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The novelty statement: 

 

Elucidation of the structural of the residual lignin of high kappa number softwood pulps combined 

with kinetic data from o-delignification.  
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1. Introduction 

The removal of lignin during Kraft cooking is accompanied by a severe loss of carbohydrates, 

primarily hemicelluloses. For example, it has been reported that Kraft pulping of Scots Pine to the  

bleachable grade pulp results in  galactoglucomannan (GGM)  losses of 75%, while the 4-O-

methylglucuronoarabinoxylan (AX) and cellulose losses are 38% and 10%, respectively.
1
  

In another study, Paananen et al.
2
 showed that the GGM yield increased by 2.5% on oven-dry

3
 

wood (odw) when Kraft cooking was carried out at a NaOH concentration of 1.55 mol/L (HA-

Kraft) which is three times higher than 0.5 mol/l (Ref-Kraft) used in conventional Kraft cooking. 

The higher GGM yield can be explained by an increased stopping reaction rate at higher alkali 

concentration relative to  the peeling reaction rate.
2
  

Unfortunately the dissolution of AX increases with increasing alkali concentration so that at the end 

of a softwood Kraft cook (to 25 to 30 pulp kappa number) the overall carbohydrates yield during 

HA-Kraft cooking remains the same as that of Ref-Kraft cooking.
2, 4

 However, some part of 

removed carbohydrates, particularly AX does not contribute into the organic acids formation and 

dissolved in the polymeric forms that can be retained on the fiber at the final part of cooking stage 

and later in O-delignification.
4
 Carbohydrate degradation occur in particular during the initial and  

continues towards the end of Kraft cook.
5
 The oxygen-alkali process (O-delignification) is known to 

be more selective (carbohydrates yield/delignification) than final phase of Kraft cooking, especially 

when performed at a high dissolved oxygen concentration and low but constant alkalinity.
6, 7

 Thus if 

a higher degree of delignification could be achieved with O-delignification  softwood Kraft cooking 

may be stopped at a higher target kappa, for example 40-80, in order to preserve more 

carbohydrates when oxygen delignification is continued to a kappa number of about 15( the kappa 

target entering the bleach plan). In addition, it may be possible to re-precipitation a significant 

fraction of the AX dissolved during HA-Kraft pulping on the fiber surface during O-delignification 

thereby further increasing the pulp yield.  

It is well known that the chemical structure of the residual lignin is significantly affected by 

cooking conditions during Kraft pulping as well as by the target kappa number.
8-10

  

Softwood Kraft pulp lignin consists of two types of lignin monomers, almost exclusively p 

Guaiacyl (%G) and small amount of Hydroxyphenyl (% H). The model compounds investigations 

indicate that the removal potential for Guaiacol groups is higher than their p-hydroxyphenyl 

counterparts during O-delignification.
11, 12
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It was reported that, during O-delignification the phenolic groups of Kraft lignin were degraded by 

41-60%.  However, the degree of removal of condensed lignin is limited to only 4-29%.
13-15

 . 

Another factor that contributes to lignin removal is the amount of carboxylic acid groups contained 

by lignin. It has been demonstrated in a study by Sun and Argyropoulos that the lignin 

solubilization in an oxygen-alkali stage increases at a higher level of carboxylic acid groups 

content
15

. Besides the three-dimensional structure of lignin and content of different groups, the 

initial lignin content of pulp also has an effect on bleachability. High kappa number pulp is easier to 

delignify compared to a low kappa pulp due to more phenolic groups.
5
 The reactivity of residual 

lignin during O-delignification is also decreased due to increased bonding to hemicelluloses, as 

lignin-carbohydrates complexes (LCC)
16, 17

, particularly glucomannan. The latter is more resistant 

to degradation and thus increases in relative content at higher degree of oxygen delignification. The 

elucidation of structural details of the residual lignin is therefore important for further 

improvements in Kraft pulping technology. Therefore the objectives of the present work are two-

fold; firstly, the O-delignification behavior of HA-Kraft and Ref-Kraft pulps in terms of yield and 

pulp properties, and secondly the elucidation of the chemical structure of the residual lignin isolated 

from the pulps before and after O-delignification by acidolysis by means of 
31

P NMR 

spectroscopy.
18

  

 

2. Experimental section 

2.1 Pulping 

Laboratory cooking trials were conducted in a 30 l displacement digester. Approximately 4 kg of 

oven-dry screened pine (Pinus sylvestris) chips were placed in the digester. The digester was 

connected to a tank farm consisting of separate vessels for the impregnation and the cooking 

liquors. The alkali concentration i.e. effective alkali, the sulfidity, and the temperature of both 

liquors were adjusted in both liquor tanks to the targeted conditions in the digester. Both the 

impregnation and cooking liquors were pumped through the digester from the bottom to the top and 

followed the targeted cooking schedule. Together with a high liquor-to-wood ratio i.e. ~ 50:1, the 

concentration profile of the active cooking chemicals was kept fairly constant. The alkali 

concentration of the reference or low alkalinity (LA) cook was 0.5 mol/l, and the sulfidity was 33%. 

For the high alkalinity (HA) Kraft cook, the alkali concentration was adjusted to 1.55 mol/l, while 

the sulfidity remained unchanged at 33%. The alkali concentration of the impregnation liquor of 

HA Kraft cooking was adjusted to 2.0 mol/l to ensure a minimum hydroxide ion concentration of 
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1.55 mol/l throughout the cooking. The target kappa numbers of approximately 60 and 80 were 

adjusted by H-factor control. The cooking conditions and resulting pulp properties are summarized 

in Table 1.   

Table 1. Cooking conditions and pulp properties (Pulp yield and pulp components reported on original wood)  

 

Pulp H-factor T 

(oC) 

Time 

(min) 

Alkalinity 

(%) [OH-] 

mol/l 

Yield 

on wood 

(%) 

Reject 

from 

screening 

(%) 

Kappa Viscosity 

(mL/g) 

Lignin 

(%) 

Cella 

(%) 

GGM 

(%) 

AX 

(%) 

HA80 262 155 55 2  58 0.22 79 1310 6.9 41.6 5.8 3.8 

LA80 650 165 50 0.5  58 0.35 79 1477 6.8 41.1 5.2 5.0 

HA60 310 150 110 2  52 2.4 64 1300 5.1 38.1 5.7 3.1 

LA60 1199 160 180 0.5   52 0.06 56 1430 4.7 38.6 4.4 4.2 

 

a: Cellulose, initial amount of wood components is: Lignin = 26.6%, Cell= 42.5%, GGM= 16.9% and AX= 8.2% 
 

2.2. O-delignification  

O-delignification was carried out in an FT reactor (commercially called Berty reactor) with 280 ml 

nominal volume containing a 100 ml stationary basket which holds the pulp suspension in a 

medium consistency (10-12% odp pulp in the fibrous suspension). A constant flow of an aqueous 

solution containing 1-4 g NaOH/l is fed to the reactor continuously, thus the pH value is always 

constant at 12.5-13. The solution is pre-saturated with oxygen at room temperature and 10 bar. 

During an experiment, the oxygenated solution is pushed through a preheater into the reactor at 90-

100 
o
C using a pressure of 20 bar to avoid the degassing of the solution at the reaction 

temperature.
19

 The reactor operation was validated by showing that the O-delignification kinetics 

are not affected by the amount of pulp inside the basket (3-5 g od pulp) or the mixer speed (≥ 1200 

rpm), which forces the flow through the basket and creates uniform conditions within the reactor 

and the feed flow rate (70-130 ml/min).                                         

Therefore, the stirring speed, the weight of the pulp, and the flow rate were kept constant at 1200 

rpm, 4 g, and 100 ml/min, respectively. The process scheme of the FT reactor setup is shown in 

figure 1.  
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Figure 1. Process flow schematic for the flow-through reactor 

The UV absorption at 280 nm in a downstream flow cell is used for the quantification of the 

dissolved lignin since absorption at this wavelength is high and not affected by the presence of 

sodium hydroxide. An extinction coefficient of 22 l/g cm was used based on Indulin AT as the 

reference lignin material in order to better predict the experimentally determined final kappa 

number for different initial kappa numbers range of ~ 60-80. Each reaction was repeated three times 

and the results (Kappa, viscosity, delignification rates) indicate the satisfying reproducibility, with 

standard deviation in the 4–8% range. The average error in the prediction of the final kappa number 

based on this extinction coefficient is ± 1.5 kappa units.   

2.3. Data reduction for FT-reactor 

The rate of delignification, r(t), in mg lignin/g pulp/min, can be obtained from a mass balance for 

the dissolved lignin concentration C(t) within the reactor boundaries, according to Equation 1 and 

Equation 2 

Inflow – outflow + dissolved = accumulated 

φ�. C�t � t�	. dt � r�t	.m	�. dt � V�dC�t � t�																																			�1	 
r�t	 � φ�

m�
. C�t � t�	 � V�

m�
. dCdt |����																																																						�2								

where: 

φ
v
 is the flow rate of the liquid  (ml/min), 

C(t+td) is the dissolved lignin concentration measured in the flow cell (mg lignin/ml), 

td is the delay time between reactor and flow-cell (s) 

r(t) is the rate of delignification in the FT reactor at time t (mg lignin/g pulp/min), 

mp is the weight of the pulp in the basket (g od pulp) and,  
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Vr is the reactor volume (ml). 

The amount of lignin removed is calculated by mathematical integration from Equation 2 as:  

removed	lignin	� �
�	 !" 	 � φ�# C�t	dt � V�	C�t � t�															�3											

����

�%
					 

so, that the final kappa number is predicted as: 

Final	Kappa � Initial	kappa , removed	lignin�mg	
m��g	 ∗ 0.15	 0mgg 1

																								�4	 

The value of 0.15 approximately relates the kappa number and lignin content in the softwood Kraft 

pulp.
6
 

2.4. Woodchips and Pulp analysis 

The kappa number and viscosity of the treated pulps were measured based on Scan-C 1:00 and 

Scan-CM 15:99, respectively. Pulps with a kappa number higher than 35 were subjected to chlorite 

treatment before viscosity determination (5 g pulp in 200 ml water + 5 g NaClO2 + 2 ml acetic acid 

at 70 
o
C for 5 min)

20
. Anion exchange chromatography, Dionex HPAEC was used to quantify the 

sugar and lignin content of the woodchips, pulps and isolated lignin based on NREL/TP-510-42618 

procedure. The polysaccharide composition can be determined from the monosaccharide quantities 

according to Janson.
21

 

2.5. Lignin isolation and purification 

Pulp samples at different kappa numbers before and after O-delignification in  the reference 

conditions ( 2.2 g NaOH/L, 95 
o
C and 10 bar) subjected to Acetone extraction (SCAN-CM 49:03), 

with a liquid to solid ratio (L/S) of 10. Lignin was isolated using multistep acidolysis according to 

Evtuguin et al’s approach.
22

 The purity and degraded carbohydrates in the lignin sample are listed in 

Table 3. The purity of lignin is defined as a percentage of lignin in the isolated lignin sample and 

measured in the same way that the pulp sample compounds were determined.  The yield of lignin 

isolation is also reported in Table 3, where the initial kappa was compared with the kappa value of 

the sample after acidolysis treatment. 
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Table 3: Yield and purity of the lignin samples extracted from a softwood Kraft pulp of different kappa numbers before 

and after O-delignification 

 HA64 O2-HA64 LA56 O2-LA56 HA80 O2-HA80 LA80 O2-LA80 

Yield (in pulp lignin %) 65 61 70 65 68 63 61 63 

Lignin average 

(in lignin sample %) 
96 94 97 96 93 94.8 94 95.2 

Total carbohydrate average 

(in lignin sample %) 
4 6 3 4 7 5.2 6 4.8 

 

2.6. 31P NMR measurement for lignin characterization   

Lignin samples were analyzed using quantitative 
31

P NMR spectroscopy on a Varian Unity INOVA 

600 spectrometer (600 MHz proton frequency), which was equipped with a 5 mm direct detection 

broadband probe-head at 27 
o
C. The quantitative 

31
P NMR spectra were collected with 1000 

transients, a 75 
o
 pulse flip angel, 5 seconds relaxation delay, and 1 s acquisition time.  

The samples were prepared using a modified technique based on previously published methods.
23, 24

 

Pyridine (100 µl) and chloroform (500 µl) were added to 25 mg of lignin, and the mixture was 

agitated. 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (2-Cl-TMDP, 100 µl, 0.63 mmol) 

was added and vortex-mixed until it was completely dissolved. Finally, endo-N-hydroxy-5-

norbornene-2,3-dicarboxylic acid imide solution (e-HNDI, 200 µl, 121.5 mM in Pyr:CDCl3/3:2, 

0.0243 mmol) and Cr(acac)3 (500 µl, 0.08 M in CDCl3, 0.04 mmol) were added to serve as the 

internal standard and relaxation agent, respectively. The 
31

P NMR spectra were recorded with 700 

µl samples in a 5 mm diameter NMR tube. The spectra were calibrated with TMDP-anhydride at 

132.2 ppm, and the amounts of the different functional groups were calculated from their 

integration values against the phosphitylated internal standard.  

This procedure was used for isolated lignin from pulps with kappa number 60. Since lignins from 

kappa 80 pulps were found to be only partially soluble in the pyridine/CDCl3/2-Cl-TMDP system, a 

new solvent was used in this effort. Lignin (25 mg) was heated in N,N-dimethyl acetamide (DMA, 

250 µl) for 10 min at 100 
o
C. Pyridine (100 µl) and CDCl3 (500 µl) were then added, and the 

samples were phosphitylated with 2-Cl-TMDP (100 µl). Finally, e-HNDI (200 µl) and Cr(acac)3 

(500 µl) were added, the mixture agitated and the 
31

P NMR spectra collected.  
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3. Results and discussion 

3.1. O-delignification of kappa number 80 and 60 pulp  

HA and LA Kraft pulps with a kappa number of approximately 80 and 60 were oxygen-delignified 

in the flow through reactor for 60 minutes. The experiments were carried out at different alkali 

concentrations (1.1, 2.2 and 3.3 g/l) at 95 
o
C and (90, 95, 100 

o
C) at 2.2 g/l NaOH, where the 

oxygen pressure was kept constant at 10 bar (room temperature). The development of the 

delignification rate for kappa 80 pulps is shown in Figures 2a and 2b, respectively. It is evident that 

a significantly higher delignification rate can be achieved at a higher alkali charge or higher 

temperature. The results also show that the rate of delignification at the same kappa number is 

lower for the HA pulp compared to the LA pulp. 

 

 

 

 

 

   Figure 2. Delignification rate vs. kappa for HA80 and LA80 pulp at (a) different alkali concentrations at 95 °C and 

(b) at different temperatures at 2.2 g/l NaOH 

The rate difference increases at milder O-delignification conditions, such as at lower temperature 

and alkali concentration, for example. Another interesting observation is that, with the exception of 

the highest concentration (3.3 g/l NaOH in Figure 2a) and the highest temperature (100 
o
C in Figure 

2b), the delignification rate displays two phases. The initial rapid phase is followed by a second 

slower phase where the delignification rate decreases roughly linearly with the decreasing kappa 

number. It can also be observed that the initial delignification rate is not affected significantly by 

increasing temperature or alkali concentration above 95 
o
C and 2.2 g/l NaOH. One might speculate 

that the rate of reaction is not controlled by chemical kinetics but by diffusion since the oxygen 

supply at these conditions (about 40 mg/min) is at least four times larger than the maximum oxygen 
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requirement. The rate of oxygen consumption is estimated by multiplying the rate of delignification 

(in mg lignin/g pulp/min) by the pulp weight and the stoichiometric constant for the oxygen-lignin 

reaction (g O2 consumed/g lignin removed)
7
. The latter coefficient is taken from literature as 1.0 

g/g, which is in agreement with 0.14% oxygen consumption per kappa unit.
25, 26

 

Figures 3a and 3b show the selectivity plots based on the measured kappa numbers and intrinsic 

viscosities of the final pulps. These samples were removed from the reactor after O-delignification 

of the HA80 and LA80 pulps at the different alkali concentrations and temperatures, respectively. 

The degree of delignification is less for the HA pulp, and the difference between delignification rate 

development increases with decreasing alkali concentration and temperature. 

 

 

  

 

 

 

 Figure 3.  Viscosity and kappa number development of HA80 and LA80 pulps at different operating conditions

This is in agreement with the results shown in Figure 2. Figure 3 reveals that the selectivity of O-

delignification of the HA Kraft pulp is basically not dependent on the operating conditions. For the 

LA Kraft pulp, the selectivity of O-delignification is initially poor but improves significantly during 

the final delignification stages. Since the HA Kraft pulp contains less AX but more GGM compared 

to the LA Kraft pulp, a possible explanation for the slower delignification of the former may be 

related to the presence of lignin-carbohydrate complexes (LCCs), which impair delignification.
27

 

Lawoko et al reported that galactan-lignin structures in the fiber wall lead to poorer lignin 

accessibility.
27, 28

 The results for  HA and LA kappa 60 indicate that the differences in the 

delignification rate between the LA and HA pulps are generally small, which is contrary to what 

was observed for the HA80 and LA80 pulps in Figure 2. Surprisingly, the initial delignification 

rates for the HA64 and LA56 pulps at 3.3 g/l NaOH shown in Figure 4a are higher than the initial 

delignification rates of the 80 kappa pulps in Figure 2 despite the lower lignin content of the former 

pulps. 
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 Figure 4. Delignification rate vs. kappa for HA64 and LA56 pulp at (a) different alkali concentrations at 95 °C and (b) 

at different temperatures at 2.2 g/l NaOH 

The lower initial delignification rates for the kappa 80 pulps may be related to the poor accessibility 

of the lignin in these pulps, as proposed in the previous section. It is also noticeable that for HA 80, 

the effect of caustic concentration on the delignification rate is much larger than that of temperature. 

Finally, from Figures 4a and 4b, it can be noted that during the slow delignification phase, the rates 

decrease linearly with decreasing kappa and extrapolate to a limiting kappa number of about 14. A 

similar behavior was also observed by Ji et al.
29

 However, in the latter study the final kappa could 

decreases further due to the lower starting kappa number (kappa 24)
7
. 

The results in Figure 5 show that the delignification-cellulose degradation relationship is 

comparable for the HA64 and LA56 pulps. This is different from what was indicated by the kappa 

80 pulps in Figure 3, where the HA80 pulp initially demonstrated a much lower selectivity than the 

LA80 pulp. Therefore, for the kappa number level of about 60, there is no significant difference in 

rate and selectivity of O-delignification for the HA and LA pulps. Lawoko et al.
28

 found that most 

of the residual lignin in  kappa-50 softwood Kraft pulp was linked to xylan, while most of the 

residual lignin in a kappa-20 softwood Kraft pulp, received by applying a higher H-factor, was 
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linked to glucomannan. Similarly, upon subsequent O-delignification, a further relative increase in 

glucomannan-linked LCC was observed. 

 

 

 

 

 

 

 

   

 

  

 

 

 

 

 

Figure 5.  Viscosity and kappa number of HA64 and LA56 pulps at different operating conditions  

Based on these findings, it can be concluded that the significant difference in xylan and 

glucomannan content of the two pulps, HA64 and LA56, may not be related to different LCC 

contents. 

3.2. Effect of initial kappa number on delignification  

In Figure 6, the delignification rate at 2.2 g/l NaOH and 95 
o
C of the pulps with the two different 

initial kappa number levels is plotted against the kappa numbers in the course of O-delignification. 

It can be noted that the delignification rates of kappa 60 and 80 pulps develop largely in the same 

manner. The delignification rates of the kappa number 80 pulps follow a parallel pattern until 

reaching the lowest kappa number, keeping the differences largely constant. This is different for the 

kappa number 60 pulps, where the delignification rates between the HA and the LA- Kraft pulps are 

quite comparable with a slight advantage for the HA-Kraft pulp at very low kappa.  

From the results, it can be concluded that the kappa number target of 15 after O-delignification can 

be achieved for the Kraft pulps with a kappa number of about 60, while this goal cannot be 

achieved for the kappa number 80 pulps. This raises the question about the structural changes in 
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lignin during Kraft cooking as well as how the target kappa number facilitates dissolution of lignin 

during following O-delignification stages. Analysis by 31-P NMR of isolated Kraft pulp lignins, as 

well as the analysis of samples after the oxygen stage, gives additional information for behavior of 

lignin towards oxygen-alkali stage. 

 

 

 

Figure 6. Delignification rate versus kappa for different HA and LA kappa pulps at 95 oC and 2.2 g/l NaOH.  

3.3. Lignin structural information based on 31P NMR 

Quantitative 
31

P NMR is used to characterize the structure of isolated lignins. Lignin samples were 

isolated from the pulps of different kappa number before and after oxygen delignification at 

reference operational conditions (2.2 g NaOH/L, 95 
o
C and 10 bar Oxygen). The typical reactive 

groups present in lignin samples in this study (phenolic hydroxyls) are illustrated in Figure 7, while 

Figure 8 shows the 
31

P NMR spectra of HA60 and O-delignified HA60, which represents signal 

assignments according to previous studies.
24, 30

 Further information concerning the NMR data can 

be found in the supporting information. 

It is evident from Table 3 that the amount of carboxylate groups increased by 48-159% through O- 

delignification, depending on the pulp sample.  
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Figure 7. Typical phenolic structures present in the lignin samples in this study 

 

Figure 8. 31P NMR spectra of HA60 and HA60-OD (G: Guaiacyl phenolic OH, H: p-Hydroxyphenolic OH) 

The magnitude of the increase is generally higher for the lignin samples isolated from the LA-Kraft 

pulp than for those isolated from the HA-Kraft pulp. On the contrary, the quantity of aliphatic 

hydroxyl groups decreased under O-delignification (Table 3). The degradation of condensed 

phenolic structures, and thus the formation of carboxylic acids, are known to be pathways for lignin 

dissolution during the oxygen-alkali stage, according to a previous study.
31

 

The free phenolic hydroxyl groups attract more attention amongst all of the other functional groups 

due to their higher reactivity compared to non-phenolic structures. Early study suggested that a very 

low content of free phenolic groups represent a very low reactivity towards O-delignification.
3
 The 

reactivity of guaiacol groups is known to be higher than their p-hydroxyphenyl counterparts during 

O-delignification.
11, 12
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Table 3. 31P NMR analysis of pulp samples before and after O-delignification (mmol/g of substrate) 

Lignin 

sample 

Carboxyl 

OH a 

p-Hydroxy-

phenolic OH b 

Guaiacyl 

OH c 

Total condensed 

phenolic OH d 

 

 

5-5´ Condensed 

OH e 

 

 

Aliphatic 

OH f 

Total free 

phenolic OH g 

HA60 0.58 0.21 1.25 1.32 0.4 2.97 2.78 

HA60-O 0.86 0.24 0.75 1.20 0.57 2.77 2.19 

LA60 0.46 0.16 1.12 1.40 0.37 2.86 2.68 

LA60-O 1.19 0.21 0.58 0.96 0.38 2.96 1.74 

HA80 0.43 0.15 0.96 0.95 0.30 3.08 2.06 

HA80-O 0.79 0.17 0.58 0.86 0.35 3.03 1.62 

LA80 0.36 0.15 1.02 1.12 0.43 2.88 2.29 

LA80-O 0.79 0.12 0.59 0.80 0.40 2.79 1.51 

a 133–137 ppm, b 137–138.6 ppm, c 138.6–140.2 ppm, d 140.2–145.2 ppm, e 140.2–141.4 ppm, f 145.2–151.4 ppm, g  Sum of b, c & d 

Table 3 shows that the quantity of free phenolic hydroxyls within residual Kraft lignin decreased by 

19-34% after O-delignification. In addition, the degree of elimination of such groups is higher in 

low alkali pulps than high alkali samples for both pulp samples, with kappa 60 and 80 (Figures 9a 

and 9b). It should also be noted that the amount of these groups are higher in kappa 60 pulps than 

for kappa 80 pulps.  

Amongst phenolic structures, non-condensed phenolic hydroxyls require more attention because the 

most significant changes in lignin structure are due to a loss of such groups. These moieties possess 

excellent reactivity towards O-delignification compared to condensed phenolics, and therefore their 

content decreased as delignification proceeded.
32

 As it is obvious from Table 3, Figure 9a, and 

Figure 9b, guaiacyl phenolic hydroxyl groups decreased over a range of 39-48% for the analyzed 

lignins that is in agreement with the earlier studies.
13-15

 The magnitude of the decrease is also higher 

in low alkali pulps than for high alkali samples, regardless of the pulp kappa number. 

It has been demonstrated that condensed phenolic units containing β-5, 4-O-5 and 5-5´ biphenyl 

structures are fairly resistant to oxidative degradation even at higher temperatures. Therefore, the 

degradation of such compounds is less than for non-condensed guaiacyl units.
3
 Our observations are 

in agreement with earlier studies showing that condensed structures decreased by 6-31% after O-

delignification with the highest decrease for LA cooked pulps. 5-5´ Biphenolic moieties are the 

most unreactive units among the condensed structures. Table 2 shows that such structures basically 

accumulate during O-delignification.  
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Figure 9. The amounts (mmol/g of 100 % lignin) of the various hydroxyls in lignin samples isolated from softwood 

Kraft pulp, with kappa number 60 and 80, before and after O-delignification  

The presence of p-hydroxyphenyl units was also quantified by 
31

P NMR. Our findings indicate that 

these groups increase somewhat during delignification for all examined samples, while for the 

LA80 pulps, they decrease slightly. However, this is not very significant. In addition, these 

functional groups were found to be fairly stable under alkali-oxygen conditions.  

A comparison of the two categories of pulps, such as 60 kappa and 80 kappa pulps, clearly indicate 

that there is a higher amount of total free phenolic units, especially guaiacyl structures in lignin for 

kappa 60 pulps compared to kappa 80 pulps. It indicates an increase in the reactive structure of 

residual lignin as the cook proceeds. One of the main fragmentation reactions in the cooking stage 

is the cleavage of the β-aryl ether linkage in β–O–4 structures. This reaction breaks down the lignin 

polymer by the simultaneous liberation of a new phenolic hydroxyl group and the generation of 

coniferyl alcohol. Gellerstedt et al have shown that increased dissolution of cross-linked lignin 

groups takes place mainly at the end of the cooking process.
14

 The latter study indicates that 

cleavage of α-aryl ether structures still occurs, even at the end of pulping stage in the lignin fibers, 

but not necessarily with simultaneous lignin dissolution. It may be concluded that the interruption 

of cooking at kappa 80 impairs the fragmentation of lignin. Therefore, the variety of lignin structure 

remains intact or in larger polymeric forms, which makes it resistant to the oxygen-alkali reaction.  

3.4. Effect of initial kappa number on lignin-free pulp yield (based on original 

wood) 

Figure 10 illustrates the lignin-free yield (based on original wood) versus kappa number at reaction 

conditions of 95 
o
C and 2.2 g/l NaOH. It can be noted that the lignin-free yield (i.e., carbohydrate 

yield) loss is significantly smaller for O-delignification than for Kraft cooking. The yield after O2-
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delignification was found to be slightly higher for the LA pulp compared to the corresponding HA 

pulp. Figure 10 shows a 2.5% higher carbohydrate yield after O-delignification of the LA80 pulp 

compared to an oxygen-delignified LA60 pulp at a given kappa number. Thus, termination of 

cooking at high kappa numbers followed by extended O-delignification may substantially increase 

the lignin-free yield, due to smaller carbohydrate losses during O-delignification.  

 

Figure 10.  Lignin-free yield versus kappa during O-delignification of different pulps cooked at HA and LA charge (95 
o
C, 2.2 g/l NaOH and 10 bar oxygen pressure for 60 min) 

However, the present results also show that it is very difficult to reach a bleachable grade pulp of 

kappa 15 (kappa that is introduced to the bleaching sequences) by O-delignification when starting at 

kappa numbers of about 80. As previously stated, this may be due to the interruption of cooking at a 

high kappa number that attributes to low lignin polymer fragmentation and thus the poor liberation 

of a new active phenolic hydroxyl group. 

4. Conclusion 

It was found that the rate of O-delignification for HA-80 is lower than that of a LA-80. The rate 

difference also increases at milder O-delignification conditions, i.e. lower temperature and alkali 

concentration. This difference between HA60 and LA60 pulps, however, was not observed. The 

results of the present study suggest that the delignification in the kappa 80 pulps is limited by both 

accessibility and the limited amount of free phenolic units in lignin compared to kappa 60 pulps. 

The lower amount of free phenolic groups is attributed to the interruption of cooking at a higher 

kappa number that, in turn results to lower polymeric lignin fragment masses. The lignin-free yield 

decrease is significantly smaller for O-delignification than for HA or LA Kraft pulping. However, 

owing to the lower selectivity (chain scission/removed kappa number) of O-delignification than 

Kraft cooking, the kappa number level entering an oxygen-alkali stage is not only selected by the 
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yield advantage but is also limited by the minimal viscosity requirements for subsequence 

bleachable grade pulps of about 850 ml/g. Our future focus will be centered on study of lignin 

structure during O-delignification of HK pulp, where the operational conditions are intensified for 

example by increasing temperature and using an appropriate cellulose-protecting additive. The 

higher temperature will allow for more efficient removal of the condensed lignin, while the 

presence of additive will maintain viscosity above the acceptable threshold value. 
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