
bleaching

Even with extensively developed semi-empirical mathe-
matical modelling of ECF bleaching sequences, tough-

er environmental regulations, increasing chemical costs, 
and tighter customer demand call for accurate and robust 
kinetic models that can be used to optimize process and 
control of bleach plants. 

The chemistry of chlorine dioxide bleaching has been 
extensively investigated during the past 20–30 years. A num-
ber of investigators have proposed the static as well as dy-
namic behavior of various parts of the bleach plant. In one 
approach, which based the modelling on the chemical reac-
tions network in each stage, each bleaching stage was repre-
sented by rate controlling steps and modelled by convention-
al power law kinetics. Kinetic equations for each reaction 
were developed and kinetic parameters were identified from 
laboratory kinetic data for chlorine dioxide and extraction 
stages [1–3]. However, such models were exceedingly com-
plex and not practical. 

A more practical approach, on which most literature is 
based, combined chemical kinetics and mass transfer to de-
velop simple semi-empirical models. A simulation model for 
pulp bleaching was based on multiphase modelling and mi-
croscale phenomena [4]. Extensive kinetic studies [5–7] 
showed that the rate of delignification with chlorine dioxide 
is fifth order with respect to kappa number. Although this 
model was extremely sensitive to initial kappa number values, 
it was not a realistic representation of delignification kinetics. 
That model was further improved by other researchers [8] to 
predict the dependence of ClO2 consumption with respect to 
the decrease in kappa number. The variation in pH incorpo-
rated the effect of carboxyl groups and phenolic groups pres-

ent in the pulp. Though the models were simpler and more 
accurate, they had some important drawbacks. They com-
bined Do with E1 stage and D1 stage with E2 stage, thus render-
ing them unable to incorporate the addition of peroxide or 
oxygen in E stages. The use of only one single kinetic equation 
in each stage made the models too specific and inflexible. Also, 
the empirical fit between kappa number after DoE1 stage and 
Kubelka-Munk, K457, parameter (light absorption coefficient at 
457 nm) at the beginning of D1 stage—the relation between 
kappa number (lignin content) and brightness (pulp color)—
needed to be changed depending on the kind of pulp. More 
recently, some equations for softwood pulp were reviewed 
[8–10] to account for these shortcomings.

We discuss in detail all the kinetic and stoichiometric equa-
tions involved in the chlorine dioxide stages [Do, D1, D2] and 
extraction stages [E, (EO), (EOP), (EP)]. Our aims were to im-
prove some equations used in the former simulators [8–9, 11] 
to improve their predictability for different kinds of softwood 
and hardwood pulps and to model the extraction stages with 
or without oxygen and/or hydrogen peroxide reinforcement 
[E, (EO), (EOP), (EP)]. By identifying key governing parame-
ters, we were able to propose new comprehensive empirical 
models that are simpler, more accurate, applicable to a broad-
er range of process conditions, and easily adjustable (if re-
quired) with different kinds of wood species. We developed 
mathematical models for each pulp processing unit and linked 
them together to create a generic bleaching stage in a simula-
tor for ECF process using the platform Visual Studio 2005 (Vi-
sual Basic for interface and C++ for simulations, the differen-
tial equations were solved by finite-difference combined with 
explicit Euler method).
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MODELING OF ClO2 STAGES
DO stage

We made several observations after investigating the effect of 
kappa factor and temperature for the pulps at different kappa 
numbers. First, the chlorine dioxide delignification reaction 
seems to be a combination of a very fast reaction followed by a 
slow one, which can be related to the concept of fast- and slow-
reacting lignin. An asymptote for both kappa number and bright-
ness is linked to what is known as floor lignin, and a similar ap-
proach was followed earlier [12] to model the kinetics for the 
kraft CE sequence that was later adapted to Do stage from C stage 
[11]. Second, the degree of delignification increases with in-
creasing kappa factor and decreasing unbleached kappa num-
ber. Third, the reaction was faster at 50°C than at 40°C, and the 
chlorine dioxide consumption with respect to kappa number 
decrease was found to be dependent on temperature, initial 
kappa number, and initial ClO2 charge. 

The rate of the fast and slow lignin removal is given by Eqs. 
1–5:

                                                  (1)

                                                    

                                                  
 (2)

where the reaction rate constants, kf and ks are expressed as: 

                                              (3)

                                                   (4)

(softwood)	

                                                    (5)

(hardwood) 	 	 	

with [ClO2] being the concentration of chlorine dioxide ex-
pressed as active chlorine (mol/L), Kf and Ks, the content of 
fast and slow reacting lignin each expressed as the kappa 
number. The total kappa number is then K = Kf + Ks + K∞ , 
where, K∞ is the floor level or unreactive lignin. The initial 
values of the fast and slow kappa numbers Kfo and Kso are 
given by Eqs. 6–7:

Kfo = 0.30 Ko and Kso = 0.50 Ko  	  (6)                
(softwood) 	 	
	 	
Kfo = 0.36 Ko  and  Kso = 0.44 Ko	  ����(7)� 
(hardwood)		
		
where Ko is initial kappa number of the pulp.

The value of activation energy for the fast kinetic phase is 
68 kJ/mol. The corresponding value for the slow kinetic phase 
is about 2 kJ/mol. The higher value of activation energy for 
the fast kinetic phase implies that during this phase, ClO2 re-

acts with the free phenolic groups present in the easily ex-
tractable lignin. In contrast, the lower value of activation en-
ergy for the slow kinetic phase implies that during this phase, 
slow diffusion of degradation products through the fiber ma-
trix takes place in addition to the slow oxidation by ClO2 of 
the double bonds and nonphenolic units present in the struc-
ture of residual lignin preoxidized by ClO2. This was not ac-
counted for in earlier studies [8, 11].

The stoichiometric relationship between chlorine dioxide 
consumption and decrease in kappa number is given by Eq. 8:

                                                      
                                                                                            		

	                 	   	     
(8)

                                                       
where K is kappa number at any time, [H+] is hydrogen ions 
concentration in mol/L, and ∆ClO2 is the molar consumption 
of ClO2. Also, ℓ is the function of initial kappa number (Ko), 
initial ClO2 charge (ClO2o), and temperature (T), which was 
earlier developed for softwoods [10] and has similar structure 
for hardwoods given in Eqs. 9–10:

ℓ  = 0.0958 * exp(734.4/T) * (0.209 * ClO2o
² - 2.0757 *  

ClO2o + 10.269) * (-0.006337 * Ko + 0.0005023 * Ko
2)          (9)	

(softwood)						    
	 	 	    
ℓ  ���������������������������������������       = 0.3832 * exp(314.8/T) * (0.0048 * ClO2o

² - 0.0731  
* ClO2o + 1.3855) * (0.0335 * Ko - 0.0002 * Ko

2
	  	                   	

(hardwood)				                      (10)     	
							     
This dependency of coefficient on initial ClO2 charge better 
explains the similar observations in recent works [13]. It is 
also established that the chlorine dioxide consumption with 
respect to kappa number decrease was also dependent on 
temperature. Figures 1 and 2 illustrate decrease of  kappa 
number of a softwood (K = 29) and a hardwood (K = 13.5) 
taken from literature [14–15] versus time at different kappa 
factors. It is clear that the chlorine dioxide delignification 
reaction seems to be a combination of a very fast reaction 
followed by a slow one. The models proposed earlier [5–9] 
represented this as fifth order with respect to kappa num-
ber, which was not a realistic representation of delignifica-

1. Kappa number with respect to time in Do stage for a softwood 
pulp (model validation with literature data [14]).
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tion kinetics. Moreover, those models predicted results only 
for softwoods after an E stage instead of that after a Do 
stage. Tessier and Savoie [14, 15] modeled the slow phase of 
delignification kinetics without representing the fast phase 
with a rate equation. Further, no detailed effects of pH, tem-
perature, ClO2 consumption, and other bleaching parame-
ters were accounted for and the parameters need to be ad-
justed for a particular set of conditions. Wang and others 
[12] adapted the C stage models [11] to represent slow 
phase and fast phase by separate equations. However, the 
equations were not developed in detail. For example, the 
ClO2 consumption with decrease in kappa number was 
taken linear contrary to results presented later in other stud-
ies [8–10, 13], along with the representation of fast and slow 
phase with same apparent activation energies and the effect 
of buffering capacity of ionisable groups in pulp while pre-
dicting pH. The improved models in our study not only ac-
count for all these aspects but also represent the robustness 
by fitting to a variety of literature data as well as experimen-
tal data generated during this research.

The model also fit closely, just as in Fig. 1, to the data for 
the decrease of kappa number with respect to time at differ-
ent kappa factors and temperatures for the softwoods (K = 
29, 31, 32.3) from same literature source [14]. Figure 3 sum-
marizes the final kappa number for these softwoods with dif-
ferent initial kappa number at different ClO2 charges applied 

and at different temperatures. It is clear that more delignifica-
tion is achieved at higher temperatures. The model appears 
to fit well to the experimental data.

Second (D1) and third (D2) ClO2 	
bleaching stages

The kinetic models in literature [6, 7] were improved for D1 
and D2 stages. The model is given in Eqs. 11–13 as follows:

                                                                                                  
(11)  

                                                                      

(12)

(13)

where, KD is the chromophore content of the pulp expressed 
as the light absorption coefficient at 457nm, KD∞ is the floor 
light absorption coefficient (~0.1 m2/kg), [ClO2] is the molar 
concentration of ClO2, [H+] is the hydrogen ions concentra-
tion in mol/L, Ea is the activation energy (~59 kJ/mol), and KDo 
is the initial light absorption coefficient. The constants A1 and 
A2 are dependent on the type of prebleaching. A1 = 0.145×1010, 
A2 = -0.435×10-3, A3 = 0.393 and n=1 and m=3 are the values 
published for D1 stage [7].

However, two parameters—the constant factor relating 
chlorine consumption with change in light absorption coef-
ficient and the order (m) of light absorption coefficient in the 
kinetic equation—had to be adjusted to fit a large set of data 
coming from softwoods and hardwoods. We found that for 
the case of D1 stage, m=1 and A3 is given in Eqs. 14 and 15:

For input brightness <54 %ISO:    
A3 = 0.03 * [c]² - 0.085 * [c] + 0.095 			     (14)

					                              
For input brightness >54 %ISO:    
A3 = 0.0424 * [c] + 0.0101                                 	                   (15)
                              
where, [c] is the initial chlorine dioxide charge in D1 stage 
expressed as %ClO2. When the pulp entering D1 stage had low 
brightness level (<54% ISO, generally unbleached softwood 
pulps), the brightening response at low application levels of 
ClO2 was observed to be slower than that for the pulp enter-
ing D1 stage with higher brightness (>54% ISO, generally hard-
woods and oxygen delignified pulps). This can be related to 
the fact that pulp with higher lignin content (higher kappa 
number) and thus lower brightness after first extraction stage 
is initially difficult to bleach. Figure 4 illustrates this obser-
vation by comparing two pulps entering D1 stage, one with 
brightness of 57.7% ISO and the other with brightness of 42.5% 
ISO. The higher-brightness pulp (57.7% ISO) has a quicker 
brightening development than the lower-brightness pulp 
(42.5% ISO) at lower ClO2 charges. This tendency was not ac-

2. Kappa number with respect to time in Do stage for a  
hardwood pulp (model validation with literature data [15]).

3. Final kappa number at different initial kappa factors and 
temperatures used for softwood pulp (model validation with 
literature data [14]).
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counted for in coefficients proposed earlier [8], mainly due 
to limited validation of models, especially for unbleached soft-
wood kraft pulp. The model with improved coefficients were 
validated by our laboratory data for several wood species and 
thus, in present form, fits well for unbleached or oxygen del-
ignified softwoods and hardwoods.

We also found that the behavior of the pulp in the D2 stage 
depends on the brightness of the pulp entering the stage in 
several important respects. In modeling the D2 stage, we ad-
opted an approach that was slightly different from that used 
for the D1 stage. As stated earlier, the brightness of the pulp 
emerging from a bleaching stage depends on both the state 
of the entering pulp and the amount of chemical applied in 
the stage. We adjusted the two coefficients described earlier. 
For stage D2, A1 = 0.234×109 and n = 2.5. A2 and A3 are ex-
pressed in Eqs. 16 and 17 as functions of the conditions in the 
E2 stage:
                                                                                      

                                                                   (16)             
                     ����������������������                      

             (17)                   
            
Here [OH-], tr and T are the alkalinity, retention time, and tem-
perature of the E2 stage. The constants B1 and B2 were estimat-
ed to be 9.1×1012 and (0.1004* ln(KDo) + 0.2358) by fitting the 
model to experimental data. The values of Ea1 = 15 kJ/mol and 
Ea2 = -8 kJ/mol which is in agreement with literature [11]. In 
Fig. 4, the results after fitting, with new coefficients, are com-
pared with the corresponding literature [16] data for high 
brightness extracted hardwood pulp and that with the exper-
imental data generated during current study for a low bright-
ness extracted softwood pulp. The brightness values for the 
fitted model agreed with the experimental as well as literature 
data. For D2 stage, there was a slight deviation observed for 
lower initial brightness, but under experimental error.

On the basis of electroneutrality of the medium given by 
Eq. 18, a general equation was derived to predict the pH vari-
ation of the medium for all ClO2 stages. The buffering capac-
ity of ionizable groups in pulp was predicted using Eq. 19:

[H+] + [cations] = [OH-] + [Ph-O-] + [RCOO-] + [anions]    (18)  
                                 

							     
						    

 
                                                                                                  (19)  
                            
where [H+] is hydrogen ions concentration in mol/L, [cations] 
= ΣzjCzj+ is the sum of concentration of cationic species in 
mol/L with z as ionic charge of jth cationic species, [OH-] is 
hydroxyl ions concentration in mol/L, [Ph-O-] is the concen-
tration of ionized free phenolic groups in pulp in mol/L, 
[RCOO-] is the concentration of ionized carboxyl groups in 
pulp in mol/L, [anions] is the sum of concentration of anion-
ic species like carbonates, hydrogen carbonates, etc. as major 
buffering species in the liquor in mol/L, ∆ClO2 is the molar 
consumption of ClO2, ccarb and cPh are the carboxyl and phe-
nolic content in the pulp in mol/L, Kcarb and KPh are the dis-
sociation constant of carboxyl and phenolic content, and h is 
the stoichiometric coefficient with the values of 0.6 for Do 
stage and 0.7 for D1 and D2 stages.

MODELING OF FIRST EXTRACTION STAGES
E and (EO) stages

The models for E and (EO) extraction stages were based on the 
same concept of fast and slow lignin removal, similar to kinet-
ics earlier developed for CE sequence [12] and later adapted 
by other researchers [11] for DE sequence. The rate of the ex-
traction reactions in E stage is expressed in Eqs. 20–23:

                            (20)

                                   (21)
 

                         (22)

                                      (23)  	
                                                                           

where, f is the kappa factor used in Do stage, [OH-] is hydrox-
yl ion concentration (mol/L), and kEf and kEs are the rate con-
stants of the fast and slow reactions, respectively. We found 
that the initial ratio calculation for fast and slow kappa num-
bers was dependent on the initial chlorine dioxide charge 
used in Do stage. To represent this behavior, kappa factor used 
in Do stage was chosen as a parameter. The equation to calcu-
late the initial ratio of slow and fast kappa numbers earlier 
proposed in literature [11,12] was modified as in Eqs. 24: 

                                  (24)

4. Comparison of experimental and model brightness for D1 
stage and D2 stages (model validation with literature data [16] 
on hardwood pulp and experimental data on softwood pulp).
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The rate of the reactions in fast phase for (EO) stage was 
found to be same as that in E stage. However, the rate of the 
reactions in slow phase for (EO) stage was found to follow a 
second order with respect to kappa number. Also, the rate 
constants of the slow reactions, kEs, for (EO) depend on the 
oxygen pressure, as in Eqs. 25 and 26:   

                                                 
                            (25)	

	 	 	
                                      (26)

                                                                                       		
			                  
where, P is pressure in bar and F(P) is an empirical function 
given in Eqs. 27 and 28:

0 < P(bar)≤ 2.4

                                (27)

2.4 < P(bar)≤ 5

                   (28)

 Figures 5, 6, and 7 illustrate experimental values taken 
from literature [13, 17–19] of final kappa numbers at different 
initial ClO2 charges in Do stage, different extraction stage pH, 
different temperatures, different O2 pressures, and different 
initial kappa numbers used for E and (EO) stages. The model 
predictions appear to be excellent and within experimental 
error for a wide range of process conditions.

(EP) and (EOP) stages
We also developed a semi-empirical model to predict the re-
duction of kappa number, brightness, pH, and chemical con-
sumption in (EOP) and (EP) stages. The model was based on 
the measurements of H2O2 and NaOH consumption and kappa 
number during the bleaching reaction. The rate of decompo-
sition of H2O2 was modelled according to Eqs. 29 and 30: 

            (29)

                          

                                       (30)          
                    

Figure 8 shows that the rate of decomposition of H2O2 
was found to be independent of pressure when total pressure 
was varied between 1 and 10 bars. The order of the decom-
position reaction was found to be 1, which is in agreement 
with the literature [20, 21]. This model refers primarily to 
base-catalyzed decomposition of peroxide and is valid under 
mild interference from transition metal ions.

Figure 9 shows the comparison of experimental data 

taken from literature [22] and model results for the tempera-
ture 95°C and 110°C. With increasing temperature, the rate 
of consumption of H2O2 and NaOH increases and the pH of 
the solution decreases. Also, as bleaching results, improved 
brightness and a lower kappa value are reached with less re-
tention time. At any constant temperature the pressure has 
no effect on the rate of the peroxide decomposition nor is 
there any notorious effect of pressure on the rates of the 
chemical consumption in the bleaching reactions. A slightly 
increased kappa number reduction and more evidently im-
proved brightness are achieved with increasing pressure at 
constant temperature. Contrary to E and (EO) stages, where 

5. E and (EO) stage kappa number at different ClO2 charges used 
in Do stage (model validation with literature data [13, 19]).

6. Final (EO) stage kappa number at different pH in (EO) stage 
(model validation with literature data [17]).

7. Final (EO) stage kappa number at different kappa number 
after Do stage (model validation with literature data [18]).
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the primary reactive species is OH- ions, the additional pres-
ence of highly reactive HOO- ions leads to no distinction 
being made between fast and slow phases of kappa number 
reduction. A single equation was developed describing the 
reduction of kappa number with respect to time. This is in 
agreement with recent studies [23, 24] demonstrating that 
diffusion of active bleaching chemicals is not the limiting fac-
tor in overall peroxide bleaching rate and the division be-
tween fast and slow phases does not adequately represent 
the gradual transition between fast and slow reactions re-
gimes during peroxide stages. 

However, the exponent of kappa number was found to be 
dependent on O2 pressure. The proposed model for variation of 
kappa number with respect to time, as in Eqs. 31 and 32, is: 

(31)                                   

(32)                                

where, a = F(P) = 0.0007 * P² + 0.004 * P + 2.1625, b = 1.8, c 

= 0.2, P is O2 pressure in bar. For the (EP) stage, F(P) = 2.1625. 
The experimental data [21, 22] and respective fitted curves 
from the model for the initial kappa no. of 9.6 at the tempera-
tures of 95°C and 110°C are shown in Figures 10 and 11. 

Correlations relating kappa number 	
to brightness

Kappa number is related to absorption coefficient by an em-
pirical function (Eq. 33) and the Kubelka-Munk equation is 
used to convert light absorption coefficient values to bright-
ness (Eq. 34):

      	 	 	 	                    	 (33)          
                          			 

             
(34) 

                                     
    

where, f (K) is an empirical function relating kappa number 
and light absorption coefficient, B denotes the percent reflec-
tance of the pulp sheet in the blue light region at a wavelength 
of 457 nm (i.e., brightness) and s is the light scattering coef-

8. Variation of concentration of H2O2 with time at 76°C and  
different pressures (model validation with literature data [21]).

9. Variation of concentration of H2O2 with time at 95°C and 110°C 
(model validation with literature data [21]).

10. Variation of kappa with time at 95°C and 110°C for initial 
kappa of 9.6 (model validation with literature data [22]).

11. Comparison of final kappa number at different O2 pressure 
for initial kappa number of 12, T=95°C (model validation with 
literature data [21]).



bleaching

18  TAPPI JOURNAL | November 2009

ficient measured at the same wavelength. The relation be-
tween k/s and kappa number varies according to the nature 
of wood (softwood/hardwood), type of pulp (unbleached/
oxygen delignified), and the type of extraction stage. How-
ever, it follows Eq. 35:

                                                         (35)                    
Table I summarizes the values of the coefficients a1, a2, 

and a3 for different cases. Figure 12 shows a typical com-
parison of laboratory data and model predictions. It is clear 
that in the case of unbleached softwood pulp, peroxide has 
an important effect in brightness development contrary to 
unbleached hardwood pulps in which significant gain in 
brightness can be obtained both by the presence of O2 and 
H2O2 in first extraction stage. Oxygen delignified pulps be-
have differently from unbleached pulp in the way that bright-
ness follows the same trend without respect to the stages, 

Do E1 D1 E2 D2

kappa factor 0.1–0.31 – 0.05–0.156 – 0.042–0.094

ClO2,% 1.0–3.0 – 0.5–1.5 – 0.4–0.9

Temperature, °C 50, 60 70 70 70 70

NaOH,% – 2% – 1% –

pH 1.68–2.93 11.8–12.2 2.0–4.0 12.2 3–4.5

Consistency, % 10 10 10 10 10

Time, min. 60 60 150 60 180

Initial brightness, %ISO 25.2 varying 42.48, 44.34, 49.12 varying 61.86, 73.26, 77.37

Pulp type Wood Extraction stage a1 a2 a3

unbleached softwood E, (EO) -0.0014 0.0646 0.0415

unbleached softwood (EP), (EOP) -0.0014 0.0594 -0.0478

unbleached hardwood E -0.0014 0.0646 0.0415

unbleached hardwood (EO), (EP), (EOP) -0.0014 0.0301 -0.0207

O2 delignified softwood/hardwood E, (EO), (EP), (EOP) 0.0003 0.0047 0.0243

I. Coefficients for relation between k/s and kappa number for different cases.

II. Conditions used during experimental study on DoE1D1E2D2 sequence.

12. Comparison of experimental and model brightness for 
unbleached/O2 delignified pulps.

13. Experimental and model results for Do and E1 stages at two 
Do stage temperatures.
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solely depending on the final value of kappa number exiting 
from a particular prebleaching stage.

EXPERIMENTAL
An industrial softwood pine kraft pulp (Tembec-Tarascon, 
France) with an initial kappa number of 25.2 and an initial 
brightness of 25.2 ISO was used as raw material. The pulp was 
sampled after the post kraft pulping washer and was subject-

ed to further washing in the laboratory before bleaching. The 
study used a conventional ECF bleaching sequence, Do-

E1D1E2D2, solely for models validation. The bleaching stages 
were performed at 10% consistency in polyethylene bags in-
troduced in a temperature-controlled water bath. 

Table II summarizes the conditions used in each bleach-
ing stage. Pure aqueous ClO2 solutions were prepared by acid-
ification of saturated aqueous NaClO2 with 4N sulphuric acid 
and ClO2 gas absorption in pure refreshed water. The prepared 
ClO2 solution did not contain any dissolved molecular chlorine. 
The concentrations of residual mineral chlorinated species 
(chlorine dioxide, chlorite, chlorate and the sum of hypochlo-
rite and molecular chlorine) were measured on a filtrate sam-
ple of bleaching liquor using iodometric titrations [25]. Pulp 
kappa number was determined according to the NF ISO 302-
1981 test method. ISO brightness was determined according 
to the T452 om-87 TAPPI test method by a Color Touch DATA 
COLOR instrument.  Figures 13–15 illustrate the results 
predicted by models as compared with the experimental data 
generated. Again, the predicted results from the model were 
found to fit very well to the experimental results. 

CONCLUSIONS
We presented the models for all the chlorine dioxide stages 
[Do, D1, D2] and extraction stages [E, (EO), (EOP), (EP)]. The 
models predict variations of kappa number, pH, brightness, 
and bleaching chemical consumption at each step of multi-
stage ECF bleaching sequences. A wide range of laboratory 
data and literature data was used to validate the models. The 
results predicted fit very closely to the laboratory and litera-
ture bleaching data, and the predictability was extended to 
a greater variety of pulps (softwood and hardwood pulps, 
kraft, or other alkaline pulps).  Further, the models we devel-
oped were for each pulp bleaching stage that can be linked 
together to create a generic ECF bleaching sequence in a 
simulator and can be a useful application tool for prediction, 
decision, diagnosis, process regulation, process optimiza-
tion, or education. TJ
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NOMENCLATURE
a = exponent in Eq. 31, dimensionless
a1= constant in Eq. 35, dimensionless
a2= constant in Eq. 35, dimensionless
a3= constant in Eq. 35, dimensionless

14. Experimental and model results for D1 and D2 stages at  
different initial brightness.

15. Comparison of experimental and model pH for Do, D1 and D2 
stages.
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A1 = constant in Eq.12, kg2•m-4•min-1•mol-2•L0.2 
A2 = constant in Eq.12, kg2/m4

A3 = constant in Eq.13, m2n/kgn-1

[anions] = the sum of concentration of anionic species, mol/L
b = exponent in Eq. 31, dimensionless
B = the percent reflectance of the pulp sheet in the blue light 
region at a wavelength of 457 nm, % ISO
B1 = constant in Eq.16, kg2•m-4•min-0.3•mol-0.1•L0.1

B2 = constant in Eq.17, kg1-n•m2n•mol0.08•L-0.08

c = exponent in Eq. 31, dimensionless
[c] = initial chlorine dioxide charge in D1 stage in Eq.14 and 
15, %ClO2

ccarb = the carboxyl content in the pulp, mol/L
cPh = the phenolic content in the pulp, mol/L
[cations] = the sum of concentration of cationic species, mol/L
ClO2o = the initial concentration of chlorine dioxide, % active 
Cl
[ClO2] = the concentration of chlorine dioxide expressed as 
active chlorine, mol/L
∆ClO2 = the molar consumption of ClO2, mol/L
Ea = the activation energy of bleaching reaction, kJ/mol
Ea1 = the activation energy in Eq. 16, kJ/mol
Ea2 = the activation energy in Eq.17, kJ/mol
f = the kappa factor used in Do stage, dimensionless
h = the stoichiometric coefficient in Eq. 19, dimensionless
[H+] = hydrogen ions concentration, mol/L
k = the light absorption coefficient measured at a wavelength 
of 457nm, m2/kg
kEf = the rate constant of the fast lignin removal in extraction 
stage, L0.2•mol-0.2•min-1

kEP,EOP = the rate constant of lignin removal in EP or EOP stage, 
L2•mol-2•min-1

kEs = the rate constant of the slow lignin removal in extraction 
stage, L0.05•mol-0.05•min-1

kf = the rate constant of the fast lignin removal in Do stage, 
L•mol-1•min-1

kH2O2tot = the rate constant of decomposition of H2O2, min-1

ks = the rate constant of the slow lignin removal in Do stage, 
L•mol-1•min-1

K = kappa number, mL 0.1N KMnO4/g fibre
Kcarb = the dissociation constant of carboxyl content, L/mol
KD = the chromophore content of the pulp expressed as the 
light absorption coefficient at 457nm, m2/kg
KDo = the initial light absorption coefficient, m2/kg
KD∞ = the floor light absorption coefficient, m2/kg
KEf = the content of fast reacting lignin in extraction stage 
expressed as the kappa number 
KEfo = the content of initial fast reacting lignin in extraction 
stage expressed as the kappa number 
KEs = the content of slow reacting lignin in extraction stage 
expressed as the kappa number
KEso = the content of initial slow reacting lignin in extraction 
stage expressed as the kappa number
Kf = the content of fast reacting lignin in Do stage expressed 
as the kappa number 

Kfo = the content of initial fast reacting lignin in Do stage ex-
pressed as the kappa number 
Ko = initial value of kappa number in Do stage
KPh = the dissociation constant of phenolic content, L/mol
Ks = the content of slow reacting lignin in Do stage expressed 
as the kappa number
Kso = the content of initial slow reacting lignin in Do stage ex-
pressed as the kappa number
K∞ = the floor level or unreactive lignin in Do stage expressed 
as the kappa number
ℓ = the stoichiometric coefficient, dimensionless
m = exponent in Eq.11, dimensionless
n = exponent in Eq.13, dimensionless
[OH-] =  the hydroxyl ions concentration, mol/L
P = pressure, bar
[Ph-O-] = the concentration of ionized free phenolic groups 
in pulp, mol/L
R = universal gas constant, J•mol-1•K-1

[RCOO-] = the concentration of ionized carboxyl groups in 
pulp, mol/L
RD = the rate of light absorption coefficient decrease in a 
brightening reaction, m2•kg-1•min-1

REf = the rate of the fast lignin removal in extraction stage, 
min-1

REs = the rate of the slow lignin removal in extraction stage, 
min-1

Rf = the rate of the fast lignin removal in Do stage, min-1

R[H2O2]tot = the rate of decomposition of H2O2, L-1•mol•min-1

Rs = the rate of the slow lignin removal in Do stage, min-1

s = the light scattering coefficient measured at a wavelength 
of 457nm, m2/kg
tr =  the retention time of the E2 stage, min
T = temperature, °K
zi = ionic charge of ith anionic species, dimensionless
zj = ionic charge of jth cationic species, dimensionless
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insights from the authors
This work fits into our area of research at Grenoble-
INP and represents a significant improvement in mod-
elling over earlier studies. Our biggest challenge was 
to gather all information and fit it into the context of a 
large volume of existing work and data. We occasion-
ally encountered results that were unexpected. The 
next step is to refine and extend modelling to ECF and 
TCF processes or dynamic mill modelling and include 
energy balances.
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