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Paper can be manufactured without bleaching, but high quality white paper grades, which require bleaching, are in 
demand as well. In paper mills, oxidizing or reducing chemicals are utilized to bleach the pulp. In this study, the 
utilization of sodium perborate, instead of the generally used sodium dithionite, to brighten mechanically produced 
wood pulp was investigated. Sodium perborate was chosen, as it is an environmentally friendly chemical and is 
produced in Turkey – from tincal, one of the boron ores in Turkey. The experiments were performed at Milda Aksu 
Paper Mill, using fresh pulp. The amount of bleaching chemicals was adjusted so that the dry mechanical pulp 
contained 0.5-2% more active oxygen. These chemicals were used either alone or in combination to see their bleaching 
effects. It was seen that the use of 2% sodium perborate together with 1.5% hydrogen peroxide gave better ISO 
brightness values (68%) than that of the dithionite bleached (64%) pulps. Under these conditions, fringing and fiber to 
fiber bonding was more pronounced than in the case of the paper from dithionite bleached pulp, which shows the 
advantage of using perborate in the bleaching process. Besides, the physico-mechanical properties of the produced 
paper sheets increased noticeably. 
 
Keywords: mechanical pulp, sodium perborate, hydrogen peroxide, paper mill, brightness, physico-mechanical 
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INTRODUCTION 

The rapidly increasing world population 
enhances the need for and, consequently, the 
consumption of paper and paperboard. Although 
some paper grades can be pressed without 
bleaching, like newspaper, high quality white 
paper grades require bleaching. As known, wood 
is one of the major raw materials used in the pulp 
and paper industry. The global pulp production 
capacity totalled 152.8 Mtpy at the end of 2013. 
The most widely used process is chemical 
pulping, which accounts for nearly three quarters 
of the total capacity (119.4Mtpy). The capacity 
for mechanical pulp totalled 12.1 Mtpy, 8% of the 
global total.1 

Wood is composed of cellulose fibers, 
carbohydrates, such as hemicelluloses, as well as 
lignin, which acts as an adhesive substance for the 
cellulose fibers. The pulp and paper industry 
breaks down the wood to separate the cellulose 
from the non-cellulose substances.2  

 
 In order to get rid of the pale-yellow color 
similar to that of natural wood, which is caused 
by the presence of lignin chromophores, pulp 
needs to be bleached. In a mill, the brightness of a 
pulp is widely used as an indication of its 
whiteness and it is an important criterion of its 
appropriateness for making white paper. The 
brightness of pulp is also used to evaluate the 
bleaching process.3 A brightness of about 55-65 is 
common for unbleached mechanical pulps, which 
may be raised to the range of 65-75 by bleaching.4 

Bleaching can be done with several chemicals, 
such as sodium dithionite (sodium 
hydrosulphite),5,6 sodium bisulfite,7 sodium 
perborate,8,9 sodium percarbonate,10,11 sodium 
borohydride,12 amine borane,13 hydrogen 
peroxide,14-16 magnesium hydroxide,17,18 acetic 
acid,19 H2O soluble ruthenium – phosphine 
complex20 or enzymes, such as xylanase.21,22 For 
bleaching purposes, dithionite, peroxides and 
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hydro sulfites are utilized in mills. Oxygen, 
hydrogen, peroxide, ozone, peracetic acid, sodium 
hypochlorite, chlorine dioxide, chlorine and other 
chemicals are also used to convert the lignin to an 
alkaline soluble form. Unlike hydrogen peroxide, 
sodium percarbonate and sodium perborate are 
alkaline reactants and do not need extra caustic 
soda (NaOH) for the bleaching activity.9 It has 
been reported that a short alkaline pretreatment 
can improve the performance of the peroxide 
bleaching stage, whereas harsh alkaline 
conditions result in the formation of peroxide-
resistant chromophores,23 accelerate self-
decomposition, prevent brightening and reduce its 
effect.24 

While decolorizing the wood’s lignin, the most 
often utilized beaching agent sodium dithionite 
does not dissolve organic material from the pulp.1 
However, residual dithionite in the pulp can cause 
corrosion of metallic components downstream in 
the process. In most mills, a metal chelating 
agent, such as EDTA, is used to prevent 
degradation of the dithionite.25 EDTA is also used 
as a stabilizer, which is used for the control of 
perhydroxyl ion to prevent rapid decomposition 
of bleach and to minimize fiber degradation.26 
Hydrogen peroxide, on the other hand, mainly due 
to alkalinity during bleaching, results in some 
dissolution of organic substances in the wood. 
The bleaching process results in lower brightness 
in the presence of heavy metal ions; therefore, 
chelating agents are usually added before 
bleaching to form complexes with heavy metals, 
which prevents the pulp from discoloring and the 
peroxide from decomposing. Furthermore, 
peroxide bleaching improves the strength and 
water uptake capacity of the pulp.  

Sodium perborates, NaBO3·nH2O, are 
environmentally friendly oxygen-based 
chemicals, which are used as peroxide-releasing 
compounds either alone or in combination with 
other chemicals. Sodium perborate monohydrate 
and tetrahydrate liberates 15% and 10.2% active 
oxygen, respectively, during bleaching. Hydrogen 
peroxide, on the other hand, is a strong oxidizer 
and has a fast oxidizing rate in basic medium. It 
liberates 47% active oxygen, which could 
increase the active oxygen amount of the pulp.  

This is a comparative study to investigate the 
effect of sodium perborate with/without hydrogen 
peroxide during pulp bleaching. These chemicals 
have been tested as a substitute for the 
conventional bleaching chemical, sodium 
dithionite. Unlike in other studies, the 

experiments were performed at the mill’s  
laboratory, using fresh pulp of Fagus orientalis 
and different bleaching chemicals. The 
characterization and physico-mechanical tests 
were also performed in order to observe the 
effects of bleaching chemicals on the produced 
paper sheets. 
 
EXPERIMENTAL  
Materials 

Fresh pulp (Fagus orientalis) from Milda Aksu 
Mill, hydrogen peroxide (H2O2), sodium perborate 
monohydrate (NaBO3·H2O, PBS-1) and sodium 
perborate tetrahydrate (NaBO3·4H2O, PBS-4) were 
used during the bleaching experiments. Sodium 
perborate monohydrate and sodium perborate 
tetrahydrate were provided by Eti Mine Works, 
Ankara, Turkey, while hydrogen peroxide, 
ethylenediaminetetraacetic acid, widely abbreviated as 
EDTA, and NaOH were purchased from Merck. 

A cylindrical stainless steel tank, with a diameter of 
30 cm and height of 60 cm, with a mechanical stirrer, 
was used for the bleaching process.  
 
Experimental procedure 

Before the bleaching process, 20 grams of fresh 
pulp on dry basis was pretreated with 0.4% EDTA at 
65-70 °C for 15 minutes to remove undesirable heavy 
metal ions. The pulp consistency was 3.5-4% at this 
stage. The pH of the medium was adjusted to 9.5 with 
NaOH. The obtained mechanical pulp was put into 
deionized water and then treated with the bleaching 
chemicals for 15 minutes. The hydrogen peroxide, 
perborate monohydrate, sodium perborate tetrahydrate 
and sodium dithionite used had active oxygen content 
in the range of 0.5-3 wt%. 

During the bleaching stage, the temperature was 90 
°C and pH was 5.0. The amount of bleaching 
chemicals was adjusted so that the dry mechanical pulp 
contained 0.5-2% more active oxygen. These 
chemicals were used either alone or in combination to 
see their bleaching effects. The bleached pulp taken 
from the tank was filtered after 60 min. Brightness 
tests, characterization tests and physico-mechanical 
tests were performed in order to see the effect of 
bleaching on the paper sheets. 
 
Brightness tests 

Thin sheets were prepared by using a Frank-PTI 
Rapid Köthen Sheet Machine and the brightness of the 
sheets was measured by a Minolta CM-2600d 
spectrophotometer according to ISO 2470-1977 (E) 
standards. The brightness of a sheet was measured on 
two sides – front and back. The averages were 
calculated and used for comparison during the study.  
 
Characterization tests 

The characterization of unbleached and bleached 
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papers was performed by X-ray diffraction (XRD), 
scanning electron microscopy (SEM) analysis and 
energy dispersive X-ray spectroscopy (EDS) analysis. 
The XRD of the samples was carried out by using a 
Rigaku D/MAX 2200 PC model XRD, equipped with a 
Cu X-ray tube. XRD patterns were recorded in the 
range of 2°<2θ<80°, with a step of 0.02°. SEM images 
and the elemental composition of the samples were 
obtained by a LEO 1430 VP model SEM instrument, 
equipped with EDS detector. Proportional elemental 
distribution was found by the EDS analyzer. 
 
Physico-mechanical tests 

The mechanical strength of the sheets was 
measured with a Zwick/Roell Z2.5 according to ISO 
3781. Tensile index was found by using a Tensile 
Compression Testing Machine DVT GP E GN. The 
tear index was determined according to TS EN ISO 
12625-4, using an Elmendorf Tearing Strength Tester 
ZGT 7055, which is used for determining the tearing 
resistance of paperboards. The density of the papers 
was determined according to ISO 287, and water 
absorption and water holding capacity (COBB) tests 
were done according to ISO 12625. Five samples were 
prepared for each test. 
 

RESULTS AND DISCUSSION  
Bleaching experiments were performed to 

determine the amounts of bleaching chemicals 
that would yield higher brightness values, 
compared to that achieved by sodium dithionite 
bleaching. The papers were then characterized 
using XRD and SEM-EDS analyses, and physico-
mechanical tests were also performed. 
 

Effect of bleaching on the brightness of paper 

sheets 
In this study, before treating the pulp with 

bleaching chemicals, it was treated with EDTA, 
as EDTA forms complexes with heavy metal ions 
and prevents the formation of colored structures. 
The experimental conditions were kept constant 
in order to see the effect of bleaching chemicals 
on the brightness. The ISO brightness of the 
unbleached pulp was found as 50.7%, whereas 
sodium dithionite (3%) bleached pulp gave an 
ISO brightness of 64.0%. These values were 
compared with those of the sodium perborate and 
hydrogen peroxide bleached pulps throughout the 
study.  

The effect of the amount of bleaching 
chemicals (1-3%) – hydrogen peroxide (P), 
sodium perborate monohydrate (PBS-1) and 
tetrahydrate (PBS-4) – on the ISO brightness of 

the paper is examined in Figure 1. It may be 
observed that hydrogen peroxide bleaching gave 
higher ISO brightness values than that of the 
perborates. The highest ISO brightness was found 
as 63.6% when the pulp was bleached with a 
hydrogen peroxide charge of 3%. That represents 
a 12.9% increase in ISO brightness, compared 
with that of the unbleached pulp. The use of 
hydrogen peroxide bleaching agents yielding up 
to 10% higher brightness has been also reported.1 
When perborates were compared, it was noted 
that sodium perborate monohydrate (PBS-1) 
whitened the paper more than sodium perborate 
tetrahydrate (PBS-4), reaching 56.2% ISO 
brightness when the pulp was treated with a 
sodium perborate monohydrate charge of 3%. As 
PBS-1 has higher active oxygen content than 
PBS-4, this result is quite reasonable. The dashed 
line in the figures denotes the ISO brightness of 
the unbleached paper – 50.7%. Although higher 
brightness values were found compared to the 
unbleached paper, it was aimed to reach at least 
the ISO brightness of sodium dithionite 64%. In a 
study done by Varennes et al.,8 it has been found 
that ISO brightness can be increased by 15% by 
sodium perborate bleaching.  

To increase the bleaching effect, hydrogen 
peroxide was used together with PBS-1 and PBS-
4. First, to determine the most suitable order of 
addition of bleaching chemicals to the pulp, 1% 
PBS-1 and 0.5-3% hydrogen peroxide were added 
sequentially according to the bleaching process 
described. The comparison is given in Figure 2. 
First of all, it should be mentioned that all ISO 
brightness values were above that of the 
unbleached paper. However, when PBS-1 and 
hydrogen peroxide up to 1% were used, higher 
ISO brightness values were obtained with the 
PBS-1 – hydrogen peroxide addition sequence. 
On the other hand, when PBS-1 and 1.5-2.5% 
hydrogen peroxide were used in the reverse 
addition sequence, much higher ISO brightness 
values were obtained. When 3% hydrogen 
peroxide was used, there seemed to be no 
difference in the ISO brightness values with 
varying the addition sequence. Except the 0.5% 
hydrogen peroxide experiments, comparable or 
higher ISO brightness values were reached with 
perborate addition after hydrogen peroxide. Thus, 
the rest of the experiments were performed with 
this order. 
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Figure 1: ISO brightness of papers bleached with 
different percentages of hydrogen peroxide, sodium 
perborate monohydrate, PBS-1 and sodium 
perborate tetrahydrate, PBS-4 (the dashed line 
denotes the brightness value of the unbleached 
paper) 

Figure 2: ISO brightness of papers bleached with 
hydrogen peroxide and 1% sodium perborate 
monohydrate, PBS-1 in different addition orders (the 
dashed line denotes the brightness value of the 
unbleached paper) 
 

 

 
 
Figure 3: ISO brightness of papers bleached with different hydrogen peroxide and (a) sodium perborate monohydrate, 
PBS-1 or (b) sodium perborate tetrahydrate, PBS-4 percentages (the dashed line denotes the brightness value of the 
unbleached paper) 

 
For bleaching processes with hydrogen 

peroxide and PBS-1 or PBS-4, an additional 
treatment time of 15 min for hydrogen peroxide 
was added to this two-step bleaching process. The 
ISO brightness values of the bleached papers at 
different active oxygen percentages of hydrogen 
peroxide (0.5-3%) and PBS-1 (1-3%) or PBS-4 

(1-3%) are presented in Figure 3a and 3b, 
respectively. As observed, the highest ISO 
brightness value of 68.1% was obtained when 
1.5% hydrogen peroxide and 2% PBS-1 (Fig. 3a) 
were used, whereas an ISO brightness value of 
67.5% was obtained when 1.5% hydrogen 
peroxide and 2% PBS-4 (Fig. 3b) was used. As 
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seen, the optimum active oxygen percentage of 
perborate should be 2% to obtain a higher ISO 
brightness. There is an increase of 17.4% in the 
brightness of the paper, with respect to the 
unbleached one, when 1.5% hydrogen peroxide 
and 2% PBS-1 were used, which is also 4.1% 
higher than the value for the dithionite bleached 
pulp (64.0%). This increase in the brightness of 
the pulp is quite convincing. 

The brightening effect when using three 
bleaching chemicals together was investigated in 
Figure 4. The hydrogen peroxide charge of 0.5% 
was used, with different concentrations of PBS-1 
(0.5-3%) and PBS-4 (0.5-3%). The highest 
brightness value, 61.8%, was found when 2% 
PBS-1 and 2% PBS-4 were used, which 
corresponds to an 11.1% increase in the 
brightness of the pulp. The use of the three 
chemicals together did not have a better effect 
than the use of two chemical combinations (Fig. 3 
a, b). 
 

Characterization of bleached papers 

In order to characterize the bleached papers, 
the microstructure of unbleached, dithionite 
(1.5%) bleached and hydrogen peroxide (0.5%)–
PBS-1 (1.5%) bleached papers were analyzed by 
using XRD (Fig. 5). A comparison of the XRD 
patterns in Figure 5 revealed that all the papers 
essentially had the same microstructure. The 
bleaching chemicals did not change the structure 
of the paper, but decreased the intensity. The 
peaks of all the patterns matched the XRD peaks 
of cellulose, (C6H10O5)n (PDF Card No. 00-050-
2241). 

As known, cellulose molecules are bound to 
build up hydrogen bonds within the molecule and 
between different molecules. The hydrogen bonds 
also play an important role in the mechanical 
properties of the cellulosic materials. Besides its 
complex crystalline structure, native cellulose 
also has a complex arrangement within the wood 
fiber wall.27 In this study, SEM analyses were 
performed to characterize the morphology and to 
investigate the microstructure of the cellulose 
fibers. The purpose of adding bleaching chemicals 
to the pulp was to whiten the papers without 
damaging the fiber structure, thus the mechanical 
strength. Representative SEM images 
(magnification of 1000x) of unbleached and 
bleached papers are presented in Figure 6. The 
SEM image of the unbleached paper (Fig. 6 a) 
shows that the cellulose fibers are apart from each 
other and the dimensions of the fibers differ. The 
physical properties of the resulting paper will be 
low because of very slight fringing in the fibers. 
In Figure 6 b, it may be observed that sodium 
dithionite (1.5%) bleached paper has thicker 
fibers, however fiber to fiber bonding was more 
pronounced, compared to that in the unbleached 
paper. In the case of hydrogen peroxide (1.5%)–
PBS-1 (2%) bleached paper (Fig. 6 c), fringing 
and fiber to fiber bonding were stronger than in 
the dithionite bleached paper, which shows the 
advantage of using perborate in the bleaching 
process. Perborates can improve the strength of 
the paper by contributing to the formation of 
bonds among the fibers, while whitening the 
papers.  

 
 

 
Figure 4: ISO brightness of papers bleached with different sodium perborate monohydrate, PBS-1, and sodium 
perborate tetrahydrate, PBS-4, percentages (the hydrogen peroxide charge of 0.5% was kept constant; the dashed line 
denotes the brightness value of the unbleached paper) 
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After the papers were manufactured from the 
pulps, the bulk composition of the papers was 
examined by determining their elemental 
composition by EDS (Table 1). The bleached 
papers, regardless of the bleaching chemical, had 
similar carbon and oxygen percentages, as seen 
from Table 1. The elemental composition and 
C/O ratios of the bleached papers were slightly 
different from those of the unbleached paper. It 

should be noticed that the elemental composition 
of the papers was not altered by the bleaching 
process.  

 
Physico-mechanical tests of bleached papers 

The physico-mechanical changes occurring in 
the sheets due to the bleaching process were 
examined (Table 2).  

 
 

 
 

Figure 5: Comparison of XRD patterns of unbleached and bleached papers 
 
 

 a)  b) 

 c) 
 
 

Figure 6: SEM images of (a) unbleached, (b) dithionite (1.5%) bleached and (c) hydrogen peroxide (1.5%)–
PBS-1 (2%) bleached papers 
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Table 1 
Elemental composition (wt%) of papers obtained by EDS 

 
Paper type Carbon, % Oxygen, % C/O ratio 
Unbleached 34.4 65.6 0.52 
Sodium dithionite (1.5%) bleached 37.1 62.9 0.59 
Hydrogen peroxide (1.5%)–PBS-1 (2%) bleached 37.5 62.5 0.60 

 
 

Table 2 
Physico-mechanical test results and ISO brightness values for paper sheets prepared from unbleached and bleached pulps  

 

Bleaching agent 
Amount, 

% 
Density, 

g/m3 
Tear index, 

mNm2/g 
Tensile index, 

Nm/g 

Water 
absorption 

time, s 

COBB, 
g/m2 

Mechanical 
strength, 

N/m 

ISO 
brightness, 

% 
Unbleached - 0.30±0.04 6.21±0.14 20.01±0.25 1.81±0.15 16±4 385.4±0.1 50.7±0.2 
Dithionite 3 0.32±0.01 7.23±0.09 25.20±0.19 1.26±0.17 20±3 387.6±0.5 64.0±0.3 
Hydrogen peroxide (P) 3 0.33±0.05 7.34±0.11 30.06±0.22 1.21±0.09 21±4 390.7±0.4 63.6±0.1 
PBS-1 3 0.35±0.07 7.36±0.15 35.62±0.27 1.13±0.12 21±3 395.4±0.2 56.4±0.3 
PBS-4 3 0.35±0.01 7.43±0.10 37.77±0.33 1.08±0.18 22±2 399.2±0.9 53.3±0.2 
P/PBS-1/PBS-4 1.5/2/2 0.36±0.03 8.29±0.11 40.15±0.36 1.05±0.13 24±3 381.4±0.1 61.8±0.2 
P/PBS-1 1.5/2 0.37±0.02 7.05±0.17 37.61±0.31 1.02±0.07 18±2 389.4±0.8 68.1±0.3 
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As seen from Table 2, the bleaching process 
noticeably increased the density, tear index, 
tensile index, water holding capacity (COBB) and 
slightly increased the mechanical strength of the 
sheets, compared to the unbleached sheets. The 
obtained results also support the outcomes of 
SEM analysis. As the fiber thickness or fiber to 
fiber bonding increases as a function of the 
bleaching chemical used, these findings are quite 
predictable.  

When the mechanical strength of sodium 
dithionite, hydrogen peroxide or perborate 
bleached sheets was compared with that of the 
unbleached sheet (Table 2), it was found that 
bleaching had no adverse effect on the mechanical 
strength of the papers.It was apparent that 
peroxide and peroxide/perborate bleaching 
improved the strength of the pulp more than 
sodium dithionite. This result also showed that 
sodium perborate did not damage the cellulosic 
matrix. This finding is similar to the result 
obtained for the sodium borohydride bleaching 
agent, as it produces paper with high finished 
strength and good brightness.1 It can be concluded 
that the use of boron as borohydride or perborate 
for bleaching improves the mechanical properties 
and brightness of the produced papers 
significantly. When Table 2 was examined in 
terms of both physico-mechanical properties and 
brightness values, it was seen that the use of 
hydrogen peroxide (1.5%) and sodium perborate 
monohydrate (2%) together gave the highest 
brightness value and increased the properties of 
the paper. 
 

CONCLUSION 

Sodium perborates, which are environmentally 
friendly chemicals, are easy to handle and cheaper 
than other bleaching chemicals, especially sodium 
dithionite and hydrogen peroxide. In order to have 
ISO brightness values comparable or higher than 
that of the sodium dithionite bleached pulp, the 
use of sodium perborate with hydrogen peroxide 
was investigated. As seen, an increase of 17.4% in 
the brightness of the paper with respect to the 
unbleached paper can be obtained when 1.5% 
hydrogen peroxide and 2% PBS-1 were used 
together, which was also 4.1% higher than the 
corresponding value for the dithionite bleached 
pulp. This increase in the brightness of the pulp is 
quite convincing and it shows the feasibility of 
using these chemicals in mills. Besides, the 
physico-mechanical properties of the paper also 
increased. It was apparent that peroxide and 

peroxide/perborate bleaching improved the 
strength of the pulp more than sodium dithionite. 
As seen from the SEM images, perborates can 
improve the strength of the paper by contributing 
to the formation of bonds among fibers, while 
whitening the paper. Thus, sodium perborate can 
be a superior bleaching agent when used together 
with hydrogen peroxide.  
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