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ABSTRACT

The absence of detailed kinetic description of excitation purity of the ozonization of oxygen 
delignified hardwood kraft pulp in the literature was the reason to become interested in this topic. 
To fulfil the goals, the ozone delignification was studied at various conditions. Influence of pH 
in the range 0.3; 2.6; 3.9; 8.8 and 9.6 and the temperature of 20 and 40°C in ozonization process 
were studied according to excitation purity and its rate. The conditions of ozone bleaching process 
were: Oxygen flow rate 7.5 ml O2.s-1 (27 l O2.h-1), the consistency of the pulp 30 % and ozone 
production of 56 mg O3.l-1 O2.

It was found that temperature and pH affected the progress rate constants of excitation 
purity at the ozonization process. The most constant rate of excitation purity was observed at 
pH in acid range (pH = 2.6) and at temperature 20°C. The greatest decline of excitation purity 
was achieved at acidic pH range (0.3 and 2.6) in the ozone consumption 0.62-0.95 % O3 on o.d. 
pulp at temperature 40°C. We found out that dominant wavelength is 578.93 ± 0.07 nm and is 
independent on temperature, pH and time of ozonization.
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INTRODUCTION

Ozone bleaching of pulp and effect of pH during ozonization on brightness, Kappa number 
and strength properties has been studied for many years and it is a subject of several publications. 
Some authors examined and discussed the impact of pH in the whole range of pH 1-12 (Godsay 
and Pearce 1985; Hosokawa and Kobayashi 1976a; Rutkowski and Szopinski 1984; Vrška et al. 
2007a, b) on ozone bleaching results and general pulp properties. In other work, the effect of pH 
in a narrow range of pH 2-4 (Gunnar et al. 1975; Wade 1967; Wigren 1967; Vrška et al. 2007a, b), 
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pH 4-6 (Brabender et al. 1949; Kemf and Phillips 1978; Vrška et al. 2007a, b), pH 6-7.5 (Ancelle 
and Plancon 1969) or pH 7.5-10.5 (Hosokawa et al. 1976b; Vrška et al. 2007a, b) was studied. 
In the Brabender’s et al. patent (1949) the optimum pH value in the range of 4 to 7 was marked. 
Significant effort was also devoted to the impact and effect of additives used in the process of 
ozone bleaching (Liebergot et al. 1992a, b; Liebergott and van Lierop 1978; Medwick et al. 1992; 
Jablonský et al. 2004, 2005a, b).

Lindholm (1987) showed that the type of acid (sulphuric, acetic, oxalic acid and water 
saturated by sulphur dioxide) are used to reduce pulp pH to around 3, at low ozone stage 
consistency does not affect the effectiveness of the lignin removal. At pH less than 2, oxalic 
acid removes lignin more effectively as pretreatment of pulps with sulphuric acid. This effect 
was much smaller at high consistency. By adjusting pH with acetic and formic acid was achieved 
a better removal of lignin at pH 2 and high consistency, as in the case of pH modification by 
sulphuric acid (Mbachu and Manley 1981). Jacobson et al. (1991) found out that the pulp with low 
content of lignin (Kappa number = 3) in comparison to pulp with high content of lignin, during 
the ozone bleaching, has a strange dependence of the reaction on pH.

Ozone bleaching is not required at high temperature bath (Oltmann et al. 1992). Kobayashi 
et al. (1976a, b) found out that when the temperature was reduced within the range of 0-30°C, 
it decreased the consumption of ozone and the loss of the limit viscosity number, however the 
brightness increase was achieved by enhancing the consumption of ozone. In their work, this 
effect was confirmed by multistage ozonization. Liebergott and van Lierop (1978) observed 
that the temperature increase from 20 to 80°C enhances Kappa number and reduces the limit 
viscosity number. Oltmann et al. (1992) confirmed the influence of temperature on the pulp 
properties in MC and HC ozone bleaching. Kamishima et al. (1985a, b, c) found that the speed 
of delignification is reduced with the decreasing temperature. Singh (1982) showed that the 
clear degradation of cellulose is giving out at an ozonization temperature higher than 100°C. 
Allison (1985) confirmed the improvement of ozone bleaching to reduced temperature, which 
in turn decreases the ozone decomposition. A bleaching agent is a substance that can whiten or 
decolorize other substances. Coloured substances generally contain chromophores that can absorb 
visible light having specific, characteristic wavelengths, and reflect or transmit the part of light 
that is not absorbed (Edelstein and Sidney 1948). The specific objectives of this work were to 
determine the effect of ozone delignification conditions on the dominant wavelength changes. 
The purpose of this study was to describe the changes of excitation purity of pulp during the 
ozone delignification at various conditions T = 40 and 20°C and pH in the range of 0.3; 2.6; 3.9; 
8.8 and 9.6.

MATERIAL AND METHODS

Raw material
Oxygen-delignified hardwood kraft pulp from an industrial source was used. Characteristics 

of the pulp are as follows: Kappa number 6.93, viscosity 817 ml.g-1, brightness 48.1 %ISO, degree 
of polymerization 1201, whiteness 83.04, a* coordinate 2.67, b* coordinate 15.13, yellowness 
32.25 %, tensile strength 1034 m, zero span tensile strength index 57.97 N.m.g-1, tensile strength 
index 10.14 N.mg-1. 

Conditions of ozone stage
The following conditions of the ozone stage were maintained: Oxygen flow rate 7.5 ml 
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O2.s-1 (27 l O2.h-1), the consistency of the pulp 30 % and ozone production 56 mg O3.l-1 O2 
as determined by iodometric titration. The ozonization of the pulp was carried out at 40 and 
20°C in a rotating vessel (100 ml) at pH values 0.3; 2.6; 3.9; 8.8 and 9.6. The pH was adjusted 
with aqueous sulphuric acid and sodium hydroxide. The accuracy in ozone consumption and pH 
determinations are estimated to be ±3 mg and < ±0.1 units, respectively.

Excitation purity
Excitation purity (Pe) is the ratio of the distance from the point representing the achromatic 

stimulus (xn, yn) to the colour stimulus considered (xs, ys) to the distance from the point 
representing the achromatic stimulus (xn, yn) to the point on the spectrum locus representing the 
dominant wavelength (xD, yD ) (CIE Publ. 17.4 1987). Pe is thus defined in terms of Fig. 1 as  
Pe = d1.d2-1, 

where:  d1 - the distance between (xn, yn) and (xs, ys), 
 d2 - the distance between (xn, yn) and (xD, yD). 

 

Fig. 1: CIE xy chromaticity diagram. In the diagram are shown the loci of CIE illuminant C (xn, 
yn), a sample (xs, ys), the dominant wavelength λD of the sample at the coordinates (xD, yD) and the 
complementary wavelength λC.

Dominant wavelength and excitation purity were determined using TAPPI standard T 
527 om-94 (1996). The excitation purity of pulp samples was measured by Elrepho 2000. The 
obtained formal rate constant kPe represents the rate of excitation purity increase and can be well 
expressed by the formal first-order kinetic model. 

Pe = a + b * exp (- kPe * t) 

where : Pe - excitation purity of colour (%),
 kPe - formal first-order rate constant (s-1),
 t - time of ozonization (s).
Excitation purity is an indication of saturation. Saturation depends on the amount of while 

light mixed with the hue. A pure hue is fully saturated, i. e. no white light mixed in.

Statistical analysis
The experimental data were mathematically evaluated using the Matlab and Origin software.
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RESULTS AND DISCUSSION

The activation energy of ozone bleaching is known to be very low compared to bleaching 
with other chemicals. Ozone bleaching does not require high temperature because increased 
temperature contributes to decomposition of ozone. In ozone bleaching, adjustment of pH below 
3 enhances delignification significantly as it has been proven by several authors (Liebergott and 
van Lierop 1978; Lindholm 1987; Allison 1985; Oltmann et al. 1992). On the other hand the 
delignification pH decreasing leads to impoved selectivity. Corresponding to the lower Kappa 
number, brightness increases with the decreasing pH (Oltmann et al. 1992). A reaction of 
ozone with lignocellulosic materials depends on pH conditions (Vrška et al. 2007a, b). Ozone 
decomposition is a significant parameter; it would strongly affect the cellulose because of the 
reactive and unselective radicals generation. 

In this work it was found out that the temperature, pH and time of ozonization or charge 
of ozone don´t have an effect to dominant wavelength. The average value of the dominant 
wavelength for ozonization was 578.93 ± 0.07 nm. The relations between individual quantities 
are illustrated in Figs. 2 to 5. In Figs. 2 and 3, the excitation purity/ozone consumption plots for 
individual pH, and temperatures 40 and 20°C, respectively, are shown. Figs. 4 and 5 illustrate 
excitation purity/time of ozonization dependences for individual pH at 40  and 20°C, respectively, 
are presented.

 

    

Fig. 2: Evolution time of excitation purity at the 
temperature 40°C in the systems with applied pH 
values.

Fig. 3: Evolution time of excitation purity at the 
temperature 20°C in the systems with applied pH 
values.

Ozone delignification occurring at the temperature 40°C the lowest excitation purity is 
achieved at pH = 2.61 (Fig. 2). This dependence can be formulated in mathematical terms of 
regression in the following way: Pe = (0.140 ± 0.003) + (0.036 ± 0.004) * exp (-(5.98 ± 2.18)*10-3 

 * t), r = 0.9892. At pH = 8.86 (Fig. 2) there is the smallest decrease of excitation purity and 
the corresponding function is in the form: Pe = (0.149 ± 0.002) + (0.027 ± 0.003) * exp (-(5.83 
±1.39)*10-3 * t), r = 0.9763. We can also see that excitation purity decrease with prolonged time of 
ozonization at pH in acid range from the highest value 0.175 to the smallest 0.135.

The smallest decrease of excitation purity expressed as a dependence of Pe at pH = 8.8  
(T = 20°C) on ozonization time is shown in Fig. 3 and their relation is expressed as Pe = (0.155 
±0.005) + (0.019 ± 0.005) * exp (-(3.99±2.8)*10-3 * t), r = 0.8974. The most considerable decrease 
of excitation purity is seen at pH = 0.3 and corresponding function is in the following form:

Pe = (0.141 ± 0.003) + (0.033 ± 0.004) * exp (-(5.26±1.61)*10-3 * t), r = 0.9697. In moderate 



409

Vol. 58 (3): 2013

acidity range (pH = 3.9) the dependence of excitation purity/time of ozonization can be 
formulated in the mathematical terms of regression in the following way: Pe = (0.153 ± 0.002) + 
(0.022 ± 0.004) * exp (-(7.05±2.73)*10-3 * t), r = 0.9409.

Ozonization running at pH = 2.6 (Pe = (0.153 ± 0.002) + (0.023 ± 0.004) * exp 
(-(16.8±7.73)*10-3 * t), r = 0.9382) causes the most expressive decrease of excitation purity on the 
outset of ozonization. The most decrease of excitation purity was up to 273 s (Pe = 0.153). With 
the increase of ozonization time at pH = 2.6, the decrease of excitation purity is being muted. 

  

    

Fig. 4: The excitation purity/ozone consumption 
plots at individual pH at the temperature 40°C.

Fig. 5: The excitation purity/ozone consumption 
plots at individual pH at 20°C.

The dependence of excitation purity from the ozone consumption at 40°C is shown in Fig. 4. 
The greatest decline is achieved at acidic pH range in the ozone consumption 0.62 - 0.95 % O3 
on o.d. pulp. At alkaline pH range excitation purity has a decline to 0.150 value, but at pH 9.6, 
0.32 % of O3 was consumed on o.d. pulp and at pH 8.8, it was dependent on 1.45 % O3 on o.d. 
pulp. The excitation purity decreased with regressed pH of the ozonization system.

Fig. 5 shows a dependence of excitation purity on ozone consumption at the temperature 
20°C. The most significant decrease of excitation purity is recorded at pH = 0.3 in the ozone 
consumption of 0.54 % O3 on o.d. pulp. The excitation purity develops with rising pH value. 

 

Fig. 6: Rate of excitation purity at individual pH at the temperatures 20 and 40°C.

At 20 and 40°C there is no considerable difference in the kinetic constant of excitation 
purity between ozonized pulp. It means that the pH treatment does not rise to a higher rate 
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of excitation purity rate during the ozone bleaching at pH 0.3; 3.9 and 8.8 (Fig. 6). However, 
the highest change of rate constant of excitation purity was observed at pH in acid range (pH 
= 2.6) and at temperature 20°C, where value of kPe in ozonization was 0.016 s-1. The most rate 
of Pe in evaluated range of pH from 0.3 to 8.8 at temperature 20°C was achieved at pH = 2.6. 
At temperature 40°C was reached the highest rate of Pe at pH in alkaline level (pH = 9.6). This 
means that the pH treatment at pH = 2.6 and temperature 20°C has a beneficial effect on the 
kinetic of excitation purity during ozone bleaching.

CONCLUSIONS

The dominant wavelength of ozonized pulp reached 578.93 ± 0.07 nm. This value does not 
change with different ozonization conditions. Temperature and pH affected the progress rate 
constants of excitation purity at the ozonization process. The most rate constant of excitation 
purity was observed at pH in acid range (pH = 2.6) and at temperature 20°C. The greatest decline 
of excitation purity is reached at acidic pH range (0.3 and 2.6) in the ozone consumption 0.62-
0.95 % O3 on o.d. pulp at 40°C.
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