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In hydrogen peroxide bleaching of thermomechanical pulp (TMP), reaction 
temperature and time are the main factors that can improve the 
bleachability of pulp fibers. However, high temperatures can induce some 
problems such as cellulose degradation, yield loss, low fiber strength, and 
high environmental load. These negative effects of high temperature are 
mainly caused by radicals formed from the decomposition of hydrogen 
peroxide. To avoid the adverse effects of high temperature, we used two-
step thermal treatments during hydrogen peroxide bleaching of TMP. The 
temperatures used in the two-step thermal treatments were 80 and 45 ˚C 
for a total bleaching time of 1 hour. In H2O2 bleaching of TMP, two-step 
thermal treatments were found to have had positive effects on the optical 
and physical properties of the pulp. The ISO brightness of the pulp 
bleached by two-step thermal treatments with hydrogen peroxide was 
identical to that of pulp bleached by conventional hydrogen peroxide 
bleaching. The post color number (PC number) of TMP was sharply 
increased after bleaching at 80 ˚C for 40 minutes. The post color number 
of TMP bleached by two-step thermal treatments is lower than that of TMP 
bleached by a one-step thermal treatment. The zero-span tensile index 
was also improved by two-step thermal treatments. 
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INTRODUCTION 
 
 Hydrogen peroxide is a clear and colorless liquid. It is sold commercially in 30% 
to 70% solution concentrations. It is well known that hydrogen peroxide brightens 
mechanical pulp and increases the brightness of bleached chemical pulp and secondary 
(recycled) fibers (Stevens and Hsieh 1997; Ni et al. 2001; Smook 2002). 

Traditionally, hydrogen peroxide has been classified as a lignin-preserving 
bleaching reagent. It preferentially removes chromophoric structures present in residual 
lignin, but it is incapable of degrading the lignin network (Gratzl 1987).  In an alkaline 
medium, hydrogen peroxide decomposes to create hydroperoxide ions, hydroxyl radicals, 
and superoxide anion radicals. The hydroperoxide ion is a strong nucleophile, whilst the 
other active oxygen species are electrophiles. The hydroperoxide ion cleaves quinones and 
conjugated carbonyl structures. Alpha and gamma aryl ether bonds represent major 
reactive sites for nucleophilic attack in hydrogen peroxide bleaching and beta aryl ether 
bonds represents minor reactive sites (Dence 1996). 
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To induce vigorous reaction of lignin structures with hydrogen peroxide, bleaching 
is usually carried out at high temperatures. However, there are some negative effects of 
high temperature on the pulp properties, such as yield loss, low fiber strength, high 
environmental load, and cellulose degradation. Lachenal (2005) reported that high amounts 
of quinone structures in pulp adversely affect the bleachability of the pulp. Furthermore, 
based on results of a study by Andrade and Colodette (2010), brightness reversion increases 
with reaction temperature in hydrogen peroxide bleaching. According to Argyropoulos and 
Rojas (2004), the cleavage of ether bonds is accompanied with formation of condensed 
structures in alkaline conditions at high temperature, and this condensation reaction causes 
the formation of hydroquinones, and consequently affects the brightness stability of pulp.  

The brightness stability of TMP is particularly vulnerable to heat and light. Many 
researchers have reported that autoxidation reactions, in which reactive phenolic groups in 
lignin oxidize to produce quinones, have an important role in the thermal discoloration of 
mechanical pulp (Polcin and Rapson 1972; Gellerstedt and Pettersson 1980; Giust et al. 
1991). Gellerstedt and Pettersson (1980) also reported that “the quinones can react further 
and form strongly colored condensed quinoid structures under alkaline conditions”. 
Consequently, lignin-preserving bleaching forms new structures in the lignin, and bleached 
mechanical pulp has a higher propensity to discolor because of these new structures 

(Gellerstedt et al. 1983; Moldenius 1983; Mclellan et al. 1990).  
In general, a pH range of 4.5 to 6 minimizes the heat-induced discoloration of 

mechanical pulp (Gellerstedt and Pettersson 1980; Gellerstedt et al. 1983; Lai et al. 1993; 
Narvestad et al. 2011; Poirier et al. 1996) According to Narvestad et al. (2013), kaolin clay 
can decrease the brightness of mechanical pulp, and iron in kaolin clay is a major factor in 
the decrease of brightness stability. Süss et al. (1998) have reported that increasing 
temperature in hydrogen peroxide bleaching accelerates the bleaching reactions; however, 
it does not cause the brightness of the pulp to reach the highest level possible and induces 
a much higher COD (Chemical Oxygen Demand) load. Furthermore, Yoon and Wang 
(1999) reported that increasing temperature does not affect the brightness during the first 
40 min of bleaching but then the negative effect of high temperature, i.e., reduction in 
brightness, is increased when the reaction time is more than 40 min. 

Therefore, the present study was initiated to improve the bleaching efficiency 
achievable by hydrogen peroxide bleaching of TMP by using a two-step thermal treatment. 
The most effective bleaching method was identified as the two-step thermal treatment, 
which mitigated to the greatest extent the adverse effects of high temperature. 
 
 
EXPERIMENTAL 
 
Materials 
 The bleaching trials were carried out with an industrial pine TMP containing lignin 
supplied by a Korean mill. Standard methods were used to measure the ISO brightness (KS 
M ISO 2470), klason lignin content (KS M 7045), and CIELAB (KS M ISO 5631). The 
basic characteristics of the TMP are presented in Table 1. The Canadian standard freeness 
of TMP is 200 mL C.S.F. 

Reagent grade hydrogen peroxide (35% solution) was purchased from Junsei. 
Sodium hydroxide (powder) and sodium silicate (water glass, solution) with a weight ratio 
between SiO2 and Na2O of 2.5 were supplied by Daejung Chemicals & Metals. EDTA 
(Ethylenediamine-tetraacetic acid, solution) was purchased from Fluka. 
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Table 1. Basic Characteristics of TMP 

 ISO brightness, % L* a* b* Klason lignin content, % 

TMP 51.12 85.56 -0.52 15.49 28.4 

 
Methods 
Hydrogen peroxide bleaching  
 Two-step thermal treatments were used to evaluate the dependence of the 
bleachability of TMP on bleaching temperature and time. The bleaching temperatures were 
80 and 45 C in the P stage (hydrogen peroxide bleaching stage). All samples were washed 
after bleaching with 400 mL of hot water for 1 h. The bleaching conditions of TMP are 
shown in Table 2, and the bleaching sequence is shown in Table 3. All the components of 
the bleaching liquor were premixed and put in plastic bag with pulp slurry at the first stage. 
The plastic bag was immersed in a water bath and the pulp at 80 C brought to 45 C with 
10 sec. delay by using two of water bath. The initial and final pH were 11.0 to 11.5 and 
10.4 to 10.7. All of bleaching conditions were repeated five times.  
 
Table 2. Bleaching Conditions of TMP  

Pulp 
conc., % 

H2O2 
conc.,  
% on o. d. 
pulp 

NaOH 
conc.,  
% on o. 
d. pulp 

Na2SiO3 

conc.,  
% on o. d. 
pulp 

EDTA 
conc.,  
% on o. d. 
pulp 

Temperature, 
C 

Reaction 
time, min 

15 4.5 1.8 0.29 0.3 
45 

10 to 60 
80 

 
Table 3. Bleaching Sequences of TMP 

Symbol 
1st P stage 2nd P stage 

Temperature, C Time, min Temperature, C Time, min 
P10 

80 

10 

45 

- 
P10P50 10 50 
P20 20 - 
P20P40 20 40 
P30 30 - 
P30P30 30 30 
P40 40 - 
P40P20 40 20 
P60 60 - 
Control of  
temperature in  
1st and 2nd P stage 

50~90 30 - - 

80 30 20 to 60 30 

 
Measurement of residual hydrogen peroxide 
 1 mL of bleaching effluent was prepared in a 100 mL beaker with 49 mL of distilled 
water and mixed thoroughly. A 25 mL aliquot was then pipetted into a 100 mL beaker 
containing 20 mL of 0.01 N sulfuric acid. The resulting solution was titrated with 0.01 N 
potassium permanganate to the first permanent pink color. Residual hydrogen peroxide 
was calculated using Eq. 1 and tabled as the ratio of residual hydrogen peroxide to initial 
input. 
 

Residual	ܪଶܱଶ,% ൌ ௏ൈ௙ൈ଴.଴଴଴ଵ଻଴଴ହ

ௐൈమఱ
ఱబ

ൈ 100                                                    (1) 
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Optical properties of TMP  
 The ISO brightness of TMP was determined according to the KS M ISO 2470 
standards, using Elrepho (L&W). To evaluate the color reversion, the post color number 
(PC number) was determined according to the TAPPI useful method 200. TAPPI UM 200 
describes ageing at 105 C for 4 h in a dry oven. The PC number uses the ratio of absorption 
coefficient to scattering coefficient by the following equation (Eq. 2): 
 

PC	No.ൌ 100 ൈ ሺ	௞
௦௔௙௧௘௥	௔௚௘௜௡௚

െ	௞
௦௕௘௙௢௥௘	௔௚௘௜௡௚

	ሻ                                        (2) 
 

Analysis of fiber characteristics  
 The reaction of lignocelluloses with hydrogen peroxide forms carbonyl and 
carboxyl groups (Wojciak et al. 2010). Bulk carboxylic acid group content was measured 
by TAPPI T-237 (Katz et al. 1984). The zero-span tensile index of TMP was determined 
according to the KS M ISO 15361 standards, using TS-100 (Pulmac).  
 
Environmental load of effluents  
 To analyze the lipophilic extractives, bleaching effluents were extracted three times 
by separatory funnel with a mixture of hexane:acetone(2:1) (Orsa and Holmbom 1994). 
Solvents were evaporated by rotavator R-124(BUCHI), and dried extractives were weighed 
and redissolved in chloroform. Gas chromatograph analyses of the extractives were 
performed in a Hewlett-Packard HP 5890 equipped with a flame ionization detection 
system using a fused silica capillary column (CP SIL 5CB, Varian; 30 m × 0.25 mm i.d., 
0.25  film thickness). The injection port and detector temperature were 300 C, and the 
carrier gas was helium. The oven temperature was programmed from 100 C (1 min) to 
325 C (3 min) at 15 C/min. Pyridine was used as an internal standard. A DR/2500 
spectrophotometer, based on soluble COR-Cr measurement, was used to analyze SCOD 
value of bleaching effluents. 
 
 

RESULTS AND DISCUSSION 
 
Analysis of Residual Hydrogen Peroxide Contents  
 Measurement of the amount of residual hydrogen peroxide is necessary in order to 
be able to use hydrogen peroxide efficiently. Figure 1 shows the impact of one- and two-
step thermal treatments on the amount of residual hydrogen peroxide. It can be seen that 
the decomposition of hydrogen peroxide mainly occurred during the first 30 min of 
bleaching. The amount of residual hydrogen peroxide after the two-step thermal treatments 
was nearly identical with that of the one-step thermal treatment. It may be seen that the 
reaction time of the 1st P stage, which was conducted at a high temperature (80 C), affected 
the decomposition of hydrogen peroxide. Consequently one may conclude that the 
decomposition of hydrogen peroxide strongly depends on reaction temperature and 30 min 
is enough to ionize hydrogen peroxide.  
 
Optical Properties of TMP  

Brightness is a quality that is important in white papers. Brightness is the 
reflectivity to light in the blue portion of the spectrum of naturally colored pulps, and of 
the paper and board made from such pulp. The brightness tends to improve with bleaching. 
Figures 2(a) and 2(b) show the variation in the ISO brightness of TMP with reaction 
temperature in the 1st and 2nd P stages of two-step thermal treatments. 
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Fig. 1. The impact of bleaching sequences on the amount of residual hydrogen peroxide 

	
 

Fig. 2. The effects of reaction temperature in the 1st P stage and the 2nd P stage on the ISO 
brightness of TMP (Reaction time of 1st P stage: 30 min, reaction time of 2nd P stage after 
bleaching at 80 C for 30 min: 30 min) 
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As shown in Fig. 2, the ISO brightness gradually rose with increasing reaction 
temperature in the 1st P stage but was unaffected by reaction temperature in the 2nd P stage. 
The ISO brightness of bleached pulp at 80 C in the 1st P stage was 65.2% in Fig 2(a). After 
that, ISO brightness increased to about 67.5% in the 2nd P stage regardless of the reaction 
temperature. It is assumed that the first 30 min is enough to ionize hydrogen peroxide and 
the bleaching reaction between reactive species and pulp components can occur at low 
temperature during the last 30 min. In the 1st P stage, the increase in ISO brightness 
depended on the reaction temperature, whereas the reaction temperature in the 2nd P stage 
only very slightly affected the increase in the ISO brightness of TMP during the last 30 
min.  

As can be seen in Fig. 3, the ISO brightness of TMP gradually increased with 
reaction time in the 1st P stage, but there was hardly any change in the ISO brightness of 
TMP in the two-step thermal treatments except for P10P50. P60 was bleached at 80 C for 
60 min; however, the ISO brightness of P60 was similar to that of P30P30 bleached at 45 C 
during the last 30 min. And the ISO brightness of P30P30 was higher than P30 bleached at 
80 C for 30 min. It is likely that sufficient time is required for the reaction between reactive 
species and pulp components and its reaction can occur at low temperature during the last 
30 min. 

 
Fig. 3. The impact of bleaching sequences on the ISO brightness of TMP 

 
As can be seen in Fig. 4(a), the PC number of TMP increased sharply between the 

P30 and P40 samples, but there was no further change in the PC number of TMP after 40 
min. Figure 4(b) shows the PC number of TMP treated by two-step thermal treatments. 
The PC number of P30P30 was 8.3, which was higher than the PC number of P30, but was 
lower than that of P60, which was bleached for the same time. Consequently, it may be seen 
that lower temperatures in the later phase of bleaching induced some positive effects such 
as improvement in brightness stability whilst preserving an identical ISO brightness. 
Gellerstedt (2007) reported that high moisture contents dramatically decrease the 
brightness stability. Compared with P60, P30P30 had more lipophilic extractives by low 
temperature in the later phase of bleaching (Fig. 7), and it is assumed that lipophilic 
extractives affect the moisture contents of bleached TMP. 
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Fig. 4. The impact of one- and two-step thermal treatments on the PC number of TMP 
 
Analysis of Carboxyl Groups in TMP  

Alkaline peroxide bleaching could increase the total number of carboxyl groups, 
surface charge, and dissolved anionic substances, but the excess degradation by 
superfluous hydroxide and peroxide could result in the decrease in the number of carboxyl 
groups in fibers because of the production and dissolution of low-molar-mass substances. 
The total amount of carboxyl groups from polysaccharides in fibers remains constant, and 
any increase in their number should result from the carboxyl groups newly formed by the 
lignin oxidation during peroxide bleaching. (Fu et al. 2013)  

As can be seen in Fig. 5, two distinct sections can be distinguished in the rate of 
carboxylic acid group formation: an initial rapid increase for the first 30 min, followed by 
no increase in the rate. Asgari and Argyropoulos (1998) found a similar result. The 
carboxyl groups of TMP bleached by two-step thermal treatments are similar to those 
bleached by one-step thermal treatments. Consequently, it is concluded that the carboxyl 
group formation mainly occurs during the first 30 min of bleaching and depends strongly 
on the reaction temperature. 
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Fig. 5. The impact of bleaching sequences on the amount of carboxyl groups in TMP 
 
Zero-span Tensile Index of TMP  

Figure 6 presents the zero-span tensile index obtained for the bleached TMP by 
one- and two-step thermal treatments. The zero-span tensile index of P30P30 had the highest 
value among samples. In conventional hydrogen peroxide bleaching, zero-span tensile 
index increases gradually with reaction time. It is likely that the zero-span tensile index 
increases with chemical dosage, reaction temperature, and time because of the decrease in 
the number of hydrophobic groups and the increase in the number of hydrophilic groups. 
However, excessive chemical dosage or long reaction times at high temperature can induce 
a decrease in the zero-span tensile index due to the degradation of cellulose. (Liu et al. 
2005). In these experiments, it is assumed that two-step thermal treatments have a little 
effect on the improvement of the zero-span tensile index.  

 
Fig. 6. The effect of bleaching sequence on the zero-span tensile index of TMP 
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Environmental Load of Effluents  
To study the ecological effect of two-step thermal treatments, the environmental 

load of bleaching effluents was investigated. Figure 7 shows lipophilic extractives and 
COD in effluents by different bleaching sequences. COD load of effluents was not changed 
until 30 min of reaction time and considerably increased after 60 min. However, COD load 
of P30P30 was constantly maintained by applying low temperature in the latter phase of 
hydrogen peroxide bleaching. Lipophilic extractives were steadily increased by the 
increase of reaction time at high temperature, and its amounts were decreased by applying 
two-step thermal treatments. It is concluded that low temperature condition is an important 
factor to reduce lipophilic compounds extracted from TMP with low COD value of 
effluent. Lipophilic extracts of P30P30 and P60 were 1.1 and 1.7 mg/g of O.D. pulp.  

 
Fig. 71. Lipophilic extractives and COD of effluents by different bleaching sequences 
 
CONCLUSIONS 
 
1. Sufficient time was required for completion of the bleaching reaction between reactive 

species and pulp components and this reaction occurred at low temperature during the 
last 30 min. 

2. The PC number of TMP was sharply increased after bleaching at 80 C for 40 min. The 
PC number of TMP bleached by two-step thermal treatments was lower than that of 
TMP bleached by a one-step thermal treatment. The increase in severity of bleaching 
conditions for the one-step process decreased the stability of brightness. 

3. The zero-span tensile index was improved by applying two-step thermal treatments. 

4. The decomposition of hydrogen peroxide depends strongly on reaction temperature, 
and 30 min is enough to ionize hydrogen peroxide. 

5. Lipophilic compounds and COD value were decreased by applying two-step thermal 
treatments. 
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