/G ratio, as well as increasing the extractive content.  
Consequently, the performance during kraft pulping was 
hampered; i.e., there was an increase in effective alkali and 
H-factor demands during kraft pulping to reach the target un-
bleached kappa number. Moreover, the SWC was greater for 
pulping woods affected by the physiological disturbance. The 
performance of the brownstocks during the bleaching pro-
cess was also impacted. The TAC to achieve brightness of 90% 
ISO was higher for the pulps derived from woods grown 
under the physiological distress. Overall, the physiological 
disturbance showed a negative impact in bleached eucalyptus 
kraft pulp production with possibly higher manufacturing 
costs. TJ

5. Bleaching results for the four samples studied: (A) brightness reversion, % ISO vs. hexenuronic acids (mmol/kg); and (B) bleached 
viscosity (dm³/kg).  

6. Bleaching results for the four samples studied: (A) total active chlorine (kg/o.d. ton), and (B) bleachability. 
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This study showed that physiological disturbance 
affected the wood properties and hence the pulping 
and bleaching performance. The most difficult as-
pect was understanding how the change in wood 
composition and properties affected the perfor-
mance during the process, since some were benefi-
cial to the process and others were harmful.

With this research, we learned how the processes 
are linked. It is amazing how a simple fluctuation in 
precipitation can impact a lot of the production. The 
most surprising result was that the basic wood den-
sity was decreased by the disturbance, whereas the 
opposite was expected.

The results obtained provide a better 
understanding of wood quality and hence lead to a 
better understanding of the processes, such as 

wood consumption and chemical and energy 
demands. This is beneficial to companies that face 
problems related to physiological disturbance.
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