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The worldwide installed capacity of oxygen delignified 
kraft pulp in 2010 was estimated [1] at about 300000 

metric tons/day, representing most of the world’s bleach-
able grade pulp. Oxygen delignification removes about 
40%-60% of the lignin remaining in pulp after cooking for 
softwood (about 30%-45% for hardwood). The advantages 
of oxygen delignification are lower emissions and operat-
ing costs. The disadvantages are lower delignification-
cellulose degradation selectivity and yield preservation 
compared to chlorine dioxide treatment and its high 
capital cost [2]. The mechanism of oxygen delignifica-
tion is considered to be the attack of oxygen on dissoci-
ated phenolate anions to form oxygen-based radicals (HO, 
HOO, O2 organic peroxides, etc.), which further oxidize 
and degrade lignin to organic acids (of the muconic-type 
in particular), carbon dioxide, and other small molecular 
weight organic products via ring opening, cleavage of 
aliphatic side chains, and demethoxylation reaction [2,3].  
In addition to this major phenolic delignification route, 
another smaller delignification pathway called peeling del-
ignification was proposed by Backa et al.[4] where  lignin 
is removed together with hemicelluloses due to alkaline 
peeling of the latter, to which lignin fragments are cova-
lently bound (as lignin carbohydrate complexes [LCCs]). 

Ji [5] has shown that the impact of peeling delignification 
is relatively small and limited to the initial delignification 
phase. Both primary and secondary peeling reactions are 
responsible for decreasing the carbohydrate yield during 
oxygen delignification [1]. Primary peeling occurs when 
the carbohydrates in kraft pulp contain reducing ends, i.e., 
those responsible for peeling delignification. Secondary 
peeling occurs at freshly generated, reducing ends cre-
ated by random attack of oxygen-based radicals created 
by phenolic delignification. Thus, it may be expected that 
both cellulose degradation and pulp yield loss increase 
proportionally with lignin removal [6]. 

When oxygen delignification experiments are conducted 
in batch reactors, the NaOH concentration decreases due to 
neutralization by organic acids and carbon dioxide formed in 
the reaction process. Therefore, it is difficult to obtain kinetic 
expressions that provide mechanistic insight. By using a Berty 
throughflow reactor in which the NaOH concentration is kept 
constant, Ji [5] found that the delignification rate is first-order 
in lignin content, where the lignin content is calculated from 
the kappa number  and corrected for consumption of perman-
ganate by hexenuronic acid (HexA), which is nonreactive 
during oxygen delignification [7,8]. The first-order in residual 
lignin content implies that all of the lignin may be removed if 
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oxygen delignification is extended for a long enough period 
of time. The kinetics also showed that the NaOH concentra-
tion reaction order of delignification is first-order at low al-
kali concentrations and zero-order at very high alkali concen-
tration. Ji [3] also showed that cellulose degradation is caused 
by two contributions: one due to radicals produced by phe-
nolic delignification and the other due to direct alkaline hy-
drolysis of the cellulose chains. Thus, the increase in the num-
ber of moles of cellulose per gram of pulp, mn, can be 
described as:

  		  (1)

where K is kappa number; kc is the radical yield constant; 
kh is the alkaline hydrolysis rate constant; and [OH-] is the al-
kali concentration in g/L. This behavior implies that the del-
ignification selectivity improves (high -dK/dmn) at lower 
[OH-] and decreases over time as the relative importance of 
alkaline hydrolysis (the 2nd term on the right hand side [rhs] 
of Eq. [1]) increases.

In the present paper, based on the thesis of Ji [9], the prop-
erties of the oxygen delignified Southern Pine pulps produced 
in a Berty throughflow reactor at different alkali concentra-
tions, temperatures, oxygen pressures, and times are present-
ed and compared to those generated in a conventional batch 
reactor. The objective of the paper is to identify conditions 
that achieve the highest degree of delignification while main-
taining pulp quality and yield.

EXPERIMENTAL
Berty throughflow reactor

A commercial Berty reactor (Autoclave Engineers; Erie, PA 
USA) with a stationary basket that holds a pulp pad was used. 
The 280 ml reactor contains a 100 ml basket with a rotor un-
derneath that induces flow through the pulp bed inside the 
basket. The entire reactor is filled with an oxygen saturated 
caustic solution that is fed to the reactor at a constant flow 
rate. The reactor temperature and outflow rate were care-
fully controlled. The UV-VIS absorption at 280 nm of the out-
flow stream is monitored every 15 s. The UV-VIS data is  con-
verted into dissolved lignin concentration using a calibration 
curve prepared with Indulin AT lignin obtained from Mead-
Westvaco. For further operational details of the entire system, 
one is referred to Ji [9].
 

Pulp and analytical procedures
Unbleached Southern Pine kraft pulp with an initial kappa 
number of 24.4 was determined with TAPPI Standard T 236 
cm-85 “Kappa number of pulp” at one-tenth of the amount 
in the standard method. Intrinsic viscosity of 1189 cm3/g was 
determined with ASTM Designation D 1795-62 “Standard test 
method for intrinsic viscosity of cellulose” (re-approved in 
1985). The yield of the oxygen-delignified pulps was deter-
mined by evaporation to dryness at 105°C. The hexenuronic 

acid (HexA) content of pulp was determined by the HUT 
method described by Tenkanen et al. [10]. The method was 
scaled down to a pulp sample size of 200 mg. Since the kappa 
number includes HexA as a carbohydrate-based, oxidizable 
structure, the residual lignin content reported in this paper 
is corrected by subtraction of the HexA content (in mmol.g-1 

pulp), using 10 mmol.g-1 as equivalent to 1 kappa unit [11]. 
The lignin (Klason and UV) and carbohydrate composition 
of the pulps was determined after a standard two-stage acid 
hydrolysis (primary hydrolysis with 72% H2SO4 at 30°C and 
secondary hydrolysis with 4% H2SO4 at 121°C) based on the 
work of Kaar et al [12,13]. The monomeric sugar content in 
the final hydrolysate was measured using a Dionex HPAEC 
(Thermo Fisher Scientific; Sunnyvale, CA, USA). The content 
of the sugar-reducing ends in the pulps was measured using 
the method described by Miller [14].  

RESULTS AND DISCUSSION
Comparison of Berty throughflow reactor 	
performance with that of a batch reactor 

The oxygen delignification performance of the Berty through-
flow reactor was compared with that of a batch reactor oper-
ating at similar conditions: batch reactor at 90°C, 75 psig,  
10% consistency, 3% NaOH on 20 g o.d. pulp; and 90°C, 75 
psig with a flow of 3.3 g/l NaOH fed continuously to 4 g o.d. 
pulp in the Berty throughflow reactor. The concentration of 
3.3 g/l NaOH was chosen for the Berty throughflow reactor 
to obtain the same initial NaOH concentration as in the batch 
reactor, i.e., 0.03×20/(0.9×0.2)×1000=3.3 g/l. Thus, the main 
difference between these two systems is the caustic concen-
tration, which decreases rapidly in the batch reactor while 
remaining 3.3 g/L in the Berty throughflow reactor. This is 
reflected in the pH of the spent liquors from both reactors 
shown in Table I . The Berty throughflow spent liquors all 
have the same pH, while the pH decreases continuously in the 
batch reactor. After 20 min, the pH in the batch reactor is  
1 unit lower than that of the Berty throughflow reactor  
(12.3 versus 13.3), indicating that the alkalinity is only 10% of 
that in the Berty throughflow reactor.

The kappa number, intrinsic viscosity, and yield of the ox-
ygen-delignified pulps obtained in the two reactor systems 
are listed in Table I I . It can be seen that kappa numbers of 

Reaction Time 
(min) Batch Berty  

Throughflow

0 - 13.3

10 12.4 13.3

20 12.3 13.3

40 12.2 13.3

60 12.1 13.3

180 10.7 13.3

I. pH of oxygen delignification spent liquors produced in batch 
and Berty throughflow reactors.



DELIGNIFICATION

MARCH 2012 | VOL. 11 NO. 3 | TAPPI JOURNAL  11

the Berty throughflow and batch reactor samples are almost 
the same during the first 20 min. However, at longer times, 
the kappa numbers obtained with the Berty throughflow re-
actor are lower than that of the batch reactor and at 180 min, 
the Berty throughflow sample has a 3 point lower kappa num-
ber. Similar to the kappa number results, the intrinsic viscos-
ities of the Berty throughflow and batch reactor samples are 
almost the same during the first 20 min. However, at longer 
times, the viscosity drops further for the Berty throughflow 
samples, leading to a 237 ml/g lower intrinsic viscosity after 
180 min.

Because both kappa number and intrinsic viscosity drop 
faster in the Berty throughflow reactor than the batch reactor 
at longer times, it is of interest to compare the delignification-
cellulose degradation selectivity of the two systems.  
Figure 1  shows the kappa number change plotted versus 
cellulose cleavages per glucose unit calculated as 1/DPt-1/DP0, 
where DP is the degree of polymerization. The delignification-
cellulose degradation selectivity for these experiments is cal-
culated as    

               
  

                                 .        

         
             

T he DP of  ce l lu lose  i s  now ca lcu l a ted us i ng  
DP = (1.65 × [η])1.1111  because the hemicellulose and cellulose 
mass fractions were not determined for all samples. However, 
considering the relatively small changes in the cellulose mass 
fractions (Table I I I ) and the small contribution of the hemi-
cellulose mass fraction to the DP (Eq. [2]), the selectivity cal-
culated in this way may still be used for relative comparison 
of the different operating conditions.

It can be seen that a linear relationship is obtained for the 
batch reactor data, while the change in kappa number de-
creases with increasing number of cellulose cleavages for the 
pulps in the Berty throughflow reactor. This indicates that the 
delignification-cellulose selectivity remains constant in the 
batch reactor while it decreases in the Berty throughflow re-
actor. The explanation for this behavior is that the cellulose 

Sample
Batch Reactor

(3% NaOH, 90°C, 75 psig,  
10% consistency)

Berty Throughflow Reactor
(3.3 g/l NaOH, 75 psig, 90°C,  

4 g pulp)

Time, t  
(min) Kappa Viscosity, η 

(ml/g) Yield % Kappa Viscosity, η 
(ml/g) Yield %

0 24.4 1189 100 24.4 1189 100

10 20.8 1058 98.1 20.1 1079 98

20 18.5 1011 97.6 18.5 1033 96.5

40 15.0 924 96.6 14.3 877 96.0

60 13.5 898 96.0 12.7 828 95.4

180 10.1 829 95.8 7.6 592 92.5

O2 Delignification 
time, t (min)

Cellulose, G
(g/g o.d. pulp)

Hemicellulose, H
(g/g o.d. pulp)

DP of  
Cellulose

DP of  
Hemicellulose

Batch Berty Batch Berty Batch Berty Batch Berty

0 0.714 0.714 0.142 0.142 6561 6561 103 103

10 0.723 0.732 0.139 0.139 5674 5724 132 135

20 0.723 0.734 0.138 0.142 5394 5435 118 114

40 0.729 0.746 0.139 0.140 4831 4445 104 102

60 0.736 0.750 0.140 0.138 4629 4144 102 86

180 0.736 0.763 0.141 0.135 4230 2784 - -

II. Kappa number, viscosity, and yield of oxygen-delignified pulps.

III. Cellulose and hemicellulose content and DP.

1. ΔKappa vs. 1/DPt-1/DP0, where DP is the degree of 
polymerization, for Berty throughflow and batch reactors.
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degradation in the batch reactor is caused almost exclusively 
by radical species. On the other hand, in the Berty reactor, the 
relative importance of alkaline hydrolysis (i.e., the second 
term on the rhs of Eq.[1]) increases as phenolic delignification 
slows down.  

Reducing ends content of pulps
Theoretically, reducing ends may be present in hemicellu-
loses as well as in cellulose. However, since the DP of cellulose 
is much higher than that of hemicelluloses, we assumed that 
the reducing ends are only associated with hemicellulose. 
Therefore, the content of reducing ends in the pulps is nor-
malized with respect to their hemicellulose content in  
Fig. 2 . It shows no difference between the Berty through-
flow and batch reactors during the first 40 min of reaction. 
The normalized reducing end content initially decreases and 
then increases with reaction time. 

The initial decrease in reducing end content may be ex-
plained by “peeling” and/or oxidation of the hemicelluloses. 
The subsequent increase may be interpreted as radical attack 
on hemicelluloses that leads to new reducing ends. 

Cellulose DP and hemicellulose DP of pulps
The DP of cellulose in Table III was calculated using Eq. (2), 

according to the method presented earlier by Da Silva Perez 
[15]:

                                       (2)

where [η] is intrinsic viscosity (cm3/g),  and G and H are the 
mass fractions of cellulose and hemicellulose in the pulp 
(Table III). 

The DP of hemicelluloses was estimated by Eq. (3): 
                                    

       (3)

where H is mass fraction of hemicellulose in pulp and CReducing 

ends is the reducing end content of the pulps in mol/g pulp. 
Table III shows that the DP of hemicelluloses increases in 

the first 10 min and decreases after 20 min. The DP values are 
comparable to those reported in literature for softwood hemi-
celluloses [16]. The initial increase in hemicellulose DP might 
be interpreted as removal of low DP hemicellulose during 
“peeling” delignification. Subsequently, the DP of the residual 
hemicellulose decreases are due to radical attack and alkaline 
hydrolysis.

It is important to note that the mass closure of Table III is 
low. This is because the HPAEC (High Performance Anion 
Exchange Chromatography) sugar analysis gave a recovery of 
about 85%-90% of the sugars. We did not normalize the data 
to correct for the approximately 10% sugar loss (caused by 
degradation during hydrolysis, etc.). If the sugar data was nor-
malized to 100% recovery, the DP values of cellulose in Table 
III would decrease by about 5%-10%.  

Effect of operating conditions in the Berty 
throughflow reactor on oxygen delignification-
cellulose degradation selectivity 

Oxygen delignification experiments were performed in the 
Berty throughflow reactor at different oxygen pressures, tem-

Pressure as Variable Temperature as Variable NaOH as Variable

Pressure
(psig) Viscosity Kappa Temp (°C) Viscosity 

(ml/g) Kappa NaOH
(g/l)

Viscosity 
(ml/g) Kappa

35 884 14.4 80 865 14.9 1.1 970 16.3

55 847 13.1 90 828 12.5 3.3 828 12.5

75 828 12.5 100 753 10.8 5.5 765 10.9

95 800 11.0 110 582 6.7 7.7 693 9.4

115 523 5.5 20 584 8.1

50 383 5.1

2. Reducing ends content of pulps vs. time in Berty throughflow 
and batch reactors.

IV. Viscosity and kappa number of pulps at different operating conditions. Other conditions, if not specified: 90°C, 3.3 g/l NaOH,  
75 psig O2, and 60 min.
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peratures, and caustic concentrations. In all cases, only one 
variable was changed while all other variables were kept at 
the standard conditions of 90°C, 3.3g/l NaOH, 75 psig oxygen 
pressure, and 60 min. Table IV shows that temperature and 
caustic concentration have a larger effect on the degree of 
delignification than oxygen pressure. High NaOH concentra-
tion and/or temperature lead to low intrinsic viscosities. 

In F ig s . 3 , 4 , and 5 , the delignification-cellulose 
degradation selectivity for these experiments is calculated as 

                              
                            

. 

The DP of  cel lu lose i s  now ca lcu lated us i ng  
DP = (1.65 × [η])1.1111   because the hemicellulose and cellulose 
mass fractions were not determined for all samples. However, 
considering the relatively small changes in the cellulose mass 
fractions (Table III) and the small contribution of the hemicel-
lulose mass fraction to the DP (Eq. [2]), the selectivity calcu-
lated in this way may still be used for relative comparison of 
the different operating conditions.

Figure 3 shows the selectivity of the final pulp samples ob-

tained at different oxygen pressures. It can be seen that the 
selectivity does not change significantly with oxygen pres-
sure. The effect of temperature on the delignification-cellu-
lose degradation selectivity is shown in Figure 4. It can be seen 
that the selectivity does not change much from 80ºC to 100ºC. 
However, it decreases 30% to 40% when the temperature is 
raised to 110ºC-115ºC. The latter lower selectivity and the high-
er capital cost (due to higher pressures) explain why the in-
dustry generally does not operate above 100ºC. This behavior 
may be interpreted such that, up to about 100ºC, the selectiv-
ity is dominated by phenolic delignification at essentially con-
stant radical yield (i.e., constant value of kc in Eq. [1]), while 
alkaline hydrolysis becomes significant above 100ºC.  

The effect of caustic concentration on the selectivity of the 
final pulp samples is displayed in Fig. 5. This figure shows that the 
selectivity decreases dramatically with increasing caustic concen-
tration. The selectivity decreases by almost a factor  
2 over the NaOH concentration range of 1 to 7 g/l, i.e., the  
region of interest for industrial oxygen delignification.  
The steep decrease in selectivity with increasing alkali concentra-
tion may be interpreted as the radical yield increasing during phe-
nolic delignification with increasing alkali concentration (increas-
ing  kc with increasing [OH-] in Eq. [1]), and/or that the relative 
importance of alkaline hydrolysis (i.e., the 2nd term on the rhs of 
Eq. [1]) increases with increasing alkali concentration.

Effect of operating conditions in the 	
Berty throughflow reactor on oxygen 	
delignified pulp yield 

Table V shows the yield of the different final pulp samples. 
The yield drops with higher oxygen pressure, reaction tem-
peratures, caustic concentrations, and reaction time. At an 
extremely high NaOH concentration of 50 g/l, the yield 
drops to 86.1%. 

The yield loss, ∆Yield, is plotted versus ∆Kappa in Fig. 6 . 
It can be seen that the yield loss for all data, except those ob-
tained at 110°C and 115°C and at 20 g/l and 50 g/l NaOH and 
at 360 min, increase proportionally with the kappa number 
reduction. Thus, at conventional oxygen delignification con-

3. Selectivity vs. oxygen pressure in the Berty throughflow 
reactor.

4. Selectivity vs. temperature in the Berty throughflow reactor.

5. Selectivity vs. NaOH concentration in the Berty throughflow 
reactor.
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ditions, which lead to a decrease in kappa number of up to 
about 60%, the yield loss may be described by :

Yield loss (%) = 0.40×∆Kappa		                  (4)

The yield loss in addition to that caused by the removal of lig-
nin (Lignin Loss=0.15×∆Kappa) represents carbohydrate loss 
during oxygen delignification as:
Carbohydrate loss (%) = 0.25×∆Kappa                          (5)

Equations (4) and (5) show that the contribution of the 
carbohydrate loss to the total yield loss, 0.25×∆Kappa, is 
larger due to lignin removal, 0.15×∆Kappa. It should be noted 
that in the latter relationship, the constant of 0.15 is chosen 
because the present experiments were performed on a 
brownstock pulp. However, this ratio changes during 
bleaching depending on how the lignin end units are oxidized 
when the pulp is treated with an oxidant [17-20]. At high 
temperature (110°C and 115°C), high caustic concentration 
(20 g/l and 50 g/l) and very long time (360 min) tests, the 
linear relationship between carbohydrate loss and ∆Kappa 
breaks down. This shows that delignification at those 
conditions (beyond a kappa number decrease of 60%) should 
be avoided because it leads to excessive carbohydrate loss. 

McDonough [21] found that the temperature must be kept 
below 120ºC to avoid excessive pulp yield loss.

Figure 7  shows the carbohydrate yield loss (i.e., ∆Yield-
0.15∆Kappa) versus (1/DPt-1/DPo). A linear relationship is 
obtained independent of operating variables, i.e., including 
very high temperature, alkaline concentration, and long 
reaction time conditions. The authors’ hypothesis is that the 
carbohydrate loss (mostly hemicellulose) may be monitored 
by the cleavage of cellulose, which is caused by radicals 
generated from oxygen delignification. Since these radicals 
are non-selective, the hemicelluloses are equally attacked. 
Dissolution of hemicelluloses occurs by peeling when their 
DP is small enough that they become soluble. 

 
HexA content

Table VI  shows the HexA content of the oxygen delignified 
pulps. It can be seen that the HexA content does not change 
significantly during oxygen delignification regardless of the 
reaction conditions, except for the very high temperature, 
caustic concentration, and long reaction time experiments 
which show a small decrease.  This confirms that HexA is not 
reactive at conventional oxygen delignification conditions 

Pressure as Variable 
Temperature  
as Variable

NaOH Concentration  
as Variable

Time  
as Variable

Pressure  
(psig)

Yield
(%)

Temperature
(C°)

Yield
(%)

NaOH
(g/l)

Yield
(%)

Time
(min)

Yield
(%)

35 96.7 80 96.1 1.1 96.6 0 100

55 95.9 90 95.4 3.3 95.4 10 98

75 95.4 100 93.9 5.5 94.9 20 96.5

95 94.4 110 91.3 7.7 94.2 40 96.0

  115 90.2 20 92.3 60 95.4

    50 86.1 180 92.5

360 84.5

V. Yield of different pulps. Other conditions if not specified: 90°C, 3.3 g/l NaOH, 75 psig O2  (except 360 min experiment was 
performed at 100°C, 90 psig and 7.7 g/l NaOH).

6. ∆yield vs. ∆Kappa of final pulp samples.

7. (∆Yield-0.15∆Kappa) vs. (1/DPt-1/DP0) of final pulp samples. 
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[7,8]. However, at severe operating conditions, the pulp 
experiences an excessive yield loss so that part of the HexA 
groups may be removed together with hemicellulose chains, 
which are now small enough to dissolve. 

In Fig. 8 , the HexA content is plotted versus (∆Yield-
0.15∆Kappa). The HexA content is constant when the yield 
loss due to the carbohydrate degradation is not excessive. 
However, the HexA amount decreases when the 
carbohydrate yield loss is higher than 5%. The results 
confirm that the HexA content remains essentially 
unchanged during normal oxygen delignification. HexA is 
only removed at severe operating conditions when the DP 
of xylan is low enough that direct dissolution is possible. 

Klason lignin and acid soluble lignin content
Table VII  lists the klason and acid soluble lignin of the pulps 
obtained at different operating conditions. It can be seen that 
klason lignin content decreases with increased delignification 
as expected, while acid soluble lignin content remains con-
stant at about 0.4% based on oven-dried weight. The latter 

suggests that acid soluble lignin is not real lignin but carbohy-
drate-derived material, which is soluble in acid and absorbs 
UV light. It is interesting to note that the value of “acid soluble 

Pressure (psig) Klason Lignin (%) Acid Soluble (%) Temp (°C) Klason Lignin (%) Acid Soluble (%)

35 2.13 0.42 80 2.40 0.42

55 2.01 0.43 90 1.97 0.36

75 1.97 0.36 100 1.44 0.44

95 1.81 0.47 110 0.82 0.44

115 0.71 0.44

NaOH (g/l) Klason Lignin (%) Acid Soluble (%) Time (min) Klason Lignin (%) Acid Soluble (%)

1.1 2.68 0.42 0 3.89 0.36

3.3 1.97 0.36 10 3.50 0.36

5.5 1.68 0.45 20 2.92 0.38

7.7 1.32 0.46 40 2.78 0.39

20 0.88 0.44 60 2.02 0.39

50 0.56 0.39 180 1.19 0.42

360 0.31 0.34

Pressure Varying Temperature Varying NaOH Varying Time Varying

Pressure 
(psig)

HexA 
(µmol/g) Temp (°C) HexA 

(µmol/g)
NaOH
(g/l)

HexA 
(µmol/g)

Time
(min)

HexA 
(µmol/g)

35 24.0±1 80 23.9±1 1.1 25.7±1 0 25.1±1

55 24.1±1 90 24.6±1 3.3 24.6±1 10 25.6±1

75 24.6±1 100 23.5±1 5.5 24.7±1 20 25.1±1

95 24.0±1 110 22.7±1 7.7 24.5±1 40 24.4±1

115 21.9±1 20 23.3±1 60 24.6±1

50 17.6±1 180 24.7±1

360 20.2±1

VI. HexA content of different pulp samples. Other conditions, if not specified: 90°C, 3.3 g/l NaOH, 75 psig O2 (except 360 min 
experiment was performed at 100°C, 90 psig and 7.7 g/l NaOH).

VII. Klason and acid-soluble lignin content of different pulps. Other conditions, if not specified: 90°C, 3.3 g/l NaOH, 75 psig O2 (except 
360 min experiment was performed with 100°C, 90 psig, and 7.7 g/l NaOH).

8. HexA content vs. ∆Yield-0.15∆Kappa of all pulp samples
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lignin” is very close to that of HexA. With the HexA content 
in the pulps being 24-25 µmoles/g pulp (Table VI), this repre-
sents ~0.4% on pulp, assuming a molecular weight of HexA 
of 174 g/mol.  

In Fig. 9, (Kappa-HexA/10)×1.5 is plotted versus (Klason 
Lignin)×10, with both expressed in mg lignin/g pulp. It 
shows that klason lignin is directly proportional to lignin 
content calculated from the kappa number corrected for 
HexA content. The slope of the correlation indicates that kla-
son lignin represents 78% of the lignin calculated from kappa 
number corrected for HexA content. This pure lignin was 
also determined by Li [22] as the kappa number after HgAc2-
NaBH4 treatment of pulp and was called Ox-Dem kappa. They 
also found that these actual lignin structures represent about 
80% of the conventional kappa number for softwood kraft 
pulps. The remaining 20% are identified by Li [22] as non-
lignin and non-HexA based oxidizable structures. However, 
the NaBH4 treatment is performed at strong alkaline condi-
tions, and thus may lead to extraction of Klason lignin. Data 
from Costa and Colodette [23] indicated that the Ox-Dem 
treatment of eucalyptus kraft pulps removes roughly 25% of 
the Klason lignin content. This may call into question the 
estimate of Li [22] of the “non-HexA and non-lignin” sub-
stances contributing to the kappa number difference.  How-
ever, the data in Fig. 9 appears to confirm that Klason lignin 
represents about 80% of real lignin and the rest is non-lignin 
and non-HexA structures. 

Ji [5] found that when oxygen delignification was per-
formed in 50% ethylene glycol, a strong radical scavenger, the 
pulps had significantly higher viscosities and kappa numbers 
than corresponding regular oxygen delignified pulps. The 
higher viscosity and kappa in ethylene glycol-water is expect-
ed due to scavenging of radicals by ethylene glycol. Ji [5] also 
indicated that approximately 15% of the total lignin cannot 
be removed by oxygen delignification in 50% ethylene glycol-
water, even at excessive reaction time. This suggests that 

radicals may be required for removal of non-lignin based ox-
idizable structures (excluding HexA). Thus, besides the neg-
ative effect of radicals on pulp viscosity and yield, radicals 
may also be needed for removal of non-lignin and non-HexA 
oxidizable structures, which contribute to kappa number. 
This means that for very high degree of oxygen delignifica-
tion, measured in terms of HexA corrected kappa number, 
the generation of radicals may be essential.

IMPLICATIONS
High delignification-cellulose degradation selectivity is 
needed to produce a highly delignified pulp of good viscos-
ity. High selectivity will simultaneously minimize pulp yield 
loss because of the relationship between cellulose degrada-
tion and carbohydrate yield loss (Fig. 7). The present results 
show that the temperature should not be increased above 
about 100°C (Fig. 4), the NaOH concentration should be 
kept as low as possible (Fig. 5), and that the oxygen pressure 
has little effect on the selectivity (Fig. 3). However, low tem-
peratures and low alkali concentrations lead to slow delig-
nification rate and thus long reaction time. Also, the con-
sumption of alkali is related to the degree of delignification, 
and thus the minimum initial alkali concentration in a con-
ventional medium consistency oxygen delignification sys-
tem is set by the desired reduction in kappa number. As a 
result, in conventional oxygen delignification systems, the 
initial temperature is relatively low when the major amount 
of alkali is charged, while a higher temperature is used in 
the later stage when most alkali is consumed. Therefore, 
further improvement beyond 60% delignification from stan-
dard softwood brownstock pulp is not likely when using 
conventional two-stage oxygen systems to produce good 
quality pulp at an acceptable yield loss. To increase deligni-
fication beyond 60% for softwood pulp, the oxygen system 
design should be changed so that alkali concentration and 
charge are decoupled, as is similarly done in modern cook-
ing systems. This means that a similar approach as that of 
modern cooking systems should be adopted, i.e., multiple 
alkali addition points combined with careful temperature 
control. 

A crossflow operation such as in a diffusion washer with 
multiple washing zones would be a possible configuration 
for such a system. The alkali concentration should be 
maintained at a low level throughout the crossflow reactor 
with multiple alkali addition points to compensate for the 
alkali consumption. The reintroduction of the spent liquor 
streams should be arranged such that pulp and liquor are in 
countercurrent contact. The entering brownstock 
temperature is lower than that at the reactor exit, while the 
average alkali concentration at the brownstock entrance is 
higher than that at the reactor exit. These conditions lead to 
a more uniform delignification rate throughout the reactor, 
and therefore higher overall delignification-cellulose 
degradation selectivity and pulp yield. Temperatures higher 
than about 100°C should be avoided.    

9. (Kappa-HexA/10)×1.5 vs. (Klason Lignin)×10



DELIGNIFICATION

MARCH 2012 | VOL. 11 NO. 3 | TAPPI JOURNAL  17

CONCLUSIONS
The highest oxygen delignification while maintaining pulp 
quality and yield is obtained when the overall delignification-
cellulose degradation selectivity is maximized. This is 
achieved at low alkali concentrations and temperatures of 
about 100°C or less. Oxygen pressure has little effect on the 
selectivity. If the DP of cellulose is optimal, then the pulp 
yield loss is also minimized because the reduction in cellulose 
DP is mainly caused by radicals generated by phenolic delig-
nification, and to a much smaller extent by random alkaline 
hydrolysis. Since the newly generated reducing ends in both 
cellulose and hemicelluloses undergo peeling reaction, the 
carbohydrate yield loss is linearly correlated with cellulose 
degradation. Hexenuronic acids are not removed during op-
timal oxygen delignification, and must be removed in a sub-
sequent bleaching stage. Although radicals have a negative 
effect on pulp viscosity and yield, they are also needed for 
removal of non-lignin and non-HexA oxidizable structures, 
which contribute to kappa number. This means that for a very 
high degree of oxygen delignification, the generation of rad-
icals may be essential. In order to increase delignification 
beyond about 60% for softwood pulp, the oxygen system de-
sign should be changed so that alkali concentration and 
charge are decoupled, as is similarly done in modern cooking 
systems, to create a more uniform delignification rate 
throughout the reactor.  TJ
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