
 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

He et al. (2018). “Eucalyptus O3 bleaching kinetics,” BioResources 13(1), 425-436.  425 

 

Kinetics of Ozone Bleaching of Eucalyptus Kraft Pulp 
and Factors Affecting the Properties of the Bleached 
Pulp 
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Ozone is a non-chlorine bleaching agent that can reduce pollution in the 
pulp bleaching stage. In this work the ozone bleaching of eucalyptus 
kraft pulp was performed as part of a kinetics study to explain factors 
affecting the properties of bleached pulp. The bleaching efficiency was 
closely related to the rates of mass transfer and self-decomposition, as 
well as the intensity of ozonation. For ozone bleaching of 3% 
consistency pulp, a brightness of 68% ISO, viscosity of 579 mL/g, and 
kappa values of 7.9 were achieved under an optimal condition with pH 2 
and organic reagent NP-10 supplied. In this condition, the ozone mass 
transfer and intensity of ozonation were promoted, while self-
decomposition declined.  
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INTRODUCTION 
 

Ozone has been widely applied in intensive delignification and bleaching 

pretreatment (Shatalov and Pereira 2006; Coca et al. 2016). To avoid inducing 

environmental pollution (Sheats et al. 2010), ozone is considered to be an emerging 

substitution for conventional chlorine-based reagents for pulp bleaching (Rounsaville and 

Rice 1996;Arooj et al. 2014). With the rapid development of an effective ozone generator 

or ozone reaction kettle during the last two decades, an industrialized application of 

ozone could be realized (Freire et al. 2006; Arooj et al. 2014). The efficiency of ozone 

delignification relies on the ozone dosage supplied during the reaction (Bajpai 2012). 

However, due to the simultaneous occurrence of degradation of cellulose, the maximum 

dosage of ozone in the pulp should be limited to no more than 1.2% (v/w) (Shatalov and 

Pereira 2008; Coca et al. 2016).  

Ozone bleaching is a complex mass transfer process including stages of solid 

chemical absorption and gas-liquid mass transfer, accompanied by self-decomposition 

and oxidation reactions (Seisto et al. 2000; Perincek et al. 2007). For ozone bleaching of 

low consistency pulp, the reactivity and selectivity of the ozonation reaction mainly 

depend on the efficiency of ozone transfer and diffusion within the reaction system (Cogo 

et al. 1999; Roncero et al. 2003a). 

Due to low pulp consistency, fibers are more dispersed in the reaction system. 

Based on the two-film theory (Fig. 1) (Fang et al. 2008), a dilute-solution-chemical-

absorption-diffusion model (Eq. 1) was introduced to simplify the mass transfer process 
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AA HPC 

(Cogo et al. 1999):  

(1) 

 

Terms used in each equation in the article are defined in a list that appears after the 

Conclusions section. 
 

 
 

Fig. 1. Model of the two-film theory 

 

The two-film theory is based on three hypotheses: (1) the existence of a stagnant 

interface between gas and liquid phases (thin film layers of stagnation are found close to 

each side of the interface) and diffusion of absorbing molecules that are transferred 

through this two-layered film from the gas into the liquid phase; (2) the equilibrium of 

the composition in gas and liquid phases at the interface; (3) the uniformity of the 

composition contained in the gas or liquid phases beyond the interface in fully turbulent 

fluids.   

At a constant temperature, the equilibrium for partial-pressure of the ozone above 

a dilute ozone solution could be described by the Henry Theorem (Eqs. 2 and 3). 

(2) 

                                               (3) 

 

The amount of ozone transferred in the pulp can be calculated by Eqs. 4 and 5. 

  (4) 
                     

                 

(5)          

 

As ozone is nearly insoluble in water, it was supposed that the resistance of mass transfer 

could be formed on the film. In this case, KL≈ kL, and the value of H would be around 

zero. It would be necessary to reduce the film resistance to improve the transfer rate. In 

ozone bleaching for low consistency pulp, only a limited amount of ozone was provided 

with a high decomposition rate. Therefore, Eq. 5 could be converted to Eq. 6. 

                  

                      (6) 

 

In contrast, solid chemical absorption plays an important role in effecting the reactivity 
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and selectivity of ozone bleaching of high consistency pulp, as the oxidation reaction of 

lignin mainly occurred in the cell wall. 

To better describe the process of pulp bleaching with high-concentration ozone, a 

solid-chemical-absorption-and-diffusion model was developed to simplify the mass 

transfer process (Fig. 2). 

 

Fig. 2. Graphical model of the high-concentration ozone bleaching process (Fang et al. 2008) 
a. Cellulose concentration change, b. ozone concentration change, c. lignin concentration change 

 

The diffusion equation of ozone in the cell wall (Fick's second law) can be found 

in Eqs. 7 through 9. 

      (7)                

        (8)          

(9) 

 

 

The equation of mass transfer is shown as Eqs. 10 and 11, which are simplified as Eq. 12. 
 

(10) 
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(12) 

 

It could be of significance to study the kinetics of ozone bleaching for improved 

efficiency and higher selectivity of delignification. By studying the kinetics of a 

bleaching system with different pulp consistencies, the research team can clearly evaluate 

the rates of mass-transfer and self-decomposition, as well as the intensity of ozonation 

during different bleaching processes. In the meantime, other factors such as pH and 

chemical additives, which also affect the properties of bleached pulp, may also need to be 

evaluated to observe optimal conditions for an application of the ozone bleaching 

technology. 
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EXPERIMENTAL 
 
Materials 

Eucalyptus kraft pulp (EKP) was obtained from a local paper mill (Nanning, 

Guangxi, China). The brightness, viscosity, and kappa value of the EKP sample were 

determined as 34.6% ISO, 880 mL/g, and 16, respectively. 

 

Methods 
Oxygen delignification (O) 

60 g (dry weight, DW) of EKP was mixed with 700 mL H2O containing 10% 

(w/v) NaOH, 1% (w/v) MgSO4, and 30% (v/v) H2O2. The mixture was sealed in a 2-L 

reactor (Dawn Precision Instrument Co., Ltd, Yantai, China) and incubated at 100 °C for 

100 min with stirring at 180 rpm. The pressure was 0.6 MPa at 100 °C. After the oxygen 

delignification, the pulp was washed thoroughly with distilled water until it reached pH 7. 

 

Acid pretreatment (A) 

After oxygen delignification, 30 g (DW) of EKP was sealed in a plastic bag 

containing 700 mL of H2O. The pH was adjusted to 2.0 by adding 2 M H2SO4. The 

mixture was incubated at 25 °C for 30 min. 

 

Ozone bleaching of low-consistency EKP  

Ozone was produced by a laboratory generator (KCF-SF100B, Koner, Jiangsu, 

China) using compressed wet air. A flow of 120 L/Nm3 ozone was pumped into a 2.5-L 

bleaching reactor (Fig. 3) through Teflon® tubes at the flow rate of 800 mL/min.  
      

(a) 

(b) 
Fig. 3. Reactors for O3 bleaching (a) for low-consistency; and (b) for high- and medium-
consistency  
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The reaction was performed at 25 °C with a stirring speed of 500 to 1500 rpm. 

After the reaction, the residual ozone was collected by passing through two 200-mL 

bottles containing 35 mL of 200 g/L KI solution. The concentration of the residual ozone 

in the gas was determined by titration of the generated iodine with 1 M Na2S2O3 standard 

solution (Torres et al. 2010). The mass of ozone reacted was calculated by Eq. 13. 
 

Mass of reacted ozone (g) =  

Mass of the ozone supplied (g) – Mass of ozone collected (g)   (13) 

     

Ozone bleaching of medium- and high consistency EKP 

After the acid treatment, the EKP was squeezed to a certain solid consistency. The 

pulp content applied for medium- and high-consistency bleaching were 15% and 35%, 

respectively. A total of 60 g (DW) of the pulp was loaded in and uniformly dispersed in 

the rotary reactor (Xiao et al. 2013) with a rolling speed of 60 r/min. The ozone flow was 

continuously pumped in the reactor at 800 mL/min and the bleaching process was 

performed at 25 °C. The consumption of the ozone during the reaction was determined 

and calculated as described above (Roncero et al. 2003b,c).  

 

Analytical assays 

The brightness of the bleached EKP was determined using a digital brightness 

meter (CTP-ISO, Technidyne Corporation, Inc., New Albany, IN, USA). Preparation of 

the sample was according to TAPPI T-452 om-08 (2008). The viscosity and kappa values 

were determined by the copper ethylenediamine method and KMnO4 method (Shi and He 

2012), respectively. The ozonation performance (KLa, C
＊

L, σ) and the efficiency (Eq. 

14)were determined according to the method reported by Cogo et al. (1999). After ozone 

bleaching, the pulp was washed by distilled water three times. The decline of viscosity 

and kappa number of the pulp were calculated as Eqs. 15 and 16:  

 

Efficiency = Degree of delignification /(ozone consumed/quantity of pulp)      (14) 

 
Decline of viscosity (%) = (Initial viscosity before bleaching - Viscosity after 

bleaching) / (initial viscosity) ´100%                         (15) 
         

Decline of kappa (%) = (Kappa before bleaching- Kappa after bleaching) / (initial 

Kappa before bleaching) ´100%               (16) 

 
 
RESULTS AND DISCUSSION 
 
Ozone Bleaching of the Low-, Medium- and High- Consistency EKP 

During the ozone bleaching process, the self-decomposition of ozone could affect 

the bleaching efficiency (Roncero et al. 2003a). The self-dissociation rate from ozone can 

be obtained from Eq. 17: 
 

(17)    

 

According to the models of ozone mass transfer (Eq. 13) and self-decomposition 

(Eq. 17) (Fariha et al. 2015), the rate of ozone bleaching would be independent from 

  123.06

0 )/5606exp(10635.1  OHTK
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initial consistency of the pulp (Piccoli et al. 2014). To determine the effect of the pulp 

consistency on bleaching efficiencies, medium- and high- consistency pulp was used in 

the ozone bleaching process and properties of bleached pulp were determined. The results 

are shown in Table 1. The brightness and kappa of the pulp had no remarkable change 

while the viscosity of the bleached EKP declined gradually with an increase of the 

consistency. 

 

Table 1. Effect of Pulp Consistency on the Properties of Bleached EKP 

Pulp 
Consistency 

(%) 

Ozone 
Dosage 

(% o.d.p) 
pH 

Time 
(min) 

Additive 
NP-10 

(% o.d.p) 

Bleached EKP 

Brightness 
(%ISO) 

Viscosity 
(%ISO) 

Kappa 

3 1.2 2 30 -- 65.2 580 8.8 

3 1.2 2 30 0.05 68 579 7.9 

15 1.2 2 15 -- 65.1 515 9.5 

15 1.2 2 15 0.05 69.4 513 8.3 

35 1.2 2 3 -- 66.4 510 9.1 

35 1.2 2 3 0.05 70.2 511 8.1 

 

As shown in Table 1, the pulp brightness from low-consistency bleaching method 

was only slightly lower than that from the medium- or high- consistency bleaching 

process. However, it achieved the highest selectivity by low-consistency bleaching with 

the highest pulp viscosity but the lowest kappa value. 

The NP-10 is an active polyoxyethylene-ether nonionic surfactant which promoted 

the accessibility of ozone to the fiber surface. Adding the NP-10 had no negative effect 

on the viscosities of the bleached pulps. It led to a remarkable increase of the brightness 

but a decrease of the kappa value. The application of the NP-10 led to a high 

delignification without dissolving the carbohydrate polymers. 

According to Eq. 11, because the solubility of ozone in the water was extremely 

low, H was almost 0. The resistance from liquid films affected the mass-transfer rate of 

ozone. Therefore, the ozone bleaching of high-consistency EKP could be simplified to a 

solid-chemical-absorption process. According to the absorption equation (Eq. 12), the 

mass-transfer rate of ozone was closely related to the diffusion rate of ozone. Because the 

diffusion rate was independent from the initial pulp consistency, the initial pulp 

consistency had an insignificant effect on mass-transfer rate. 

Although the same ozone mass-transfer rate was used, the ozone bleaching of 

low-consistency EKP required a longer reaction time than the high-consistency pulp for 

obtaining a similar brightness level (Cogo et al. 1999). This could be explained by the 

low reaction intensity between ozone and fiber as a prolonged reaction time of 30 to 60 

min could achieve higher brightness through the low-consistency bleaching process. 

During the low-consistency bleaching process, an intensive shearing force caused 

an acceleration of contacting frequency between the ozone and fibers through the 

formation of a stable fluidization of a three-phase system containing ozone, fiber, and 

water. The low-consistency pulp was favorable for efficient penetration for ozone 
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molecules onto the single surface fiber due to reduced adhesion of the fibers. As the 

dissolubility of ozone in the water phase was extremely low, the accumulation of the 

ozone in the aqueous mixture could cause rapid decomposition. For the efficient reaction 

of ozone with fiber in bleaching of low-consistency pulp, the self-decomposition of the 

ozone could be controlled at a low level. 

 

Effect of Pulp Loading on the Properties of Bleached EKP through the Low- 
Consistency Ozone Bleaching Process   

Through the low consistency bleaching method, the pulp loading had a strong 

influence on the properties of bleached EKP (Figs. 4 and 5). Along with the increase of 

pulp loading, the decline of viscosity and kappa of the bleached EKP increased gradually 

but turned to a decreasing trend after reaching peak values. The highest brightness of the 

bleached EKP was achieved with the pulp consistency of 3%. Similarly, the brightness 

showed a rising tendency and then decreased. The highest delignification occurred with 

the highest decline of kappa value achieved when the pulp loading was 3%.  

 
Fig. 4. Effect of pulp consistency on the decline of viscosity and kappa of the bleached pulp  

 
Fig. 5. Effect of pulp consistency on brightness of the belched EKP 
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The phenomenon could be explained by the accelerated access of ozone with 

increased contact to fibers, as the pulp suspension could be well dispersed and maintained 

at a stable fluidization state at a relative low consistency. When the loading amount was 

below 3%, the rate for ozone to access fibers declined. However, an overload of the pulp 

(above 3%) led to an unstable pulp fluidization in the reacting system and thus caused a 

limited time for ozone to penetrate the fibers. At the same time, the pulp loading had no 

obvious effect on the cellulose degradation, as the decline of viscosity was only slightly 

changed. 

 
Effect of pH on Bleaching Properties of Pulp 

As demonstrated in Eq. 16, the concentration of [OH-] in the reaction system 

contributed to a direct effect on the self-decomposition. The pH is an important factor for 

ozone bleaching efficiency. In this work, the pH levels of 1.5, 2, 2.5, 3, and 3.5 were 

applied with a 3% pulp consistency, and their effects on the properties of bleached pulps 

were determined (Figs. 6 and 7). 

 
Fig. 6. Effect of pH on viscosity and kappa of the bleached EKP 

 
Fig. 7. Effect of pH on brightness of bleached EKP 
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The increased pH resulted in increased viscosity and kappa of the bleached EKP, 

while the brightness decreased gradually. The brightness of the bleached pulp from pH 2 

had a 10% to 15% increase from pH 3 to 3.5. The reason could be explained by the 

equation of ozone self-decomposition in the aqueous system: higher pH accelerates the 

self-decomposition of ozone to [OH]-. The consumption of the ozone by self-

decomposition would lead to a decline of the reaction rate between the lignin 

composition and ozone (Blanca et al. 2003). Although the kappa value was getting lower 

when pH < 2, the viscosity declined as well, indicating a low selectivity of the ozone 

bleaching process. Combined with the experimental results, the optimum pH for ozone 

bleaching of low-consistency EKP was pH 2.  

 

Effect of Organic Additives on Pulp Properties 
The organic additives had a significant effect on the properties of bleached pulp 

(Cogo et al. 1999). Some organic additives, such as tert-butyl alcohol and 

dimethylformamide, could improve the qualities of bleached pulp. In this study, the 

effects of selected organic additives on the ozone mass transfer during ozone bleaching of 

low-consistency EKP are shown in Table 2. 

 

Table 2. Effect of Chemical Additives on the Performance of Ozonation 

Additive 
KLa 
(s-1) 

C＊
L 

(mg·L-1) 

σ 
(N·m-1) 

Experimental 
Reactivity 

Theoretical 
Reactivity 

 
Efficiency 

 

No additive 0.038 18.1 0.1310 45.1 45.1 6.6 

Tert-Butyl alcohol 0.064 23.6 0.1251 81.6 83.4 8.3 

1-Butyl alcohol 0.060 20.5 0.1206 79.5 82.9 8.5 

Dimethylformamide 0.040 18.2 0.1504 50.8 5.9 7.0 

Dimethyl sulphoxide 0.035 17.2 0.1467 65.7 58.3 7.1 

Ethyl acetate 0.056 20.6 0.1298 78.1 75.6 7.9 

Acetic acid 0.050 20.1 0.1366 46.5 62.3 7.1 

Oxalic acid 0.033 17.1 0.1328 41.5 40.3 6.5 

NP-10 0.098 16.4 0.1653 88.9 80.5 9.1 

Reaction conditions: pulp consistency=3%, ozone dosage=1.2% o.d.p., pH=2, temperature=25 
°C, reaction time=30 min, NP-10=0.05 mol/L. 

 

The addition of organic additives, especially the NP-10, could obviously improve 

the performance of ozone bleaching by promoting the ozone mass-transfer rate. 

Compared with the bleaching process without adding organic additive, adding the NP-10 

could decrease the surface tension of the film layers when the KLA and C*
L increased. The 

experimental selectivity was in good agreement with the theoretical selectivity. The 

mass-transfer model based on the gas-liquid-film theory could sufficiently describe the 

ozone bleaching of the low-consistency EKP. 

 
 
CONCLUSIONS  
 

The ozone bleaching of low-consistency Eucalyptus kraft pulp (EKP) was carried 

out, with attention paid to the kinetics. The mass-transfer model of chemical- absorption-

diffusion was suggested for describing the ozone bleaching of the low-consistency EKP. 
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The mass transfer rate in bleaching process based on the two-film theory was also 

studied. The effects of pulp consistency, pH, and organic additives on the mass-transfer 

rate and properties of the bleached pulp were investigated by controlling the reaction 

conditions at same levels. 

 

1. The techniques of low-, medium-, and high- consistency bleaching were applied on 

ozone bleaching. Their effects on the properties of bleached EKP were compared. 

Although the low-consistency bleaching required a longer reaction time, it had no 

negative effect on the mass-transfer rate with less non-productive decomposition of 

ozone. In contrast to the medium- or high- consistency bleaching, the low-consistency 

bleaching produced the EKP with the highest pulp viscosity. 

2. A pulp consistency of 3% achieved the properties of bleached pulp with a viscosity, 

brightness, and kappa of 579 mL/g, 68% ISO, and 7.9, respectively. At the same time, 

the effects of pH and organic additives on the mass transfer during ozone bleaching 

were investigated. When lower pH (pH 2) was applied with organic additives NP-10 

added, the self-decomposition rate declined for ozone, while the mass-transfer rate 

was increased. Under this condition, the properties of bleached EKP could be 

improved. 

3. This study emphasized the promise of low-pollution, low-cost, high-efficiency for 

ozone bleaching of low-consistency EKP by demonstrating the feasibility of ozone 

bleaching for building an environmentally friendly industrial system. 

 

 

NOMENCLATURE 
 

KG    Overall mass transfer coefficient for gas film (m·s-1) 

D     Conventional diffusion coefficient (m2/s) 

De    Effective diffusion coefficient (m2/s) 

C     Ozone concentration (kg O3/m
3 H2O) 

C0    Saturated ozone concentration in water (kg O3/m
3H2O) 

X     Distance to the fiber surface (m) 

t      Diffusion time (s) 

δ     Thickness of reaction layer (m) 

PAG   Ozone pressure in gas phase (pa) 

A     Fiber surface area (m2)  

P     Fiber density in solution (kg/m3) 

m     Partition coefficient  

PAi    Ozone pressure in gas liquid equilibrium interface (pa) 

CAL   Ozone concentration in liquid film (mol·L-1) 

CAi   Ozone concentration in gas liquid equilibrium interface (mol·L-1) 

C
＊

L    Ozone concentration in liquid phase in equilibrium with gas phase (kg·m-3)  
σ     Surface tension (N·M-1) 

N    Mass of ozone transferred (kg) 

V     Solution volume (m3) 

kG    Gas film mass transfer coefficient (m·s-1) 

kL    Liquid film mass transfer coefficient (m·s-1) 

KL   Overall mass transfer coefficient for liquid film (m·s-1) 
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a     Interfacial area per unit of volume (m2m-3)  

H    Solubility coefficient (kmol·(kN·m)-1) 

G    Gas flow rate (m3h-1 at normal conditions)  
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